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INTRODUCTION 

This review report contains a summary of the progress made since the 
la-st Review Meeting (September 16, 1959). A formal review of the SM-2 
reactor core and vessel  program will be held at Schenectady, No Y . ,  on 
January 5 ,  1960. 





PROGRESS S'BIMMAWY 
. . . , . .  

The. mqst adverse power~distr ibu~ion has been revised based on.. .  . 

a comparison of PDQ calc$ations and measurementsumade during 
the SM -2 flexible' exper'ime&: - A review of the  bas ic  nuclear data 
and caleulational models employed in the SM-2 nuclear analysis. .-.. 

was made: --A comparison, between 'initial reactivity, hot-.to;cold re -  
activity change and xenon . p r e a ~ t i v i i ~ w i t h  experim ent'was made. 

. . (Ta.s k 10) ,, . . .  . .  * 

. . . . . . . . . . . ,. . . . . - . . . 
. : .  

Based. o n  the revised power d i s k i b ~ t i o n d ~ v e l o p e d  in Task I, the 
core,fiow requirement has'been.r&bbiimated to be 7800.gpm; A s  
part,' of: this- reevaluatiorf a .rtjyiew of :each-fac;t-or -affecting- volume 
flow..iequirement was c o m p l e t e d ~  The revised' volume flowthrough 
the  conirbl rod assemblies is '33 1 gpm and the maxim um volume 
f1o.w thidugh a fixed element' is 3.16 :gpm, ' , This volume flow .is based , 

ol~uniform flow through all fixed elementi in the second . pass. . 

(Task 2). 
" .  

A Type 304 stainless steel  vi?ssel drawing has been prepared and 
sent out for 'cost  estimates. Tentative designs of the core support 
and fyel element structure have been prepared and evaluated for 
psessuie  drop and flow distribution. (Task 3). 

The irradiation specimens in the MTR core  were removed and r e -  
inserted because of difficulty with another experiment. The burn- 
up in the MTR capsules ranges from 18 to 50% U-235. The heaters 
failed on the instrumented capsule in the ETR. Additional ETR 
-capsules have been delayed pending development of an explanation 
of the failuse o r  suitable assurance failure will not recur.  Type 
403 'stainless steel  has been selebted as reference stud and nut ma- 
terial. Type 304 stainless steel has been selected as' reference 
pressure  vessel material. (Task 4). 

The TIG process has been selected as the reference method for 
welding elements. No crater  cracking has occurred since chang- 
ing from 0.03OqV to 0.040" side plates. Examination of an element 
welded with two depleted fuel plates with canted cores  indicated 
that a minimum of 0.050" fuel plate dead edge is adequate. This 
results  in an increase in heat transfer a r e a s  of approximately.7%. 
Preliminary specimens of EuzO3 dispersions prepared by BMI 
were autoclave tested and showed severe swelling and distortion. 
Autoclave tests with an ORNL sample a t  Alco and ORNL indicated 
no swell iw o r  distortion under the same conditions. Eu2O3 
crystal  s tructure appears to have an important bearing on corrosion 
resistance of EUZOQ stainless steel dispersions. (Task 5). 



PROGRESS SUMMARY. (contVd) 
. - .  

6. Static deflection measurements indicate that a fuel element with 
- cold rolled plates will have a deflection approximately 18% - 

lower than annealed plates. Thermal deflection tests  on a fuel 
plate-cut from a TIG assembled element were inconclusive be- 
cause the plate distorted when cut from the assembly. leibration 
tests  indicate no significant plate vibrations up to 164% of rated 
flow. Measurement of plate collapse on two elements indicated 
possible collapse in the range between 140% and 164% of rated 
flow. A leading edge comb-indicated no collapse for the same 
flow range. -Flow distribution and pressure drop tests  were made 
for several core -support s tructure configurations, Results indi- 
cate- that a core support s tructure consisting of multiple small- - 

holes will probably give good distribution and the required pressure 
drop; --Detailed design of the full scale water flow r ig  is progress- 
ing 'satisfac torily . (Task 6). 

'7. Mockup-experiments on the SM-2 initial cold, clean and SM-2 mid- 
life cores  were -completed. Limited power distribution and flux 
distributions-were performed in the clean mockup. The hot-to-cold 
reactivity change was measured by aluminum displacement as 890COp 
The average B-10 and U-235 worth-in-the clean mockup were measur- 
ed as 43 and 0.157$ per gram,  respectively. The reactivity effect L 

of replacing control rod fuel assemblies by stationary fuel elements 
was measured in the-clean mockup. Stuck sod positions were measur- 
ed in the midlife mockup. (Task 7). 

8. Approximately 25% of components for the prototype control rod drive 
mechanism have been received. All material required for fabrication 
of the test loop has been received with the exception of the test auto- 
clave. ,Delivery of the autoclave is promised for the week of Der 
cember 28. Test loop erection is approximately 30% complete. 
(Task 11). 

xii 



i: 

. . - DESIGN PARAMETERS : 
. . .  

SM-2 Core and Vessel 

Geometrical - Core . . 

. . :. Assembllg.Drawing '. 
Core configuration 7 x.7 

C e l l  Size; in. 
, . . Active Core Height, in. 

No; of cells - . :. . . . 

No: sf csntsaal sod cells 
Gap for flow divider, in. 

,- Flow divides thickness, in. 
~.Equivalemt diameter with flow divides, in. 

AES-3 19 
-cornerS missing 
2.9375 x 2.9375 . .  

22 
45 

7 
0.218 

. . 
0. C94. 
22. a&' 

. . . .  Geometrical - Elements . . 
1 .Assembly drawing - fixed element -R9-13-1017 

Assembliy drawing - ,control rod AEL-445 
'NO. of fuel plates 

. . . . .  , . 
,. 18 . . . . . . . . .  .:.. . . .  .Fixed element .: 

16 . . . . . . . . . . . . . .  Control rod element. 
. . 

Fuel plate meat thickness, in. . .0.030 
. . . . .  . . . . . .  . I . . Cladding thickness, in. '0,005 

Total .fuel'p%aO.e thickness, in. .... . . . I : .O.040 . 
.% . 
- .. S.ide..:phake thickness, in. 

, . 
.... 0. 040 . . 

. . . , . .  
. Plate,width, in. . . . . . .  . , 

.. Fixkd element, in. ..: : .'2. 839 
2.589 .. Control rod element, in.. 

Meat width, in. 
Fixed element (mini). . .  . .  . 2.650 

Active iength, in. . . .  , - . , .  . . . 
. . . .  

' Fixedelement . . 22 
Control sod element 

. ,  . ,  . . . . . .  
21.5 

~ o t a l  plate length, in. . . . . .  
. .  * ;: I. . .  

Fixed element . . .  
. . . . 23.5 

. . 
Control' rod' element . . . . . . . . . . ' .  , . : . 23.9. 

~ e n ~ t h '  of europium flux suppre'ssor , in; 
. . 

0.50 
. . .  > : ,. , : . 

Material composition - Core . . . . . . . . . .  , - : . .  

Fue.1 ,.' . Highly :,eiiric hed UO2 
~ u r h a b l e  UOz Natural boronsin ZrBa , 

. . . . .  - Wt. % UO in matrix . . I , ,  .24. 5 '. 

2 .Wti % natural boron in matrix . .  0.191 
' Cladding Type 347 .SS (0.025 w/o, co and. 0'. 0 1. w/o Ta) 
' . Absorber material ~ ~ ~ 0 3  .. 

Flux suppressor material E"203 
. . 
, ,  xiii 



DESIGN PARAMETERS (Contvd) 

Loading - Core 
U-235 per plate, gm 

I Fixed element 46.30 
I Control sod 40.56 

B-10 per plate, gm I 

Fixed element 0.08 106 , I 

Control sod element 0.07 102 ' I  

Atom % U-235 in meat 5.2 
Atom % B-310 in meat 0.21 

I 

Total U-235, kg 36.2 
.Total B - 10, gm 63.4 

Reflector 
Drawing number AES-341- 
Material Type 304 S.S. (0.04 w/o Co) 
Thickness, in. 8 
Integrated Neutron Flux (NVT >1 Mev), (neutrons cm-2) 1 . 0 ~ 1 0 ~  
Thickness (2200 psia design), in. 4-1/2 
Volume, ft:3 10 1 
#Weight, lbs. 31,300 
Bolt and nut material Type 403 S. S. 

Nuclear Charac tesistics 
, Reactivities, % 

68OF, clean, 0% Burnup 11.5 
510°F, clean, 0% Burnup 4.8 
510°F, Eq. Xe. , 0% Burnup 2.3 
510°F, Max. Xe. , % Burnup 0.5 
68OF, No Xe. , 22% Burnup 15.8 

Bank positions, inches from bottom of core 
68OF, clean, 0% Burnup 

510°F, clean, 0% Burnup 
510°F, Eq. Xe., 0% Burnup - 
510°J?, Max. Xe. , 0% Burnup 
68OF, No Xe. , 22% Burnup 

Temperature coefficient (at 510°~) ,  F 
Core lifetime, MWYR 
Control rod worth, (%) 

7 rod bank 
6 rod ring 

. ,. 

xiv 



- DESIGN PARAMETERS (Contvd) 

Maximum to average, radial power (including local peaking) 2.10 
Maximum to average axial power 1.84 
Initial average thermal flux in core 2. 0 lo13 

Thermal - Hydraulic Characteristics 
No. of coolant passes 2 
Reactor power ( r e f e ryce )  , MW 28 
'Heat flux, ~ ~ I J / h r - f t  

Average 5 1.68 x 105 
Maximum 6.50 x 10 

Burnout Ratio (Pass 11) 2.63 
Maximum surface temperature, O F 63 5 
Maximum plate centerline temperature, OF 697 
Inlet coolant' temperature, O F 500 
Outlet coolant temperature, F 530 
Total volume flow, GPM I 7800 

lbs/hs x. 10 3,05 
Maximum coolant flow through fixed elements, GPM 

F i r s t  pass 2 18 
Second pass 3 16 

Coolant volume flow through control rods, GPM 331. 
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PLANS FOR. NEXT PERIOD"- 

. . . . . .  - .  - .  - 

A new .ram-uniform burnup :cal@ulation sf the SM-2 will be: corn - 
pleted. A n a l y s i s  in the. interpretation of the SM-2 critical-experi- 
rnents-will be.m&de-i-n.order i :  . to further. check the calcu~atio.nal~~- .. 

' 

model;, A r epo r t  covering -the SM-2 nuclear analysis performed 
to date will be issued.  ask '10). 

.... . . - . -. . . . .  - . . . . . .  . - . . . . .  - . . .  . . 

Stresses-and' temperature .distribution throughout. various reactor - 
. k o m p o ~ n t s  will be _ .  'established.; . .  The loss -  of flow behavior will be. 
re-investigated 'for the final design utilizing a '704 code. (Task 2). 

- . . . . . . . .  . . .  . . . .  . . . . 

Core support structure; control rod and fuel element drawings - . . . . .  

will be firmtized;'. . . . . . . . . .  --.Full .scale' closure test .materials .will- be.-ordered. 
Final $tsess.ana!$jis for al l  core  and vessel components will be ' , 

largely: completed. (Task 3). 
. . . . . . . . . . . . . .  - . . . . . . . . . .  . . .  

All.irasts.umented capsules. for the. ETR. wilf.be fabricated and .in- 
iested.  -1~uffthes-full-siiefuelplate. rolling development will b e  
carried oat. Corrosion testing of defected Eu203 dispersion will 
continue. (Task 4). 

- - . .  . . . . . . . . . . . .  ... - . . . . . . . . . . . . .  

An initial draft of manufacturing procedures for TIG-welding of 
fuel elements will-be prepared. Dynamic corrosion testing of ele- 
ments will1 be instigated. (Task 5). 

All single element testing will be completed and engineering reports  - 
issued. All design work on the full scale water r ig will be completed 
and materials ordered. Final hydraulic analysis of the core and ves- 
se l  will be instigated. (Task 6). 

Thq -prototype control .sod-.drive mechanisms will -be completed and : 

initial testing begun. The test loop will be completed..  ask 11). 

The next period ends March 1, 1960 

xvii 
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A. CORE NUCLEAH DESIGN . 

1. Progress  (Task 10.0) - P. E. Bobe 

By use of PDQ, an HBM-704 code, flux and power distributions and 
cose reactivity were calculated and compared to, measu~emewts made - 

during the SM-2 Flexible Critical Experiments. From this comparison, 
revised power distributions were calculated and given- to Task 2 for the 
calculation s f  new flow rates.  It was found that, in general, the revised 
peaking factors a r e  lower than the previously published values. 

- .. A review of .the calculational .methods used in the nuclear analysis 
of the SM-2 bore was made. The elastic and inelastic scattering files 
for -iron;-.used i n  the.MUFT In ;  IBM.-650 code to  calculate'the. fast nuclear 
parameters,  were reviewed based on the latest available data. ,Use of the 
revised files in the calculation of the neutron age from a Po-Be source in 
various iron-water mixtures yields very good results  as Compared to ex- 
perimentally measured values. Use of the revised f i les seduces the calcu- 
lated reactivity sf both the SM-1 and the SM-2 cores. 

The use of various calculational models, incllkading P3 theory, P1 
theory, and Wigner -Wilkins averaged c ross  see  tions, upon the thermal 
parameters and thermal innercell flux distributions, were studied. It 
was found that the core reactivity is not a strong function of the model 
employed. The presently employed model, based on P3 theory, offers a 
good compromise between the accurate prediction of cose reactivity and 
innercell thermal flux distributions. 

The latest estimate of the expected lifetime of the SM-2 core is 
25.7 MWYR. The effect of coating the ZrB2 particles with various ma- 
terials  was calculated; a tungsten coating of thickness equal t s  30% of the 
particle volume yielded the greatest reactivity loss of 0.14% . 

At the s t a r t  of core life, the zero to equilibriom andYkero.to peakxenon re - .  
activity changes were calculated to be 2.45% f and =4.23v2r respectively .. 

I t  was found that reducing the fuel and boron loadings in the SM-2 
, control fuel elements not only reduced the core reactivity and powes within 

the element, but resulted in increased power peaking in the vicinity of the 
element. The gamma heating throughout the SM-2 pressuse vessel wall 
was calculated based on previous calculations made in a radial direction 
only. 



2, - Core An i ly s i s (Task~ l0 .  i) ..- . P. . E. Bobe, E. F. ~ l a n c y ,  Do H. Lee 

a. Xenon Reactivity Transients 

Using the model developed in APAE Memo 38, a study was made 
of transient xenon parameters in the SM-2 by use o f  analog computer- 
methods, * Assuming o( , the xenon distribution factor; to have the same 
value for the SM-2 as for the SM- 1, the reactivity changes-due to xenon - 

were simulated on the computer, At startup, the analog simulation shows 
that pxe equals 2.45% and 4.23% for zero to equilibrium xenon and zero 
to peak xenon-, respectively. These values were found to compare favor- 
ably with values previously reported and calculated by numerical methods. 

be  Core Lifetime 

- -  . The original non-unifo~m burnup calculation of the SM-2 was based 
upon a one-pass core a t  440 F, 30 mil side plates, and with a thick steel 
reflector. This lifetime was calculated to be 28.1 MWYR. Since the 
original calculation, there have been several  design changes, all of which 
affect the lifetime. A new non-uniform calculation has been delayed due to 
the high cost of performing the calculation and the possibility of revising 
the present calculational techniques to obtain a more accurate model. In 
addition, if additional funds are made available, it  is possible that more I 
sophisticated methods will be employed, for example, the TURBO, IBM: 
704 code. - ~ 

Hpwever, a good estimate of the core  lifetime may be made with 
knowledge of the effect of various design changes upon core reactivity. 
The effect of various design changes, based on results  of the SM-2 Flexi- 
ble Critical Experiments, a r e  given in Table 10-1. i 

TABLE 10-1 
EFFECT OF DESIGN CHANGES 

Flow Dividero 
4 4 0 ' ~  to 510 F 
All water reflector 
T h i ~  steel  ski r t  
30 to 40 mil side plates 

* Lee, Dana H. , "Xenon Reactivity Transients, l 1  AP Note 202, 
December 3, 1959 

A (MWYR) Design 
1 

A f (91) 



- T&,~efore,:  the reference core a t  5 1 0 . ~ ~  with 40-mil side plates, 
and- with-a. flow diyidea..haa an.expected.l~etime.of.about %%b 7 MWYR. -. 

' A hew- non;uniform - burnup caicuiation is; being planned for a better esti- 
mate of the expected core lifetime. . . 

. - .  - .  . . . . - .. . . . . 

c .. Fuel ,Burnout Distribution in .Element 45 

The local burnout distribution across  the width of fuel plate number 
9 of fixed element 45 (Figure 10-1) was calculated corresponding to 
27 M W n  operation of the SM-2. The method used was essentially the 
one presented in APAE Memo 199, * The formczPa used is as follows: 

I 

B ? (Z) = local burnup in a fuel element a t  position (,n, j,, z) 
!J; : 

n = number of the fuel plate in the particular element 
under consideration. 

j 
' , = section of the fuel plate. (The plate width was 

divided into quarters,  A through D), 

A' = value of the power on the centerline of the core as 
calculated by the VALPROD esde. 

.. . 

, .  . F(x), F(Y) = Geometrical power factors which result from an  
: . .  attempt to separate a radial power distribution " ' '. ""' ' " - 
" >  . 

'L into X and Y components. ** 
. . 

: . 
' .  . . . 

0 P(j) 
. . .  . 

S t  . = local side'plate-peaking I ?  factor obtained f rom P3 .., 

calculations. , -  

. , 

B(Z) . . = average axial' fuel burnout 'distribution. 
. . 

Since the most adverse burnup distribution was desired, the axial 
point corresponding to 15 inches from the top of the core in element 45 
was chosen, The resulting factors a r e  shown in Table 10-2. It should 
be noted that these calculations assume that the innercell flux distribution 
does not change with time. The maximum fuel burnup (Atom$% U-235) is 
92% for a 1/2 sq. in. area .  This is an upper limit on burnup. 

* McElligott, Po E . ,  "Burnout Distribution in SM-1 Control Rod Ele- 
ments, Fixed Element 57, and Absorber Sections a t  10.5 MWYRS, " 
APAE Memo 199, June 5, 1959. 

** Byrne, ' B. J, , "Power Distribution for APPW -Type Cores, APAE 
Memo 195, July 28, 1959 
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d. Effect of Coating the ZrB2 Part icles 

If the duel plates a r e  sintered in a hydrogen atmosphere instead of 
in vacuum, i t  may be necessary to coat the ZsB2 particles with non-re- 
active material such as tungsten, chromium, niobium, etc. Coating 
thicknesses that would equal lo%, 20%, o r  30% of the particle volume 
a r e  being contemplated. As support to the metallurgical program prelimi- 
nary calculations were made-to determine 'the-loss of core-readtivity as a 
function of coating thickness and material. ~ h e - t o h i  boron loading was - 
held c o n s t a d  These resul ts  a r e  shown in  able 10-3. 

0 

TABLE 10-3 
REACTIVITY LOSS (%) DUE TO COATING OF ZrB2 PARTICLES 

I * Fraction of total particle volume, 

I .  . e.. .Water Hole Flux and Power ~ e a k i ~ '  in the'SM-1, Core I1 

To investigate the possibility of placing an element in the SM-1, 
Core I1 containing one o r  two SM-2 reference duel plates, the thermal flux 
and power peaking in the vicinity of such an element was calculated, Due 
to limitations inherent in the VALPROD IBM-650 code, i t  was not possible 
to obtain the flux and power distribution in the vicinity of the SM-2 fuel 
plates. Therefore, cylindrical VALPRODvs were run for the core a t  4 4 0 ' ~  
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both for.the normal control fuel elementand for a water hole in t'he center 
of the core. . . 

, .a . . ' Figure 10-2 shows the t h e ~ m a l  flu.to.which the SM-2 fuel plates- 
would be -subjected. - An SM-2 %uel plate in the center would be'subjected 
to a.fZux peaking' factor of about 6 to 1 over a nornriial SM-l plate in a 
regular SM - 31 element. 

. . . . . .  

Figure 10-3 shows the large inc.rease in power peaking next to .the 
. .  wate.r hole. The peak. to average (average in. the core) power for the,.water 

hole i s 3 .  1 a s  compared to the value.of .I. 'd next to a ~ e g u l a r  control d q e l  
.. i"e1ement. 

. . 

f .  Gamma Heating on the SM-2 Pressure Vessel 

The gamma heat generation rate throughout the inner surface of the 
pressure vessel wall of the reference SM-2 reactor was calculated a t  510°F 
near the end of core life. Since there were no IBM-650 codes available to 
determine the gamma heat generation in non-axial or  non-radial directions, 
it was necessary to extrapolate the results found in the radial direction as 
presented in AP Note 188. * The heat generation rate along &he inside pres- . , 
sure vessel wall was obtained by considering the effects of the increased 
amounts of reactor materials that attenuate the gamma flux from the core 
and secondary sources as a function of distance from the pressure vessel 
belt line. The calculations were made based on the important assumption 
that the ratio of the structural materials and water between the core and 
the vessel remains constant as a function of distance from the pressure ves- 
se l  mid-point. This is very nearly the case from 6 to 8 inches from the top 
and bottom of the core. 

A! larger distances, the structural material is cut off and the water 
fraction between the core and the vessel increases rapidly. Since the at- 
tenuation coefficient of water is smaller than that of the steel, the gamma 
heat generation on the inner wall of the pressure vessel will be somewhat 
higher than those based on the assumption stated above. This is compen- 
sated to some extent by a decrease in the seconda~y ( n ,  ) source in the 
structural materials. A lack of knowledge of the thermal and fast fluxes 
a t  oblique angles to the core prevented an estimate of their effect on the 
heat generation ow the pressure vessel .wall. The results of these calcu- 
lations a re  shown in Figure 10-4. 

The gamma heat generation on the flange, assumi g that the gamma 
attenuation is by water alone, was f o h d  tobe-2.  I x 10mP B T U / ~ ~ ?  see. 
Since this is a:conservative value, no. correction for any.edfects by struc.tusa1 

. , 
, . . .  9 

' + Clancy, E. F. , lV6ramrna Heating in.the Peference SM-8 coreand  Re- ' 

flector Regions, '' AP Note 188, October 15, 1959. 



material .is 'included; - The gamma;.heat'-generation a t  the inner edges. of 
.the nozzles can be read from the graph. 

. .  . 

g'. ' . Effect of Reduced Fuel Loadings in SM-2 .Control Fuel Elements 
. . . . .  . , 

The most serious power peaking occurs in the vicinity of the central 
control rod fuel element;-therefore; this element fixes the-flow require- 
ments for the -entire core. High flow through the control elements may be 
serious; therefore, as one possibility of reducing this peaking, the effect 
of reducing the fuel and burnable poison loadings 0% the control fuel elements 
was calculated. The radial power distribution and core  reactivity was 
calculated by use of the VALPROD, IBM-650 code. A 10% and 20% reduction 
of U-235-and B-10 from the reference loadings were considered. The effect 
upon core reactivity is shown in Table 10-4. The effect upon the radial 
power distribution is shown in Figure 10-5. 

TABLE 10-4 
'REACTIVITY CHANGE DUE TO REDUCTION IN U-235 AND B- 10 LOADINGS, 

It is seen that a reduction in loadings causes a decrease in the power 
within the control fuel element but causes an increase in the peaking in the 
adjacent fixed fuel element; however, high flow though  fixed elements is 
not too serious, As seen in Section 3 of this report  (Task 10.2), the most 
serious peaking occurs in the adjacent fixed element, even in the reference 
core; therefore, reducing the loadings in the control fuel elements results  
in even more severe peaking and flow requirements in the fixed elements ad- 
jacent to the control elements. On the other hand, in the control fuel ele- 
ments, 10% and 20% loading reductions result in 3.7% and 7,4% seductions 
in power peakings, respectively. 

h. Review of Calculational Models 

1. Cross  Sectional Data for MWFT - H9E Input 

The fast  group parameters used in the modified two group theory a r e  
calculated by use of the MUFT-111, IBM-650 code with the ,% Selengut- 
Goertzel slowing down approximation. Inelastic scattering from all neutron 
groups by stainless steel (or iron) and, U-235. have been approximated by use 



9 of the Weisskopf statistical model, Since this model implies large level 
- densities in the excited nuclei, it is not applicable a t  incident energies- . below- a few Mevvs. In view of this, ,the inelastic matrix fo r  Fe has been 

modified to account for scattering by individual levels in the low -lying 
regions. - In addition,- the- matrix has been changed in the higher energy 
regions in accord with more recent measurements of the nuclear temper- 
ature. The reactivity of various SM-1 .cores were recalculated utilizing 
the new inelastic scattering matrix; the effact was to increase the calcu- 
lated reactivity by about 0.2% ' I  1 

P 
The new inelastic scattering matrix was also used to calculate the 

neutron age of Po-Be neutrons in various iron-water mixtures and com- 
pared to measured values. * However, the calculated ages showed poor 
,agreement for high metal-water ratios (Table 10-5); therefore, the ef- 
fects of re-evaluating the elastic parameters on the calculated neutron 
ages were invkstigated. The latest data of elastic scattering by iron was 
obtained from work done at  KAPL.** The results of the calculation of the 
neutron ages in iron-water mixtures using a'po-I3e source to the indium 
cut-off a r e  shown in Table 10-5. It is seen that the agreement between 
the calculated and measured neutron ages is very good, 

TABLE 10-5 
NEUTRON AGES OF PO-BE NEUTRONS IN FE-HI20 MIXTURES 

. . 

The effect of incorporating both the elastic and inelastic mciditications 
to iron .upon the fast parameters and calculated reactivity sf various SM- 1 
and SM-2 cores was also investigated. Table 10-6 showsa comparison of 
the fast group parameters, with and without the iron file modifications, for 
various SM-1 and SM-2 cores a t  68 F. 

, It is seen from Table 10-6 that use of the modified Fe files for the 
... 
, . * Reier, M. F. , F. Obenshain, R: L. Hellens, ?'The Ages of Po-Be 

Neutrons in. Various Metal-Water Mixt~ares , -~~ Nuclear Science' and 
Engineering, Vol. 4, 1-11 (1958). 

** Private communication with E: F. Clancy, Alco Products, Inc. , 
October, 1959. 
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MUFT-111 code reduces the calculated 'reactivity. For the core studies, 
the reduction in reactivity is about 1 .6%-p and 1.1% f 3  for the ISM-1 
and-SM-2 cores respectively; part- of this difference may be due to'differ- 
ences in the metal -to water ratio of the two cores. This work.wil1-be 
issued as an AP Note. 

TABLE 10-6 
FAST GROUP PARAMETERS USING NEW .Fe MUFT-III FILES 

- - - - 

(Fixed Elements a t  68'~) 

* ~ e f i r e n c e  SM- 1 core (APAE 27) with "as speciiied" boron content, . . . . . 

** SM-2 Flexible Experiment Core with no boron. (18 plates per element). 
. t 

' 2. Effect of ~alculational Model and Neutron Temperature 
Upon Thermal Calculations 

As part of the review of the calculational methods employed in the 
nuclear analysis of thg SM-2 core, the thermal parameters and thermal 
flux distribution a t  68  F within a fuel element were calculated by different ' ' 
acalytical models and compared. The method presently used employs P3 
theory with cross sections averaged over a Maxwell-Boltzmann distribution 
evaluated a t  a hardened neutron.temperature. For comparison, the flux- 
and thermal parameters were calculated by: , 

(a) P 1 (diffusion) theory using hardened, Maxwell-Boltzmann aver- 
aged cross sections 

(b) P3 theory using Wigner-Wilkens averaged cross sections 
:' :. . .. . . . .  . 

' ( c )  P3 theory using non-hardened, Maxwell.-Boltzmann averaged 
cross sections 

' . 
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The flux (~aral le l . . t s  the duel plat&) comparisons :. / ., _ are shown in Figures 
10-6, 10-7, aid 10-8. The effect upon 'the ther-malpaiam'etersand 
core reactivity for 45 fixed fuel elements .is. bown"ira Table 10-7. 

, . ., . .. . 

1t has beeia-found from analysis of- lhe;,~M-$ Flexible.Critical. Ex- 
periment that thk measured inneicell flux add power peaking exceeds 
that calculated bi the pkesently used model. Therefore, the lase of PI 
theory o r  the rr~ore sophisticated Wigner-Wilkins theory offers no ad- 
vantage -over the present model since both methods predict l ess  peaking 
( ~ ' i ~ u r e s  10-6 and 10--7) and no appreciable change in core reactivity 
(Table 10-7); The use of non-hardened c ross  sections predicts no ap- 
preciable change"in-core reactivity but results  in a higher innercell 
peaking over the presently used hardened values; however, this fact 
alone is not enough to justify the use of non-hardened c ross  sections 
since some hardening is certainly expected due to the preferential ab- 
sorption of low energy neutrons. 

I t  is possible that these is a significant change in spectrum though-  
out the element. This has not been included in any of the methods studied 
here; therefore, until a more detailed analysis of the thermal treatment 

a of APPR-type fuel elements is made, " the presently used model seems  - * 
adequate and offers a good compromise between the accurate prediction 
of innercell thermal flux distributions and calculated core reactivity. 

'This work, including the theory and equations utilized, will be ! : . .. . 

issued as an AP Note. * 
. . 

. . 

Bobe, P i  E. ,' "Effect of Neutron Temperature and ~ a l c i l a t i o n a l  " 

Model Upon the Thermal constarits of the SM-2 c o r e ,  " AP NO&: . 

to be issued. 
. . . .  . . . . 3 

, ' .  . . 
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TABLE .lo-5' 
NUCLEAR PARAMETERS OF S-M-2 FIXED ELEMENTS 

VS, CALCULATIONAL MODEL 

(0 Burnup, T 68OF, P 2000 psia) 

* P3 theory with c ros s  sections averaged over a Maxwell-Boltzmann a t  
a hardened neutron temperature (E = 0.0331 ev). 

I ** PQ theory, c ross  sections averaged over a Wigner-Wilkins spectrum 

+ P1 tQeor,y, . cross  . sections averaged over a Maxwell-Boltzmann a t  a 
hardened . . neutron temperature (E = 0.033.4 , .  sv). .. . , . ! . , .. . 

++ PQ theory, c ros s  sections averaged over a Maxwell-Boltzmann a t  a 
non-hardened neutron temperature (E = 0.0253 ev), 
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3.  Calculation of Local P'owek Peziking Factors from 
3 

When the P3 theory model is e'mployed to calculate the innercell 
thermal flux distributions (Section 2h of this report), the fast flux distri- - 

bution is not available since there is a large fractiop of epithermal %issions. 
In order to estimate the local power peaking, the power distribution is 
calculated'by assuming a flat, fast flux digtribution across the element. 
Ib the thermal flux within an element is normalized to the average flux 
within the active (fael bearing) region, the max. to average power ratio 
is calculated by: , , 

, , 

where f l  i s  the average pdrcent of thermal fissions. 

To test-the validitgand determine the effect .of the fast flux distsi: 
bution, of this expsession,a multiregion, three group, one-dimensional 
VALEROD was calculated through the SM-2 core parallel to the fuel 
plates.' The percent of thermal fissions, 6 , was calculated a s  a function 
of position within a fixed fuelelement. The average value a s  calculated 
by these flux distributions, 6- flu was found to be 0.64'7'73. The value 
of 6 is normally calculated by l howledge of the fast and ther ma1 para- 
meters of the. core, such that 

8 = 
P Kth . = 8 

Keff (1 + ? B ~ )  (1 + L ~ B ? )  
element . . 

. . 

This 8 ,' called f l  element , is calculated to be Q. 6419. 

Another possible 6 to be used, in order to predict the calculated 
' 

power distribution, may be calculated by a knowledge of the calculated - 

thermal flux and 'ca%cuBated power peakiaig within the element. This value; 
called 6 was found to be 0.6548'78. The max. to average power ratio 
as calculated by the various @ ' s  are: 



- - - In general? as seen in Section 3 of this -repost, (Task 10.2) the 
cxlculated power -peaking is considerably less  than the experimentally 
measured values. - Therefore, a correction fzctos is- needed to correct  
calculated distributions; however; no additional factor is necessary to 
allow for e r r o r s  i n  the selection of 6 since the maximum change in 
P ~ a - d P a v g ,  as calculated by the three methods discussed in this 
section, is only 0.52%. This e r r o r  is well within the nuclear uncertain- 
ty factor of 5% to 10% normally used in reporting power distributions. 

3. Analysis of Critical Experiments (Task 10.2) -B. E.  Fried, Po E ., Bobe 

a. Analytical Reactivity Calculations 

Reactivity calculations on the SM-2 ~xpe r imbn ta l  Core were made 
using three different machine codes, namely: 

1. The PDQ code, a two-dimensional code (X, Y or. R, Z$.for the: 
IBM-704 machine, used for (X, Y) calculations . 

2. The VALPROD code, a one-dimensional code for the IBM- 
650 machine, used for radial calculations (cylindrical geome - 
try) * 

I 

3 .  The FINK code, * a two group, two region. code for the IBM- 
650 which solves for reactivity and the radial and axial r e -  
flector savings by iterating between radial and axial calcu- 
lations, assuming a cylindrical core. 

The equivalence of these calculations was demonstrated by com- 
puting the same core  with all three codes (Table 10-8). The excellent 
agreement between these calculations shows that the assumption, that 
the 7 x '2 a r r ay  with n6 corner elements can be calculated as a cylindsi- 
ca l  core, is good for reactivity calculations. 3n all other comparisons 
made, the difference between the one dimensional radial calculations and 
the two dimensional, X Y, calculation was less  than 0.2%. p . 

* APAE Memo No. ,121, "Fink I: a Two Group, Two Region Calcu- 
lation on the IBM-650, l V  by P. E ,  McElligott, Issued January 28, . 
1958. 



- 
TABLE 10-8 

EQUIVALENCE OF- ANALYTICAL CODES 
/- 

(SM-2 Experimental Core - 68 F - Water Reflector All+Fixed Fuel. Elements) 

. . 

b. , . Reactivity of the SM-2 Experimental Core - 
. . 

The reactivity of the SM-2 Experimental Core was calculated for . . 

i a r fous  configurations (Table 10-9). The reference core (stainless s keel . 

reflector) reactivity a t  6 8 ' ~  is 12.0% p, with seven control sod fuel ele- . 

ments. TQis.is a gain of 0. '7% P over the reactivity of the SM-2 core 
. : ,  : .- . a t  68O~:with a water reflector. The experimental value of the reactivity 

of the reference' core is 11.5% p The gain in reactivity using a large 
steel  reflector instead of water was experimentally extrapolated to 0.6% 

The effect of substituting fixed fuel elements in. place of control sod 
fuel elements was calculated as + 1.0% f l  Measured values were ob- 
tained by substituting for one C. R. F. E. a t  a time, the total effect being 
2.0% P The tojtal effect was obtained by adding up the individual effects. 
This measured value may be lower if all seven elements could be replaced 
a t  one time, since there a r e  "interaction effectsvv on the flux when justhone 
element is replaced. In this case, the core-array becomes non-;symmetri- 
cal and,, there,is a shifting of the flux to the side containing the additional 
fixed fuel element. Adding the effects od each individual element tends to 
overestimate . I* the effect sf replacing all seven control rod fuel e~emehts .  

' I 

The experimental seactivities must be corrected for the use of boron 
in mylar rather. than dispersed (in rather large lumps) in the matrix. 
This correction has been estimated analytically to be a maximum of 
0.75% P . * This will be checked experimentally using substitution plates. 

* APAE Memo No. 215, SM-2 Core and Ves9'eB Monthly Report 
May 28, 1959 to July 9, 1959 (Figure 8-2) 



TABLE 10-9 
WEACTIVITY OF VARIOUS CONF116WWATIONS OF THE 

SM-2' EXPERIMENTAL CORE - 6 8 ' ~  

Seven Control Rod Fuel 
. .Elements, SS Reflector 

All Fixed Fuel Elements, 
SS Reflector 

7 CRFE, Water BefPeckor 

-. 

* P 
-K This value obtained using total Kexcess in cents and ,l-e excessx0.0078. 

: ** This value obtained using A? due to substitution of fixed fuel ele- 
ments of + 2.0% 

*** This value obtained due to steel to water reflector of -0.6% 

The reactivity change in replacing the central control rod fuel ele- 
ment alone was calculated as + 0.2% P and measured as + 0.3% /7 , 
which is in much better agreement than that calculated for seven control 
rod elements. 

. , c. Reactivity of the SM-2 Core at  510°F 

The reactivity of the reference SM-2 core at operaking temperature 
(510O.F) with a stainless steel reflector and no xenon was calculated as . 
5.1% f l  . (Table 10- 10). 

The stainless steel reflector is now calculated to be worth 0.8% 
more than a water reflector. The effect of substituting fixed fuel elements 
for the control sod fuel elements was calculated to be + I.  3%. 

. . 

The loss of reactivity from 6 8 ' ~  to 510°F is 6.9% /O for theSM-2 . . 

core with a stainless steel reflector. 

At present, the best estimate of the reactivities of the SM-2 core is 
given in Table 10- 11. 



. TABLE,, 10-10. . . , 
.. . 

- ..REACTIVITY OF VARIOUS CONFIG~ATIONS PF THE' 
SM-2 WEFERENCE CORE - 5 1 0 ~ ~  - NO XENON 

' 

BEST ESTIMATE 0.F SM-2 REFERENCE CORE: WE ACT NIT,^ . . 
/ 

. . 

- . ' 'No Xenon 

Calculated by PDQ (IBM-704 Code), corrected for flow divider - 

loss of 0.1% p or  96.6 cents. 

From Section 2a, the zero to equilibrium and zero to peak xenon 
reactivity change a r e  2,5% and 4.3% respectively. 

0 
Taken from integral worth curve of 7 rod bank, corrected for 
flow divider loss  of 0.7% P o r  96.6 cents. 

The.measured ho t  to cold change is 6. ?/0 or 890 cents. , 

. .  , . . ,  . . . 

I 



d. Bevised Flux and Power :Distributions 
. , 

Since the PDQ code was made available to Alco during the present 
report period, revised f$x and power distributions for both the tM-2 
Experimental Core at  68 F and the SM-2 ~ e f e r e n c e  Core at  510 F have 
been made. 

Comparisons with PDQ and previous one-dimensional calculations 
on the Valprod code show that the analytical model used to predict gross 
power distributions over most of the core results in remarkable agree- 
ment. * (See Table 10-12). The extrapolations of the one-dimensional 
calculations in APAE Memo 195 predict the shape and magnitude of the 
power over the core a s  accurately as the PDQ two-dimensional calcu- 
lation. 

Figure 10-9 shows a comparison of a one-dimensional slab calcu- 
lation and a PDQ (X, Y) calculation through the core central plane, The 
two curves a r e  identical when normalized to the same value a t  the core 
centerline. However, the centerline values a r e  considerably different. 
If the slab Valprod calculation is corrected by the centerline value of 
the radial Valprod calculation, which is accurate, then good agreement 
is obtained. 

* Byrne, B. J. , "Power Distribution for APPR-Type Coreg, " 
APAE Memo 195, Issued July 28, 1959 



TABLE' tQ- 12 
Y . %  . 

COMPARISON OF POWER DISTRBUTIONS AS PREDICTED 
BY THE PDQ CODE AND ANALYTICAL 

EXTRAPOLATIONSOFTHEVALPWODCODE 

(SM-2 Experimental Core - 6 8 ° ~  - All Fixed Fuel Elements, 
Homogenized Proper ties - Water W eblec tor) 

of core  . : -2. . . -., 
, . . 

center 'of the core 
to the edge .of 'the 

the cewtsa.lsplane. ,. 
of the core. ass in! . . 

.:APAE Memo No. 195 

. ,  . . 

~nter 'cell  thermal flux distributions which have been obtained from 
the P-3 code were compared to recently obtained thermal flux distributions 
from PDQ (x, y) cal'culations (P-1 or diffusion theory calculations). As ' 

seen in Figures 10- 10 and 10- 11, use O$PDQ predicts a&igher peak a t  the 
edge cab the active (fuel) region in̂  the 68 F core. At 510 F, both calculations 
are in-good agreement and show a decrease in flux peaking with an increase 
in temperature. 



Figure 18-12 shows a two-dimensional power @ontour of the SM-2 
Experimental Core at  6 8 ' ~  with a stainless steel reflector. Local power 
peaking in the elements is included.' The worst power peak in the core 
occurs in the corners of the fixed fuel element adjacent to the central con- 
trol rod fuel element. - 

3. . .  , Comparison of Calculated and Measured Power Distributions 

Measurements of radial and axial power distributions in the SM-2 
Experimental Core a t  6 8 ' ~  were taken with uranium and gold foils. 

Figures 10-13 and 10-14 show comparisons between calculated 
(PDQ-XY) and experimental radial distributions for both water and steel 
reflected cores. The agreement is good except a t  the edge of the elements, 
where the calculated value underestimates the power peak considerably. 

Figures 10-15, 10- 16, 10-17 and 10- 18 show the comparison between 
calculated and measured axial power distributions. The analytical values 
were obtained from the Windowshade code. The homogeneous bank po- 
sition was a t  '7.95" out while the measured bank position was 6.97" out. 
This is a difference of 0.98 inches. In SM- 1, the difference between the 
Windowshade bank and-themeasured bank position was 0.90 inches. The 
agreement between the measured and calculated axial power distributions 
seems quite good over a wide range of fixed fuel element positions. The 
experimental peak to average power is lower than the calculated value 
since most of the measured points fall above the calculated curve. Each 
of the experimental axial traverses was taken down the center of the ele- 
ment. 

In order to obtain the power generation for the hot spot and worst 
plate in each element, Q ( d6 ) and Q ( d7 ) respectively, it was neces- 
sary to first  obtain correction factors to bring the calculated values into 
agreement with the measured power distributions. 

The complete expression for the radial hot spot factor a t  the start  
of life is: , 

correction 

where: Q ( dB ) = Power generation rate a t  the hottest spot in 
each element, normalized to an average radial 
power of 1 over the core. 



Flocal - - 
correction 

(X, Y, Z) measured at' the edge of each element 

= maximum calculated power generation in each 
element 

The local peaking correction factor, F , was calculated 
locaEorrection 

a t  the edge of the element instead of the corner simply because no measure- 
ments were taken a t  corner points. The correction factors, on the calcu- - 

lated power, Frods and F , were assumed to remain constant 
locaEorrection 

with temperature. Since the worst hot spot occurs -near core midlife when 
the rods  a r e  furthest in, the axial power distribution was taken a t  tGs  point, - 
However, the radial power peak in the corner of the elements has been de- 
creased. since the fuel has been depleted a t  a faster  rate. This correction, 
calculated a t  the edge of the-element's, has also been applied to the hot spot 
factor a t  the corner of the elements. 

To obtain the power generation ra te  in the hottest plate in each ele- 
ment, Q ( AT ), the factor Q ( A, 0 ) was multiplied by the rat io of the 
average power in the hottest plate to the power a t  the hottest spot in each 
element. (See Table 10-12). The radial power distributions in Table 10- 12 
must be multiplied by the worst maximum to average axial power distri- 
bution in order to obtain the overall peaking factors. These axial peaking - 
factors were obtained from the axial burnout calculations a t  440 F previ- 
ously reported, * and a r e  reproduced in Table 10 - 13. 

T h e  recommended nuclear uncertainty factor,  Fn ( 8 ) , has. been 
reduced from 1.10 to 1.05, since .local peaking factors have been predicted 
more accurately. by the PDQ-X, Y code and corrected to agree with the 

*APAE Memo No. 223, SM-2 Reactor Core and Vessel Review Report, 
May 28, 1959 to August 24, 1959 (Table 8-81. 



measurements , ' .Some conservatism has -been introduced in the: local . - 

burnup correction sinc.e..the.burnup at theelement edge was used. The-  
burnup-factor.-in the  qosaaejr, 0% the element will be smaller  due to greater  .. . :. 

fuel depletion. \ . .  . 

. TABLE 10-12 

I .  SM-B.RADJ,AL POWER DXSTWIBUTION, 
. "... - . ' 0 

SM-2 ~ e f e r e n c e  dore  - 510 - F - S .  S .  Reflector - Midlife) 

where: 

Q ( A T )  . = .  

e r A 6 )  = 

. 

power geperation for worst channel in each element, . ; 

normalized to a core. average of 1.0. 

.power generation a t  the hottest spot in each.element, -. \ 

normalized to a core average of 1.0. 

. . .  . . 

Ele.men't., . . No. 
, . .  - .- , 

. 44- ; 
45 
46 : 

' 47. 
34 
35 . . 

* 37 . . .  . 
25 
26' . . 

aa 
14 
15 
16 

power generation a t  worst axial point in the core,  . . 

normalized to a core average of 1.0. . . 

nuclear hot spot factors to allow for uraceataiiaty in the 
calculated power distributions . . ,-. 

. . 

fraction of' total reactor power generated in the core. 

Q ( A T )  

'1.66 
.. la62 

I ,  . 1,.,19 
1.15 
1.41 
1.37 
.l. 08 
1.37 
lo 16 
o. a1 
0.89 
0.88 
0.62 

fraction of total reactor power generated in the fuel plates. 

: ,Q .(A:@) 
1.. 95 
1i88 
1 , .57 4 
I. 37 
1.93 

. . 1.93 
1.35 
1.80 
1.57 
I*  01' 
1.51' 

. 1.49 
i. . .  03 . 

b 



. . TABLE 10- 13 
. . . .  

. i ., . ., , , 

CORRECTED WINDOWSHADE (AXIAL) POWER DISTRIBUTION 
. ;..AT THE DEEPEST.R.OD BANK INSERTION . ' . . 

I - (440 '~  - NO XENON) . . . . 

Inches From 1 -P(z)/P core average of 0 
Bottom of Core i 

2.92 (Bottom. Spike) ., . 
1.56 . . 
1.80 _ . . . .  . . . 
1.84 (Axial Max. ) 
1.83 
1.55 . . 

0.97 
0. '74 
0.58 
0.43 
'0.31 
0.20 
0.17 

4. Development of Analytical Techniques (Task 10.3)-R. L. Murray 

' a. Calculation of Effective Delayed Neutron Fraction 

The value of the effective delayed neutron fraction (/3 ) as calcu- 
lated and reported in the last review report (APAE Memo 223) has been 
revised. The value was calculated by a theory developed by R. L. Murray. * 
This theory derives an analytical expression for P using the modified 
two-group theory of a reflected spherical core. Using the nuclear para- 
meters of the core presented in APAE Memo 197, the value of the effective 

was found to be 0.0077'7 instead of the previously calculated value of 
0.00'824. This value may be compared to the value of 0.0073 which has 
been used in the interpretation of the SM-2 Flexible Critical Experiments. 

bb . Radial 'Wing Equivalents of Local Perturbations. 

A method has been developed to determine appropriate radial ring 
, eq;ivalknts of local perturbations, such as the presence of control rod 
: follo.wer..fuel elements. The effect of radial zones may then be computed 

by the VALPROD and NUB (non uniform burnup) codes. Four cri teria 
1 

* Murray, W. L o  , "Effective Delayed Neutron Fraction, " AP Note , 

1'71, August 18, 1959. 
: A-21 

G22 ( ' 2 3  



for equivalence of the sum of all local regions to two rings a r e  es-  
tablished - equal volume of materials, equal power contribution, 
equal initial reactivity-worth, and equal reactivity associated with - 
fuel. consumption; to f i rs t  order. The mathematical formulation con- 
s i s t s  of -four simultaneous equations, 

. .. - . .. . 

where i refers ' to the several local regions, j to the rings, and there 
appears  averages over' the volumes of the thermal fluxes to various 
powers n. Analytic and tabular values of the averages have been de- 
rived. An AP Note giving this information is in preparation. 
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B. . CORE. THERMAL DESIGN 

. . 
. . . . 

1 ' Progress  (Task 2.0) - I.. Beretsky 

The-SNI-2 .final. flow evaluation was made using a se t  of'hot channel 
. factors'based on the latest se t  of reactor manufacturing tolerances. The 
ri'ew-:'. total required flow in the reactor is  7800' gpm. This new flow rate  
is: 9,B% of the previous reported value- of 8560 gpm*. This reduction of 

:.total flow requirements was brought. about b y  the increased heat transfer 
area and reduced maximum heat flux: 

All. other hot channel factors were calculated U S ~ ~ ~ , A P A E M & ~ O  15?** 
as reference. 

2. Deflection of' Outer Fuel Plates Adjacent to 'Lattice:Region 
' (Task 2.8) - I.. ,Beretsky 

. .  . - - 

If we consider the lattice passage area (b x w) to be deflected inwards 
at the midpoint a distance as shown below, 

* APAEMemo 223). SM-2 Reactor andvesse l  R e v i e w ~ e p o r t ,  May 28, 
1959 to August 24, 1959. 

** APAE Memo 157, "Thermal Design Criteria for APPR Pressurized 
- Water Reactors, " J. Do Love 



. Then the reduction in area can be represented by 

Area.Reduction = bw - 2 ydx = I," . . 

If y is assumed = Lsin 512  . . 
.W 

Then A r = b k - 2 1  d x , = b w - ; 4  - 6" 
' .7r . . 

A Final  Or 
. A Initial 

. . 

- Ts = T in le t  + A Tw +ATf 

where  Ts =-:Surface temperature,  

0 ~~~l~~ =.1nl&t' temp, .. F 

b Tw = Water  temperature,  Rise,  OF 

A T f  = F i l m  tempera ture  drop, OF 

Therefore,  a reduction in flow a r e a  will . tend.ts increase  both A Tw and 
ATf.' . In o r d e r  to compensate f o r  this effect, the flow must  be increased in o r d e r  

.to maintain the s a m e  A T w  and A T f  such '  that the sur face  tempera ture  re- 
mains the ,same. 

1 Since ATw and W + A 

Tf inal . - :W initial Ainitial - . - - A. . = -1 
: Tinitial  Wfinal final . . 

Since -:Ainitial. - 1 
Af inal 

- - 
x 

. Wf inal - - ' -.W~,,ld - 1 .- - 1 - - .  = R 
8 1. -a Winitial .Wcalculated 

00 b77 

+ 3 0 . 0 .  

n=o 

where $ =  g/b 



.... For .a small  deflection 
A 

The vaiues used to calculate R were equal 0.002" and b equal 0.123". 
. . 

Final Flow Evaluation (Task 2.8)- - I. Beretsky, Lo S; Hecht 

. Since the last ~ e v i e w  Report (APAE Memo 223) a tiumber-of changes in 
parameters affecting SM-2 volume flow requirements have occurred. The 
most important of these is an increase' in fuel plate meat width, reduction in 
water gap tolerances and revision in most adverse power distribution. 

Table 2-1 presents a summary of the factors considered in calculating 
hot channel factors. The nominal .value, deviation, and average and local hot 
channel factors a r e  presented for each item. 

Table .2-2 presents ,a list of pertinent dimensions and data used in the 
,.SM-2 .thermal analysis. 

The latest adverse power distribution data is presented in Task 1 . 0 .  
The method by which the volume flow requirements a r e  established is given 
in APAE Memo 157. 

An additional factor is included in Table 2-1, FL, which i s  applied to 
determine how much more flow above that of the hottest fuel element channel, 
the lattice channel element must receive, This new factor is above the pre-  
viously used value of 5% because of fuel plate deflections in the lattice channel 
(see-Section, 2) which was not considered in the previous analysis. 

4. - Flow Reauirements - .  Lo S. Hecht 

Table 2-3 presents the required flow per  element. The required volume 
flow thru the control rod assembly is  331 gprn compared to 363 gpm pre-  : 

viously .calculated. The .highest required flow thru a fixed element in the 
' 

second pass  is 316 gprn compared to a previously calculated value of 384 gpm. 
The total required flow is 7203 gpm based on tailoring the.fixed elements in 
,the second pass. To facilitate rod programming in subsequent SM-2 cores i t  . .  

is desirab1e::to have uniform flow thru each fixed element in the second pass. 
The-,total required flow in this case is 7446 gpm. A leakage allowance..of 350 
gprn should'be.inc.luded. Therefore. the total reactor flow is 7800 gpm. 

. . 

The reduction in volume flow requirement is .due .principally to the in- 
creased' meat width and reduced maximum to average power generaf ion. 



TABLE 2-1 
.SUMMARY OF  DIMENSIONAL DEVIATIONS AND HOT CHANNEL 

FACTORS FOR SM-2 THERMAL DESIGN 

~ y p e '  of Deviation Nominal Value Deviation %VG F ~ o c a l  
. ,. 

0.123" 1. Plate spacing . - , . .+0:004"Avg - 1.. 0501 1.1062 
. . .+0.00811 Local - . . .  . ;  . . -  - 

, . 

2.* Uranium Content ' . 

4. Homogeneity . . .. . 100%. 
. . 

5. uranium. Content 
(Including ~omogene i ty )  ; 100% 

6, Clad Thickness 0.00 5'' 

7.. Plate to Plate ~ a l d i s t r i b u t i o n  
Fuel. Element 100% 
Control Rod . . 100% 

9. Combined Factors  . 

Fuel. Element . . . 
-'Control.Rod . . - 

. . 

..+O. 5" Avg . - ,. . 

',+I% - Local 

+0.0003" Avg - 
+0 ; 000 5". Local - 

. - . .. 
' .  10i+New --LattCice;Factor, FL, 6 = 0 : 0 0 2 ~ ~  . .  ' 

. 2 ' . .  -.. FL/ = ' I  .0435 (old lattice f a d o r )  . . '  
'.. ' R, F ~ = . F ~ '  ; x R . .,, b = o;..li311 . . ... = -1. .O21.1, (def lectioti~factor) . .  : 





. .  Symbol* 

TABLE 2-2 
DATA USED IN SM-2 FLOW DETERMINATION 

Definition 

Heat Trans fe r  Area, ft2 

. .Fract ion of Power  Generated in 1st Pass 

. - 1nlet Tempera ture  to  t h e . l s t  Pass, O F  

.Inlet Tempera tu re . t s  the 2nd Pass, O F  

.. Clad.Thickness,  in 

Me'at Thickness,  in 

Average.: Heat Flux, BTU ~r- . !Ft-~ 

Dimens'ions of ' Unit. cell, in 

Value 

. '  v; . y InsideL Control. Rod'.Basket Dimens'ions, in. 2.7255 

K, U Outside.. Control Rod .Basket' Dimensions, in 2.8255 

BFE ..Width of Side-Plate ,  in 2.863 

,B.cR Width of! Side Plate, in 

'CT : Fuel  P la t e  Thickness,  in 

E S.ide.Plate.Thickness,, in 

Width of Ele.ment Water  Gap, in 

~ i d i h  of Element  Water .  Gap, in 

t .  .' Thickness of- Element Water Gap, in ' 0,*'123 

MFE Active:Meat Width of a .Fuel Plate, in '2. 670, 

MCR Active:Meat Width of a Fuel  Plate ,  in 2.363 

HFE  Active Meat.'Length of a Fuel  Plate, in. ,22.0 . 

HCR Active Meat  Length sf a. Fuel. Plate., in 21. 5 

i f i e a t  Length of Control Rod Fuel  P la t e s  CR 
inser ted  in the Active Core,  in 7.6 - 

.. . * APAE Memo ,161., "Lovely-. I, P r o g r a m  No. 55, Thermal  Analysis on 
-. : ... . the. IBM-650,;" J. D. Love .and C. Stueck. 
3 , .  



- 

TA%LE 2-3 .... 

REQUIRED FLOW. AND THERMAL DATA FOR THE SM-2 
. . 

Required Flow Per. Element . .  . .. 
.:.:I : . .  . . . ,  , 

No. of Similar Ref, Case Final. Flow 
Pass No. - Element No. Elements (APAE Memo 223) ~ e ~ u i i e m e n t s  

2 . : .  . 44 (control rod) 7 . 363 .... . ,  331: .. . 

Total Flow and. Thermal Data :'. 

Internal 1st Pass 
. Flow, GPM 2nd Pass 

I 

Lattice 1st Pass 
.:. Flow., GPM 2nd Pass 

*Total Req'd 1st Pass 
' .  Flow,GPNI 2nd Bass 

. . _ I) . . 
B r  ~ V ~ O U S  Ref; Case ' Final :.;' 

(AP Memo 223) , ,,,, Requirements,, . .. . :  . _: 

6789 4226 
'6494 . . - . . . . . 6498 

, ... 
Reflector 
. . Flow GPM , 893 24 50 

. . 
Maximum Internal 

a'emp. ?F 704 
. i 

. 697 
. ' Total .Flow, GPM. ' . '. . : ' '8560 7203' 

. :  

'*Uriiform 'Total Pass 1 ,8320 '5758 ', 

Req' d' Flow Pass 2 ,8990 7446 - * Excluding Leakage flow between and across gasses. 



C, .REACTOR VESSEL DESIGN. 

1. Progress  (Task 3.0) - %'.F., Connolly 

The type 304 stainless steel  vessel drawing has been prepared and 
sent out for cost estimates, 

Tentative designs. of-the core support and fuel elements s'tr.uctur.e 
have been made.and a r e  being 'evaluated for pressure  drop and flow dis- 
tribution. , . . .  a .  

. . 

Drawings of the full scale closure have been completed and sent out 
for bids. 

St ress  analysis on several bolting materials have ,been made. - In 
order to meet ~ ~ & A S W I E  Code', a se~ecfion of 24 three-inch type403 stain- 
.less steel bolts appears to be the best. 

2 .  Fuel Ekment  Design(Task 9.2) - T, F.% Connolly 

A tentative design of the stationary fuel element has been made and 
is shown on Dwg. R9-13-101'7. The problems confronting the designer are:  
(1) .how to keep the fuel element length a s  short  as possible; (2) how to 
provide the best possible distribution within the element; (3) how to ra i se  
the pressure  drop through the fixed element to that across  the control rod 
assembly; (4) how to permit easy handling of the element. 

Recently it became necessary to add a comb to the entrance end of 
the fuel plates to assure  no collapse of the flow channels. As presently 
designed the comb gives the element some structural stability, provides 
a means for locating the element in the core, and facilitates handling. 
All the fuel plates have been made the same length for ease of fabrication 
and to help eliminate the rippling problem in the outer plates. This was 
suggested by ORNL &eta18urgyb 

I ,  

Very recently it  became necessary to add a flux suppressor to the 
lower end of the fuel element to get r id of the power spike. The actiire 
length of the element has been kept the same; therefore the fuel plate is . 

slightly longer to include the suppressor. 

. Three types of end fixtures a r e  shown on'..the fuel element drawing. 
The 'casting (Style C) would be the most attractive ... from ,the mechanical I 

design standpoint because 'it presents a stronger fuel element, an.d the 
machitiing costs should be lower than the other types. . . . . .. 



. T h e  other :types '(Sty1e.A and.B) a re  possible .methods which can- be fa- 
bricated- from plate stock:and welded together. . Either will be satisfactory 
as far. as .design is concerned. .The econoniics and fabricat-ion problems will 
dictate which is the better design. 

The dimensions for the fuel as shown on this drawing were supplied by 
personnel on other tasks. 

. The control rod fuel element is shown on Dwg.. C9-13-1028, Rev. A. 
The outside dimensions of this element a re  the same as  SM-1. The two 
long fuel plates a t  the lower end a re  used to orientate the element in the 
control rod tube and to prevent the control rod from being incorrectly loaded. 
The two long plates at the top eliminate the separate handle of previous de- 
signs. The elimination of the handle permitted the absorber to be brought 
slightly closer to the fuel element to help with the peaking problem. The 
drawing provides for assembly by TIG welding. 

. The control rod assembly drawing AEL 445 (APAE Memo 197) is still 
the reference. The cross-section of the tube has been reduced to make it 
the same as SM-1. Since europium is being used as the absorber material 
it is no longer felt necessary to allow for growth of the absorber. The smaller 
size tube keeps the outer passages in the fuel element the same as the internal 
passages. 

: Thefuel element spacing reference drawingis AES 319 (APAE Memo 
197). . . 

3. - Core ,Support Structure (Task :3.3) - T.. F.. Connolly 

A design drawing of the core support structure i s  shown on. AEL 475. 
. . - Cost estimates on the core support structure .are ,presently being ,prepared. 

. A design of the bottom plate (AEL 523) was prepared and the first 
hydraulic test results were favorable. This plate is 1-1/2" thick with many 
small diameter holes to provide the best flow distribution both within the 
fuel element and in the lattice passages.. The center hole for each fuel 
element must be accurately sized and spaced, but tolerances on the res t  
may. be somewhat relaxed. Slots on the top side orientate the fuel elements 
and the holes are provided for location. There a re  also slots in the top 
to orientate and contain the flow divider. 

The first design of the top doors of the core support structure is 
shown on AEL 526. Doors were tentatively selected because the lifting 
point could be on the centerline.of the door, thus eliminating the unbalanced 
conditions as noted in SM-1. There is no storage problem when doors a re  
used. 



The f i rs t  test results of these doors were not favorable (See Task 6), 
and further work will be necessary. A second design will be prepared using 
holes similar to those used in the bottom platej which should improve the 
pressure drop conditions across the doors. 

4. Vessel Design (Task 3.5) - T. F. Connolly 

The iatest vessel design is shown on AEL 521. The main difference 
of this over previous designs is the change to type 304 stainless steel, which 
increases the wall thickness. 

Calculations have been made on the thru bolts using different materials 
for bolts and nuts. To stay within the ASME Code, type 403 stainless steel 
is the best material available. A back-up material A-286 has also been used 
in the calculations, but this is not a code approved material. Previous cal- 
culations on stud and bolt materials have been based on 20,000 psi s t ress  
valves, but in the case of type 403 it was found necessary to drop this to 
17,850 psi; therefore, 24 three-inch studs will be necessary to maintain an 
effective seal. Also, the coefficients of expansion of type 403 and 304 a re  
different, which will put some added stresses into the bolts at  operating 
conditions. 

5. . Closure Deve.lopment '(Task 3.. 9) - T. F. Connolly 

:-The design of the full scale closure rig (AEL- 56'9) has been completed 
and sent .out for bids. The same.problem of type.403 bolts and type.304 
~ e s s e l  exists here.as in the above discussion. Therefore, some change will 
be .necessary before..fabrication starts. . In the full scale closure test, the 
actual stresses due.to pressure.and,temperature will be determined. 

A suggested test set-up is shown on AEL 525. As shown,' pressurizing 
is by means of an internal heater. Consideration is being given to a pressure 
pump or bottled gas. The points for  recording temperature a re  tentative. 
Temperatures of the vessel flange (internal and external), gasket (internal 
and external), cover (internal and external), and bolts will be recorded. 
Measurements of bolt length will be. taken before, during, and after all tests. 
Galling tests of several studs (both 403 and A286) wi l l  be conducted. Cor- 
rosion tests on vessel, gasket, and bolting material will be run. 

6. -j-Iydraulic Balanced Control Rod - J. F. Haines 

A design study for a hydraulic. balanced control rod has been carried 
.out. This approach minimizes the effect of the.pressure drop across the 



control rod. It might be necessary to incorporate this approach if further in- 
creases in pressure drop across the control rod a re  required. The design 
is feasible but adds complication ,to the r eactor . 

In order to get the transfer tubes from the bottom to top chambers i t  
will be necessary to cut into the outer reflector ring. . Studies would be neces- 
sary to determine the effect of these slots on vessel thermal heating and 
ring stability. Studies might also be made of the feasibility of running the 
tubes external .to the vessel. 

A development program would be necessary to determine the balance 
necessary for proper control rod operation, the effect of leakage on the 
pump size, and life testing of the seals employed. 
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Do METALLURGICAL DEVELOPMENT PROGRAM 

.. . 
4. . Progress  (Task 4.0) - .R. D.. Robertson . . 

Type 304 stainless steel.  has been selected as the r e f e r e n c e - s ~ - 2  
pressure  ,vessel mater'ial. 

Type ,403 stainless. s t ee l  has been selected as the reference stud 
and nut material, with A-286 as a backup material. . 'Physical prbperty 
and-corro@iontesting of these two materials is scheduled. 

: .  
. silver-Cadmium-1ndium has been selected as the al ternateabsqrber 

material,  It is planned that a fabrication development program will be 
..'iriifiated.if further investigation support$ selection of this material. , ' 

. . 

A ser ies  of test  requests a r e  being prepared for SM-2 fuel element 
' 

. testing in othe; reactors, for burnup of SM-1.. Core.-I elements to SM-2 
levels and for examination of the highest burnup. SM-1 Core.1 element at 
end of. core life. 

. . 

Pr ices  are being solicited on types 347 and 304L stainless steel 
madedo restricted chemistries. 

-Work.was suspended on September 9, 19 59, on corrosion testing 
of irradiated boron stainless s tee l .  The .facility is being maintained in 
i ts  present nearly-cdmgleted state 'bending direc'tions to dispose of. the : 

, 
equipment and 'specimens o r  . . t o  continue the program. 

BMI progkess - <  . and, the irradiation testing program' a r e  summarized 
separately. 

. . . . 
: 2 ' ~r eliminar y Evaluation and Planning of Metallurgical program 

. (Task  4. Ib -.A. S. Wilder 

, ' Requests a r e  being made .to insert  fuel elements with 'SM-2 con- 
cepts .in t.he.SM-1 and the.MTR o r  ORR, for the continued use. of' SM-1 

. Core: I fuel 'elements and absorbers in SM- 1 Core -11, for examination of 
the highest burnub SM-l..Core.~I element at end of core  life, and for  " 

periodic examination of the core during, Core .I1 life: Information obtained 
in this manner will supplement infor~bation obtainable from' other sources. 



3. . ,Tm.e '341 Stainless Steel Investigation (Task 4.2) - . 

R. We- Kelleman,. G. P. Pancer and .Jb Ls Zegger 

Based on the. recommendations made in APAE. Memo- No: 214 regarding 
cobalt and. tantalum restrictions in .type :347 stainless steel,  new .'inquiries 
were made. with the. various. steel mills supplying this. material. This .was 
necessary since the chemica1'~restrictions vary somewhat'from those in- 

. 

. . 
'itially specified. 

Dose rate calculations indicate that for the fuel element cladding, flow 
divider and skirt,  type 347 with 0.025 maximum cobalt and 0.01 maximum 
tantalum will be required. However, 8 for reasons of economics o r  avail- 
ability, type 347 with the above restrictions cannot be supplied in the size 
and shapes necessary for the flow dividers and skirt,  then type 304L with 
0.025 maximum cobalt can be used as a substitute. Other core  components 
such as the reflector rings, upper and lower grid plates, tie rods, etc. - will 
utilize type 304h stainless steel material with the cobalt restriction relaxed 
to 0.04 maximum, if. there is a significant price differential between 0.04 
and 0.025 maximum cobalt in material of this type. 

It is expected that-prices on both.type 347 and type.304L with varied 
chemistries will be received during the next reporting p e r i ~ d .  .. _ . 

4. - Discrete .Burnable - Poisons (Task .4.. 3) - C. R.. Bergen & R. W. Kelleman 

Work on c o r r ~ k i o n  testing of. irradiated boron stainless steel  samples 
procured from .KAPL was dfscontinued as of September 9, 1959 due to sus-  
,pension of this program, At the .time .work ceased, approximately ,$7,000 
had been spent on this project, and the corros'icsn testing facility was nearly 
completed. The facility will be maintained in its present state.pending di- 
rections to continue work or  to dispose.of the equipment and specimens. 
Other possible 'uses d this equipment a r e  being considered. . One -autoclave 
is currently being used for corrosion testing of Eu203 absorber specimens. 

. . 

5. Pressure:VesseB Material. Selection ('Task,4.4) - .R.. W. Kelleman 

Due to some diffi.culties encountered in editing the report  covering the 
effects. of neutron irradiation on the properties of structural materials, the 
rough draft has not yet been submitted for final typing. However, it is; ex- 
pected that final editingwill be completed within two .weeks: 

The reference material initially considered for the SM-2 reactor vessel 
was an austenitic stainless steel  type 347. This material appeared necessary 





because .of the.,possibility.of: the pressure .vessel wall attaining.a temperature 
as high as 650sF;. At. this .temperature, type .347.i~.preferable.~to. type..304 
because .of. the possibility of carbide.precipitation in type.304 after long term 
exposure. . However, recent ther ma1 .analyses indicate :that the .maximum 
.temperature'- the.reactor vessel wall will attain in service is 550.°F. . At this 
temperature, the possibility of. carbide precipitation in type 304 is negligible. 
Consequently, the .austenitic. stainless steel reference.materia1 has been 
changed from type 347 to type.304. . 

The irradiation damage resistance and corrosion resistance of type 
304 is similar to that of type 347, but the ease of fabrication is improved. 
Confidence in obtaining a properly constructed vessel is also increased as 
cracking problems anticipated in welding heavy sections of type 347 are 
eliminated by the use of type 304. 

6. Nut and Bolt Materials for Stainless Steel Reactor Vessel 
. (Task 4, 5)' - R. W. Kelleman 

r -  

Stress  calculations have been made on various-nut and bolt material 
considered for use in the SM-2. Although these calculations indicate A-286 
to be.a desirable material, it could not be recommended a s  reference, since 
it is not ASME code approved. Therefore, type 403 has been selected as the 

.. reference bolting material with A-286 as  a back-up material. 

It is planned to conduct testing on these two materials to check their 
physical properties and corrosion resistance. Bids a re  now being obtained 
for the material which will be required for the closure material develop- 
ment and testing program. Procurement of this material will be made upon 
approval from the contracting agency. 

'7. ,,Alternate Absorber Material -(Task 4. 5) -. A. So Wilder 

Europium oxide,. the ref.erence. SM-2 absorbing material, has two 
basic. disadvantages. High temperature water in direct contact with Eu 03, ' 
such as  would occur.:in the event of a clad failure, may cause gross swe 9 ling 
of the absorbing material or transport of high. activity europium through 
the 'primary sys te'm. . Fur thermor e, europium oxide is quite expensive : 

.(+$1400/kg). . As a result, a literature survey was made in an effort. to - 

select a desirable alternate reference material. . All materials were.evaluated 
on the basis 0%: 

1. Nuclear acceptability. 
2. Met.allurgica1' fabricability 



3. ,, Corros.ion resistance . .  . . .. . . . . , .. . 

' 4.. . Resistance :.to irradiation damage. . . . - 
. . 5. . Effect on primary system activity . . . . .  

6.,:. Econom'ics.. . . -  .. 
7:. , Availability . .  .. ' . 

.. . ., . .  . ' .  . .. . . . .  
. . . . . : .  , , 

.Based. on these -criteria,:  S:iluer - cadmium - indium appear.s ,to be-,the..- 
mostacceptable.foruseintheSM-2system'. ., . . . . ' - ..._: : . . .  <., $,,,'.;: ,-.. ' '  . . : > 2 : , - :  

- 

From a nuclear standpoint, Ag-Cd-In is a fairly good absorbing 
material. While.Eu203 in the same s ize  slab is expected to have longer 
life, the Ag-Cd-In should have adequate life for a least one core loading. 
Each of the three elements has a nuclear shortcoming; however, in com- 
bination they provide effective coverage. Burnup of the absorber will have 
to be further investigated to determine actual slab thickness. 

Ag-Cd-In is readily formed into any desired configuration. At SM-2 
temperatures the creep strength is low; therefore the material should be 
structurally supported. Ag-Cd-In cannot be roll clad with stainless steel, 
however< canning probably can be done with no undue difficulty. ' 

Corrosion resistance may be very poor under some water conditions. 

For  these reasons canning with stainless steel  o r  plating is desir-a 
able. Properly canned it is expected that both resistance to corrosion and 
creep will be adequate for SM-2. Study of canning technique, and such prs -  
blems as allowable gap between canning and absorber, is expected to be 
investigated in the next reporting period under the\-expanded SM-2 program. 

. There is no indication that resistance to radiation damage is any pro- 
blem. All three elements undergo an ( m? ) reaction upon neutron absorp- - 
tion; therefore, there is no gas evolution such as is found in absorbers con- 
taining boron alloys or dispersions. Inclusion s f  samples in the irradiation 
capsule program is being considered. 

Absorber activity would be several times higher than europium oxide 
at shutdown, but would decay rapidly to less than Eu203 after 30 days. * 
If canning failure occurred, the activity would be transported throughout the 
pr imary system. Below 4 0 0 " ~  the Ag-Cd-In tends to plate out on the system 
but above this would remain in solution. Cleanup of the system could be a 
serious problem, Further work on activity and transport of activity i s  planned. 

Ag-Cd-In. is both cheap ($2 5-40/1b) and available; - Consideration. of 
hafnium was dropped when investigation .revealed that it was not available. 

* Anderson, Kermit, "Broad Aspects of Absorber ~ a i e r i a i s . ~ e l e c t i o n  for 
Reactor. Control, l1 paper presented at meeting, of ' American Nuclear. Society, '. 

Mew ~ o r k ,  October 27-30, 6957. 
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. E. )WELDED FUEL ELEMENT. DEVELOPMENT 

,.. 

, , .  .- . . 

(Ta.sk:'~.' 0) - R, A. Shaw . . 

" '  . . . , :  . . ! 
The TIG proce$s,.has been selected as the referencemethod f p r  weld- [ ing e!ern&nts. % I  , .  . . 

i . . 

,4>----=. .-..A No crater  cracking has occurred since'changing from 0. 03011'to 0.04011 

I side plates. 
' 

. s i n c e  the last quarter, TIG welded fuel elements have been fabricated 
with spacers between fuel.  plates to minimize distortion during welding, re- 
sulting in improvement in ~ h a n n e l ' s p a c i n ~  tolerances. .. - 

. . . Elements have been given various thermal cycles to 650?F and almost 
no distorti&,, rippling, o r  channel spacing change has occurred. 

I . . . . . . 
. ' An elem&t has been welded using two depleted fuel plates with canted 

i - cores. .Micro and macroscopic examination byBMI indicated that a minimum 
of 0.050" . . fuel plate dead edge. would be satisfactory for welding. . . - 

. . 

A manufacturing procedure is  being written for welded SM-2 fuel dle- 
ments. 

. . , . . . . . 

.' Static corrosion te&s havebeen made, and evaluation of resuits have 
been reported on two TIGwelded dummy fuel elements. The TIG welded 
elements appeared , , .  . to . .res,ist . corros'ion . . adequately. 

. .  . . 
' . specimens i f :  Eu2O3 dispersion both unclad-and clad (with simclated 

defects) from BMI and a specimen from ORNL were static corrosion tested 
at 635°F in . . simulated reactor coolant. 

2.  a ', . Development .. . of Welding Process  (Task 5.1) - R. L.  airi is 
. . 

~ l k m e n t s  welded with the TIG process using spacers between fuel plates 
have.produced elements with channel spacings within 0.005" average varia- 
tion. No problems were encountered with spacer removal, 

Since electrical conductivity is not a requirement. of spacers with TIG 
welding as in resistance welding, new spacers have bgen ordered which will 

. be chrome plated steel made to clos.er tolerances. 



. To date, eight elements have been TIG welded using 0. 04d1.\$hick side 
plates. No crater  cracks or other defects haveappeared in 2,224 welds. 

In order to evaluate fuei plateminimum dead edge, 9,par.tial (2 plate), 
fuel assembly was weldedusing depleted plates withoffset cores obtained 
from Sylcor. The.cores i n  these..fuel plates were.offset s o  that dead,edge. - 

widths varied f r0m.0 .040~~  at"one end to 0; 100ll'at thetother end: Reference 
.TIG welding condif ions. were used 'in -assembly. The .partial, fuel 'assembly " 
w a s  then sent. to BMI for metallurgical examination andevaluation. 

. . 

.. No detrimental effects were -found on the fuel plates due to the welding 
operation. . No core distortion, plate warpage .or  non-unif orm spacin-g out- 
s ide .of'normal .tol-erances. could.be detected. There was 'no evidence'of 

' micropbros.ity, void areas,  'slag inclusions in the welds, o r  puddling ofU02,  
even in welds made in sections containing the 0.040" dead edge. 

- A minimum .of 0.. 050" dead edge is recommended, however, because 
of variation in edge effects and the difficulty in'detecting the 'extreme ,edge-- 
of the-core (the.last U02 particle) by radiography .or. other inspection, tech- 
niques. A minimum dead edge width of'O. 050" has therefore been selected 
for rif erence SM-2 .fuel glates for assembly by welding. An increase in 
meat. width of approximately 7% will be. gained.by. this reduction af dead edge. 

.; This increase in heat transfer a r ea  will have.an important effect- on core 
. . 

volume .flow. 

From this same element, one depleted cold rolled and one solid plate 
were'.removed for thermal . . s t r e se  tests under Task. 6. 

The following elements have been thermal cycled at various rates. 
On an average there has not been more than 0.001" change in channel spac- 
ings and n6 measurable rippling has been detected. 

Element . Description Cycle 
. . 

Change 

: Extra 0.040" solid plates, Injected into furnace 0.0005" avg. change 
,.TIG . . welded .-@ , 6 5 0 ~ ~  - held 1/2 in channel spacings 

, .. hr. - air cooled No rippling 

. . 3 cycles to 6 0 0 ° ~  0. O O O ~ ~ L V ~ .  change 
, ,>\. 

j .:.J.~.,.~ . @ 10&'j/hr in channel spacing 
.-,p:>. sp.:: 

,iih ,i- ;$!;p; .No rippling 
. "$1' 

#a 0. 0401? dejleted 3 cycles to 650°F ' Negligible channel 
s :, .. 

, . .  ,.., .:.>, 
annealed plates, . '. @ 125"F/hr change. No rippling 

. . ., i:. 
-,: ,..C . TIG welded .. .h . .X. .  '; . . p ir.. 

see .F ig .  1. 
. ,?S'. 



/ 
Rippling-measurements taken to date on welded fuel elements a r e  sum- 

marized'in Figure 5-1. €f plate end measurements are disregarded, the max- 
iiur?Jbariation is about 0. 00611 and the average variation about 0. 00211. Plate 

2 endJmeasurements are believed to reflect the lack of stiffening combs and 
, , thdeffect  ofhandling. If plate end measurements a r e  included, the ma@mum 

; .&riation is about 0. O1O1l. . . I .. , 

i 3. : :  ~ o r r ~ s i b n  Testing {Task 5.2) - C. R. Bergen 

. Two unclad and two clad Eu203 dispersion specimens, (with simulated 
defects) were tested at.635°F. These.first.BM1 preparations' showed swelling 
and distortion in as few as three 'houys, indicating a lack d isolation of the 
individual granules of Eu2O3. . Full details of this study can be.found i n ' u  

,,A Note 184. * 

A defected clad specimen was also obtained from ORNL. This speci- 
men had shown no damage during 72 hours at'ORNL in 5 '75"~ water although 
it was drilled through to simulate cladding defects. Exposure.for 8 hours a t  
6 3 5 " ~  at Alco produced no distortion and only a slight weight loss  attributed 

• ..to leaching of Eu203 from the exposed dispersion surface. 

These.pre8iminary tests indicate that corros.ion resistance of Eu203 
is a function of crystalline .form. 

4. Future Work - R. A. Shaw and C. R. Bergen 

I. a.- Welded Fuel Elements 

A concentrated e f f ~ r t . w i l  be made on the writing of the-manufacturing 
procedures for the TI6 welding of fuel elements. 

Four elements w i l 1 . b  TIG welded, two using cold rolled, 0.040" de- 
pleted plates, and two using annealed, 0.040" depleted plates, ail having a 
nominal 0.050" dead edge. 

.. These four elements will be checked microscopically and corrosion 
tested. 

b., Corrosion Testing (@. R. Bergen) 

I - 
- .  

A static autoclave test  is underway to determine if the.possibility exists 
for extension of cra ter  cracks by s t r e s s  corrosion. Results of this test  should 
be available in about two months. 

* Bergen, C. R. ,  "Effect of Exposure of Deflective Clad Eu2O3 Absorbers to 
Simulated Reactor Coolant Conditions, A Preliminary Study, l1 AP Note ,184, 
Dec. 12, 1959. 

E-3 



I 

'. \ 

Dynamiccorrosion testing of TIG we1ded:fuel elements will begin, in 
. February 1960. , T h i s  t e s tw i l l  include static testing of half elements 
.control o r  cross check.:: C.old rolled depbted elements in full- length will : 

'. also b e  tested during this gerlcad. : Results of the .dynamic phase will be ',, 

. . . available :in June 1960. 
'1. . 

Corrosion studies will be continued on BMI prepared clad Eu203 dis- k. 
-U 

persions as these become available, A long term corrosion test will be 
run on the available-BRNL specimen. Analytical techniques will be developed , ,' 

Y 

to pick up low levels of Eu dispersed in autoclave water, as an aid to picking 
up defects in clad absorber elements. 
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November 23, 1959 

I. Program Objectives 

The general objective of the program i s  to develop fuel, burnable'poison, ab- 
so rber ,  and suppressor materials  for the SM-2 core. This repor t  reviews work per-  
formed f rom September 4 to November 23, 1959. Studies concerned with the compati- 
bility of mater ia ls ,  determination of physical and mechanical properties , development 
of fabrication processes , and evaluation of fuel and burnable-poison materials  under 
irradiation a r e  being conducted. Ba'sed on these studies, mater ia l  specifications fo r  the 
fuel, burnable poison, absorber,  and suppressor will be established by June 30, 1960. 

A more  explicit l i s t  of the program objectives and current  aims of the research 
and development studies i s  pres  ente'd below. 

('1) Study compatibility of boron and boron compounds in stainless steel. 
.This includes .the determination of factors that influence the boron- 
stainless steel reaction and their  effect on this reaction and on the 
subsequent 10s s of boron. Factors  under consideration include 
(a)  composition of the stainless steel matr ix ,  (b) impurities in the 
matr ix  and boron compound, (c)  sintering atmosphere, (d) fabrica- 
tion schedule, and (e)  composition of boron compounds. It i s  antici- 
pated that f rom these studies an understanding. of the mechanism that 
i s  involved in the deboronization of stainless steel  will evolve. The 
coating of the boron compounds to eliminate o r  suppress reaction of 
the.compo&d with the stainless steel  matr ix  i s  also under study. 

(2) Evaluation of base materials .  This includes the determination of 
properties of'the UO2, Eu203  , and ZrB2, and correlation of the 
properties with the fabric,ation process. ~ a s e d  on these studies, 
specifications will be established for each material.  

( 3 )  Determination of the effects of fabrication variables on the properties 
of the reference fuel plate. 

(4) Development of techniques for  the fabrication of full-size reference 
fuel plates. This includes the study of physical and mechanical 
propert ies,  determination of boron retention, and establishment of 
dimens'ional tolerances. Results of these studies will be utilized for 
the preparation of fabrication specifications. 

(5) Development of techniques for  fabrication of stainless-Eu203 fuel 
plates. Results of studies performed a t  Oak Ridge, Alco, and 
Battelle a r e  being correlated. Studies a t  Battelle include evaluation 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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of pretreatment of Eu2O3 and development of reference fabrication 
process. 

(6) Drafting of preliminary material  and fabrication specifications. 
This will delineate a reas  of weakness and se,rve a s  a guide for 
future studies . 

(7) Preparation of irradiation tes t  specimens. Fabrication has been 
completed; analysis for boron is  in process on several  specimens. 

(8) Evaluation of irradiated mock-up capsules to obtain, a better esti- 
mate of flux pertubation. Results will be utilized for predicting 
burnup obtained for specimens irradiated in the MTR and ETR 
capsules. 

(9) Design of irradiation capsules. The design of both MTRand ETR 
capsules has been completed; however, failure of heaters in the 
ETR capsule necessitates modification of remaining s ix  E TR 
capsules. 

(10) Fabrication of irradiation capsules. Fabrication i s  to be com- 
pleted on s ix  ETR capsules. Laboratory tests  and evaluation of 
operational data a r e  being made to determine the cause of heater 
failure in the f i r s t  capsule. Results from tes ts  and evaluations 
will be used a s  the basis for modification of the initial design. 

11. Current Status. of Work 

The current  schedule for the program is presented in Figure 1. 

An extension of time for the irradiation of the MTR capsules from February to 
March i s  being considered. The time extension would make up the time lost during the 
recent period of activity in'the MTR when the capsules were discharged temporarily 
from the reactor core. It i s  contingent on the time available to ship the capsules to 
Battelle and complete the necessary postirradiation evaluations by June, 1960. 

During this report  period, the auxiliary heaters incorporated in the f i r s t  ETR cap- 
sule failed. Laboratory tests  a r e  being conducted and an evaluation of the operation and 
design of this capsule i s  being made to determine the cause cif failure. This has,delayed 
the time for fabrication of the remaining s ix  capsules and will a lso  delay the time these 
capsulks a r e  inserted into the ETR. 

111. Materials Development 

Fabrication techniques a r e  being evaluated for use in developing processes for 
preparing fuel plates, suppressor components, and absorber plat'es for the SM-2 reac- 
tor .  Reference materials  have been selected, and specifications will be established on 
the basis of the fabrication studies. 

M E M O R I A L  I N S T I T U T E  



Boron-Compatibility Studies 

Study of Mechanisms bf Boron Reactors and Losses 

Evaluation of Coated Boron Compounds 

Evaluation of Fuel-Plate Fabricational Variables 

Development of Fabrication Processes for Full-Scale 
Reference Fuel Plates 

Establishment of Material Specifications 

Evaluation of Suppressor Materials 

-Development of Fabrication Process for Suppressor Materials 

Evaluation of Variables for Preparation of Eu203 

Establishment of Fabrication Process for Absorber Materials 

Evaluation of Mock-Up-Capsule Perturbation Study 

Evaluation of Heater Failure in Lead ETR Capsule and 
Modification of Design 

Fabrication of the Remaining Six ETR Capsules 

Irradiation of Capsules in the MTR 

'Postirradiation Evaluation of Speci,meyi Irradiated in 
the MTR 

Irradiation of Lead Capsule in the ETR 

Irradiation of Six Follow-Up ETR Capsules 

FIGURE 1. CURRENT SCHEDULE OF EXPERIMENTAL PROGRAM 



I r rad ia t ion  spec imens  ha& been fabr ica ted  fo r  all t e s t s  present ly  scheduled, and 
m a j o r  emphas is  i s  now being placed upon the production of ful l -s ize fuel elemelits for  
u se  in  c r i t i ca l - a s sembly ' t e s t s  and welding s tudies .  

A. Fue l -P la t e  F'abrication 

Twenty ful l -s ize re ference  fuel plates containing c o r e s  of 26 w / o  fully enriched 
U 0 2  and 1. 2 w /o  Z r B 2  d i spe r sed  in  Type 347 preal loyed s ta in less  .s teel  (0. 030 in.  thick) 
and clad with Type 347 s ta in less  steel.(O. 005 in. thick) a r e  being p repa red  fo r  the 
c r i t i ca l -assembly  t e s t s .  F o r t y  plates  which a r e  s i m i l a r  but  contain depleted U 0 2  a r e  
being p repa red  f o r  the welding studies.  

As  a check on  boron content, smal l - sca le  spec imens  a r e  being s in te red  and rol led 
. simultaneously with the ful l -s ize c o r e s ,  and thes'e spec imens  a r e  being analyzed f o r  

boron. content. A s m a l l  compact  s in te red  (2 h r  .at 2150 F) with the f i r s t  s e r i e s  of fully 
enriched c o r e s  contained 0.225 w / o  boron  by ana lys is ,  which i s  approximately 3 p e r  cent  
g r e a t e r  than the calculated amount added to the mix. This  value i s  within the range of 
accuracy  fo r  chemical  analysis  (*5 p e r  cent). A s m a l l  roll-clad spec imen p repa red  a t  
the s a m e  t ime i s  being analyzed, but the r e su l t s  a r e  not ye t  available.  

All  plates  fabr ica ted  to  date  a r e  well within the  p re sc r ibed  specification. Dimen- 
s ional  da ta  on the f i r s t  seven plates  produced f o r  the c r i t i ca l  a s sembly  a r e  l i s ted  i n  
Table  1. Actual dimensions l i s t ed  in  the tentative specifications a r e  a s  follows: c o r e  
length,  22 - 1 + 0.5 in. ; co re  width 2. 625 + 0. 089 in. , including camber ;  plate thick- 
n e s s ,  0.040 * 0. 001 in. ; cladding th ickness ,  0. 005 * 0. 001 in. No data  on the cladding 
thickness  will be available on these  plates  until  a l l  fabricat ion i s  complete.  However ,  
examination of depleted plates made  by the s a m e  p roces s  indicates  tha t  this  dimension 
will be  maintained. The c o r e  length has  been del iberately maintained a t  >22.O in. be- 
cause  this  length i s  des i r ed  f o r  the s tudies  t o  be conducted a t  Alco. 

TABLE 1. DIMENSIONAL DATA FOR SEVEN FULLY ENRICHED 
SM-2 REFERENCE F U E L  ELEMENTS 

P l a t e  Core  Core  
Thickness , Length, Width, C a m b e r ,  

P l a t e  in. in. in. in. 
i 

.EAR- 2 0.0405 22.5 .2. 65 . 0.052 
EAR-3 0.0410 22.5 2.64 0.032 
EAR-4 0.0405 22. 3 2.64 0. 05'5 
EAR-5 0.0405 22. 5 2. 64 0.016 
EAR - 6 0.0400 22.5 2.64 0.035 
EAR-7 0.0405 22.5 2. 64 0.032 
EAR-8 0.0400 22. 3 2. 65 0.020 

632 !'FJ3 
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B. Boron-Retention Studies 

A high-purity fused grade of ZrB2 was .utilized for the preparation of the enriched 
and depleted fuel plates. The ZrB2 was procured f rom the U. S. Borax and Chemical 
Corporation a t  a cost  of $10.50 per lb. The as-received powder was minus 325 mesh 
and contained 19.9 w/o boron. 

The desired ZrB2 size for  the reference SM-2 plates is  minus 100 plus 200 mesh. 
The minus 325-mesh powdkr was consolidated by the following process:  

(1) A batch of 20 g was cold pressed in a 1 by 1-in. die a t  15 tsi.  

( 2 )  The pressed compacts were a r c  melted in a gettered inert-gas . 
atmosphere. A single fusion mel t  was used to minimize boron 
loss and pickup of gaseous impurities. 

( 3 )  The fused compact was lightly pickled with acid to remove any 
oxide film. 

(4) The compact was crushed and screened to minus 100 plus 200 mesh. 

After melting and crushing, analysis of three individual batches indicated 18.8, 
19. 3, and 19. 2 w/o boron. The behavior of this mater ia l  under fabricating conditions 
may be seen by ,referring to the photomicrographs in Figures 2 and 3. As shown in 
Figure 2, even when it i s  etched to show boron-containing phases,  there i s  no evidence 
of any reaction either in the ZrB2 o r  the matr ix  in the as-sintered compacts. Chemical 
analysis of a compact in this se r ies  indicated a boron content of 0. 176 w/o compared to 
the 0. 179 w/o boron originally added to'the mix before sintering. This value (a  decrease 
of 1. 7 per cent total boron) is  well within the range of accuracy for these analyses. 

Although the use of vacuum sintering has made it possible to prevent any measur-  
able loss  of boron during the sintering process ,  there i s  some indication that a slight 
reaction occurs during the rolling operation. As shown in Figure 3, examination of an 
unetched roll-clad specimen shows that a thin oxide layer  forms on the  ZrB2 particle 
during the rolling operation; but there i s  no indication of a reaction. However, in the 
etched specimen in Figure 3 ,  which also shows numerous carbide particles and other .  

"inclusions in the steel ,  a pinpoint precipitate believed to cbntain boron may be detected 
around the ZrB2 particles. The precipitate, which i s  lightly outlined in the photomicro- 
graph, extends approximately 1 to 2 mils  f rom the ZrB2 particle. Based on a chemical 
analysis, the boron loss  was estimated a s  5 per cent of the total boron. An exact value 
could not be obtained since a po'rtion of the specimen was used for  metallography. 

. Losses  of up to 12 per cent of the boron have been reported on small-scale speci- 
mens roll  clad by standard procedures. During the roll-cladding operation, the ZrB2 
particles a r e  exposed to a greater  surface of stainless steel  and, consequently, to the 
impurities within it. It is  'believed that the major difficulty may be due to reaction with 
oxygen, since studies on other impurities have shown no definite trend toward a reac- 
tion. There i s ,  however, no indication of a boron diffusion gradient through the 
cladding. 

A photomicrograph of the core-cladding interface i s  shown in Figure 4. It should. 
be noted that grain growth across  the interface is  complete; there i s  no preferential dis- 
tribution of impurities o r  secondary phases a t  the interface, and there i s  no indication 
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250X As Polished N61772 

500X Electrolytic NaCN Etch N61771 

FIGURE 2. AS-SINTERED FUEL-ELEMENT CORES CONTAINING 26 w/o U02-1.0 ZrB2 IN A 
PREALLOYED TYPE 347 MATRIX AFTER SINTERING 2 HR AT 2150 F IN VACUO 
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25 OX As Polished N62288 

250X Glyceregia Etch N62289 

FIGURE 3. CORE STRUCTURE OF FUEL ELEMENT CONTAINING HIGH-PURITY ARC-CAST ZrB2 

This  specimen, containing 1.0 w/o ZrB2-26 w/o U02 in a Type 347 stainless powder 
matrix. was sintered and roll clad a t  2150 F. 
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.. , 



500X N63312 

FIGURE 4. CORE-CLADDING INTERFACE ON FUEL ELEMENT FABRICATED BY REFERENCE PROCEDURE 

., Y 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  



I 

I -' 
of a boron-containing phase in the cladding. In general,  the only way of distinguishing 
between the core and cladding i s  by the grain s ize ,  which i s  always l e s s  in the core. 1, ! 

A study has been made of the retention of boron in stainless-boron alloys during 
high-temperature heat treatment in varying media. A stainless-0.461 w/o boron alloy 
in the form of 0. 0 10-in. -thick foil was utilized in these studies. 

Boron losses  a r e  rapid and severe  when the'foil i s  annealed in hydrogen a t  2000 F. 
As shown in Figure 5, the disappearance of secondary boron-containing phases is  appar- 
ent. However, i t  i s  difficult to observe any boron' concentration gradient in the alloy 
when the boron content i s  'too low to cause precipitation of a secondary phase. It i s  thus 
possible for  small  amounts of boron to diffuse through the cladding without being ob- 
served metallographically. m or on analyses for  the foils a r e  also l is ted in Figure 5. It 
will be observed that,  upon acid pickling to remove the surface l ayer ,  the boron content 
of the hydrogen-annealed specimen decreased while the boron content of the vacuurn- 
annealed specimen increased. Based on work by various researchers  on diffusivity of 
boron in commercial  s teels ,  it can be hypothesized that 'when sufficient oxygen i s  pres-  
ent, a s  in the hydrogen atmosphere, not only does the boron diffuse out but oxygen dif- 
fuses in and reacts  with boron belowthe surface. This boron oxide may diffuse slowly to 
the surface and be lost ,  but it does not greatly interfere with the normal boron diffusion. 
Thus a higher concentration of boron will be present  just below the surface than a t  a 
point closer to the center of the foil. In the vacuum-annealed specimen one would expect 
a small  amount of oxygen to be available to react  a t  the surface, but not a sufficient 
amount to diffuse into the metal. Therefore, a depleted boron surface would be ex- 
pected. It should also be noted that, because of varying oxygen contents, the behavior 
of the foil in hydrogen i s  e r ra t i c  and in  some case's almost complete' removal of the 
boron.has been observed. 

Although losses  of up to 12 per cent of the contained boron were observed in rolled 
fuel plates, the average loss  has been about 5 per cent. It is  possible to achieve a speci- 
fied *5 per cent boron content by use of a 10 per cent excess of boron in the preparation 
of the fuel compacts. However, the objective of these studies i s  to develop a 'process  
which will  not be dependent on the use of an excess boron loading. As these studies 
progress and a better understanding of the stainless-boron reaction and stainless de- 
boronization process is  obtained, there i s  every indication that this, objective will be 
achieved. 

C. Studv of Fuel-Plate Fabricational Variables 

Small-scale compacts a r e  being used to evaluate fabricational variables such a s  
rolling temperatures,  particle sizes of UO2, 'ZrB2, and stainless powders, and reduc- 
tion rat ios and rolling ,schedules . In addition to me tallographic examinations and chem- 
ical analyses, t ransverse  tensile tes ts  a r e  being used to evaluate core and core-cladding 
bond strengths. 

In order  to further study the retention of boron during rolling, a se r ies  of speci- 
mens i s  being prepared which will be used to determine the effect of time and tempera- 
ture of the various operations on the boron loss.  In addition, an attempt i s  being made 
to coat ZrBZ particles with chromium, niobium, and/or tungsten by a fluidized-bed 

' .process. These particles will be used to determine whether a protective coating will be 
. beneficial in preventing secondary reactions with impurities in the stainless matrix. 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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Hydrogen Annealed 

.. - . - The specimen contained 0.252 w/o 

boron as annealed and 0.182 w/o 

lOOX Glyceregia Etch N61591 

Vacuum Annealed 

The specimen contained 0.395 w/o 
boron as annealed and 0.432 w/o 
boron after pickling. 

Hydrogen Annealed 

Vacuum Annealed 

lOOX Glyceregla Etch N61590 

FIGURE 5. COMPARISON OF BORON-CONTAINING ALLOYS (0.461 w/o BORON) AFTER 2-HR ANNEALS AT 2200 F 

The top photomicrograph shows the center region of the specimens, while the bottom photomicrograph 
shows regions near one end of the specimens. Notice the badly depleted area in the hydrogen-annealed 
specimen. 
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Results  of recent  t r a n s v e r s e  tensi le  t e s t s  a r e  shown in Table 2. All  plates  con- 
taining spher ica l  U 0 2  posses sed  higher  s t rengths  than  those p r imar i ly  repor ted  f o r  s imi-  
l a r  plates  containing high-fired U02.  Inc reases  i n  s t rength  of a s  much a s  13,000 ps i  
were  obtained by using spher ica l  UO2. Although not shown in the tab le ,  another in te res t -  
ing observation was' made  which showed that  a ful l -s ized fuel  e lement  containing high- 
f i r ed  U 0 2  had a rodm-tempera ture  t r a n s v e r s e  tensi le  s t rength  of 25,100 ps i ,  while a 
s i m i l a r  smal l - sca le  spec imen had a t r a n s v e r s e  tens i le .  s t rength  of 17,000 psi.  Addi- 
t ional specimens will be run  to  de te rmine  whether such  behavior i s  consistent.  

TABLE 2. RESULTS O F  TENSILE TESTS IN THE THICKNESS DIRECTION 
O F  F U E L  PLATES CONTAINING SPHERICAL U 0 2  

Ult imate 
Reduction on Core  Core  Tota l  T e s t  Tens i le  

U 0 2 ,  Z rB2 ,  F i r s t  P a s s ,  Thickness ,  Width, Reduction Tempera -  Strength,  
w / O  W / O  pe r  cent  in. in. Rat io tur'e , F p s i  

2 6 1.45 12 0.090 1 1.1: l  Room 22,800 , . 

2 6 1.45 12 0.090 1 1.1:1 600 20,300(a) ' . 
2 6 1.45 19 0.092 1 1.2:l Room 23,700 
2 6 1.45 36 0.097 1 1. 5:l Room 29,500(a) 
2 6 1.45 44 0.100 1 1.8:l  Room 29,700(a) 

(a) Average of two tests. 

Small-scale  specimens a r e  a l so  being used t o  de t e rmine  the  effect of fabricat ion 
t emhera tu re  and par t ic le  s i ze  of powders.  ~etallo~ra~hic,e&amination of a s e r i e s  of 
rol led compacts  p r e s s e d  and s in t e red  at t empera tu re s  of 2000 to  2200 F indicates  tha t  
all c o r e  s t ruc tu re s  containing spher ica l  U 0 2  a r e  supe r io r  to those containing high-fired 
and other  types of U 0 2  fabricated at the 2200 F t empera tu re .  However ,  t h e r e  i s  a 
definite improvement  even in  the ' spher ica l  U 0 2  d ispers ions  a s  the tempera ture  i s  in- 
c r e a s e d  to 2200 F. At 2000 F, the U 0 2  i s  f r ac tu red  even though it r e s i s t s  s t r inger ing ,  
but a t  2200 F,  there  i s  re lat ively l i t t l e  f rac tur ing  and.virtually no s t r ingering.  Some 
improvement  i s  noted in  s t r u c t u r e s  rol led at 2000 F when higher  s inter ing t empera tu re s  
a r e  used. 

A s e r i e s  of c o r e s  containing 26 w/o  U 0 2  d i spe r sed  i n  m a t r i c e s  of 100 w / o  minus  
44-p-diam'eter s ta in less  powder,  100 w / o  105 . to 150-p-diameter s ta in less  powder,  and 
20 w / o  105 to  150-p-diameter-80 w/o  minus 44-p-diameter s ta in less  powder were  fabr i -  
cated by s inter ing and ro l l  cladding at 2200 F. ~ e t a l l o ~ r a ~ h i c  investigation of the rol l -  
c lad c o r e s  indicated that  .an improved s t ruc tu re  was obtained with the minus 44-p- 
d i ame te r  s ta in less  powder. The u s e  of 100 w / o  105 t o  150-p-diameter m a t r i x  powder 
resu l ted  in  considerable  f rac tur ing  and s t r inger ing  of the U 0 2 ,  while the 20 w/o  105 to  
150-p-diameter-80 w / o  minus  44-p-diameter powder exhibited s l igh t ly . less  f rac tur ing  
a n d  s t r inger ing  of the U 0 2  shot. 

D. Development of U 0 2  F u e l s  

Seve ra l  grades  of spher ica l  U 0 2  manufactured by Mallinckrodt and Nurnec have 
been received and evaluated by petrographic analyses .  In addition, the re ference  fuel ,  
Mallinckrodt fully enriched U 0 2 ,  has  been analyzed f o r  oxygen content and evaluated on 
the bas i s  of X-ray diffraction. The  resu l t s  of the petrographic ana lyses  a r e  shown i n  
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Table 3. The Numec material  has not been evaluated f rom a fabrication standpoint, but 
f rom the petrographic analysis it appears to  compare favorably with the Mallinckrodt 
material.  It should be noted that the reference mater ia l  was made in Mallinckrodt's 
new equipment for producing large  quantities and that it appears to have the characteris  - ,  

tics desirable for dispersion fuels. Impurities as  determined by spectrographic analyses 
a r e  as  follows: 

Amount, 
Element . ppm 

~ l u m i n u m  10 
Arsenic 20 
Barium <5 
Beryllium 0.5 
Boron <O. 5 
Cadmium <O. 4 
Calcium 5 
Chromium 10 
C 0b.alt <2 
Copper 7 
Gadolinium <5 
Iron 5 5 

Amount,, 
Element ppm 

Lead ~ C5 
5 Magnesium 

Manganese 2 
~ o l ~ b d e n u m  < 1 0 
Nickel <5 
Phosphorus <40 
Samarium <5 
Silicon 4 0 
T it anium <20 
Tungsten <60 
Vanadium < 5 
Zirconium C20 

Wet chemical analysis gave an oxygen-to-uranium ratio of 2.01 and a carbon analysis of 
0.003 w/o. A lattice parameter of 5.470 A, which i s  very nearly cor rec t  for  stoichio- 
metr ic  U02 ,  was obtained f rom X-ray diffraction data. No secondary phases were de- 
tected. It will be noted that the petrographic analyses indicate a secondary phase. In 
general,  this phase i s  a black opaque vitreous mater ia l  found in the grain boundaries. 
Its composition i s  unknown, but it probably i s  slightly enriched in uranium. It should 
also be pointed out that this phase, which can also be considered as  a thick grain bound- - 

a ry ,  i s  responsible for  the high strength of the particles. The reference mater ia l  also 
has very smal l  grains. According to the present  state of knowledge this characterist ic  
is  favorable f rom the standpoint of fabrication. 

TABLE 3. PETROGRAPHIC ANALYSES OF SPHERICAL U02 POWDERS 

Phase Identity, Grain Size, p Pore Space, Equivalent Water  at& of 
volume per cent Average Maximum volume Absorption, Crushing 

h~laterial Isotropic U09 Phase ~ ( ~ 1  Diameter Diameter per cent per cent strength@) - 
h~~allinckrodt(~) 90.4 9.6 7.2 28.5 3.5 0.9 '  1 

enriched shot, A-491 

hlallinckrodt 86.3 13.7 1.6 2.9 0.15 0.04 1 

natural shot, A-473 

Mallinckrodt 92.0 8.0 13.2 70.5 3.0 0.8- 2 
depleted shot, A 4 8 8  

Numec natural shot 91.4 8.6 18.3 85.8 2.62 0.66 3 

Numec special. 91.6 . 8.4 12.4 42.2 2.7 0.7 1 
spherical shot ' 

(a) Black opaque vitreous phase usually occurring in grain boundaries. 
(b) Relative values with 1 being the highest strength. 

(c) Reference material used for critical studies. 
bn' ;: ,:>. 
, ,d ,C.  !?9x 
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The values f o i  crushing strength a r e  qualitativk and were obtained in the following 
manner. A small  sample of the as-received shot was placed in an agate mortar  and 
ground with an agate pestle for  5 min. A representative sample of the pulverized powder 
was then inspected under the petrographic microscope. The remaining par t  of the sam- 
ple was ground for  an additional 5 min and inspected. The ra te  of physical breakdown a t  
5 and 10 min was rioted and compared for the various samples. 

The porosity was measured by direct  count of internal voids in a reas  of more  than 
100 particles of each material.  The equivalent percentage of water of absorption i s  cal- 
culated f rom the volume of pore space on the basis  of experimental results with other 
ceramics.  This value i s  simply an estimate of the open porosity. 

E. Fabrication of Irradiation Specimens 

All irradiation specimens for the SM-2 irradiat ion program as  revised' June 25, 
' 1959,:have been fabricated, leak tested,  and radiographed. The boron analyses and 

metallographic examinations of representative samples of each specimen type, fabri- 
cated in the l as t  group, a r e  now in process. A tentative assignment of specimens to the 
ETR capsules is  listed in Table 4. 

TABLE 4. TENTATIVE GROUPING OF SPECIMENS FOR THE ETR CAPSULES 

Specimen Types to be Given Specimen Types to be Given 
38 P e r  Cent Burnup 77 P e r  Cent Burnup 

3(a) 1 1 3 5 (b) 1 1 
4 4 5 5 6 4 4 
6.  13 7 .  6 9 (11) 9 (11) 5 
7 14 13 9 (11) 13 13 6 
9 (11) 8 8 12 16 16 17 

12 - - - - 14 . ,  18 17 18 

(a) c a p s d e  BMI-32-4. 
(b) Capsule BMI-32-5 specimens are awaiting encapsulation. 

As each group of specimens is  assigned to an irradiation capsule, each specimen 
i s  notched on the top edges to facilitate postirradiation identification. Both sides of each 
specimen a r e  then photographed a t  magnifications of 1X and 4X. 

F. Deve lo~ment  of Absorber Materials 

Dispersions containing 33 w/o Eu203  in an 18- 11 elemental stainless steel  powder 
matr ix  were made and corros iontes ted a t  Alcq. These specimens measured.1  by 4 in. 
and contained a '0. 090-in. -thick core clad with 0. 010-in. Type 347 stainless steel. A 
silicon-free stainless steel  foil approximately 0. 005 in. thick before rolling was used as  
a ba r r i e r  between the core  and cladding. A representative microstructure of these 
specimens is  presented i n  Figure 6. The specimens were defected by holes and ma-  
chined grooves to simulate cladding failure . 
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FIGURE 6. LONGITUDINAL SECTION OF EU&13-ELEMENTAL STAINLESS DISPERSION 

The specimens exhibited an approximate 30 per cent swelling after a 24-hr corro- 
sion test  in high-temperature pressurized water. However, there were no ruptures 
detected in either the matrix or cladding-to-matrix interface. A hydration of the Eu203 
particles was observed in areas in the vicinity of the defect which were directly exposed 
to the water. 

Recent tests conducted at ORNL revealed only slight hydration in the defected areas 
and no detectable swelling. As a result of this difference in behavior, additional corro- 
sion studies a re  planned. ~ i s ~ e r s i o n s  a re  presently being prepared containing Eu203 
prepared by three different techniques. These dispersions will be roll clad and corro- 
sion tested. It i s  anticipated that through these studies, the optimum product will be 
selected and the cause of swelling of the initial corrosion-test specimens will be 
determined. 

One series of specimens will contain EuZOj powder prepared in the same manner 
as used for the initial corrosion specimens. Powder of minus 325-mesh size is  mixed 
with a Ceremul "C" binderr dried at  150 F for 112 h r ,  pressed a t  6 tsi ,  and crushed to 
minus 30 plus 80 mesh. These particles a re  then sintered in a platinum boat at  2750 F 
for  3 hr. The sintered material is  crushed and screened to the desired size. 

Another technique of preparing Eu203 powder is  the technique employed by ORNL. 
The powder i s  pressed with no binder at 4 t s i  and the pellets a re  fired a t  3090 F for 3 hr 
in a hydrogen atmosphere. The sintered pellets a re  then crushed and screened to size. 

The third type of Eu203 to be used in the comparison was obtained in the desired 
particle size from a commercial source. This powder was fired in air  at  3270 F without 
pelletizing and with no binder. The particles produced by this process have a smooth 
fused surface and a porosity of <O. 1 per cent. The thoria content is  <0.01 per cent, as 

.. reported by the supplier. 
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This powder i s  presently being evaluated by X-ray diffraction, chemical, and 
petrographic alialyses. As an additional improvement ,on corrosion resistance, it i s  
thought that some benefit may be derived by coating the Eu203  particles by the vapor- 
deposition process'. It i s  therefore planned to make an additional evaluation study. A 
protective coating will be vapor deposited on each particle of Eu203  before blending with 
the stainless steel matrix. This blend will then be compacted and roll clad for com- 
parison with dispersions containing uncoated particles. The fabrication techniques will 
also be varied during the evaluation studies to determine the optimum process for each 
material.  

IV. Status of Irradiation Program 

Four capsules containing clad fuel specimens. of interest  to the SM-2 program a re  
being irradiated a t  the MTR and the ETR. 

The design of these capsules has been described in-previous reports of this ser ies .  
In e~ach case ,  the capsule heat-transfer characteristics were selected to achieve a 
specimen- surface temperature of approximately 600 F in an effective s pecirnen thermal- 
neutron flux of approximately 1.5 x 1014 nv. 

Of the four capsules, three a r e  noninstrumented and a r e  being irradiated in core 
positions a t  the MTR. The fourth capsule i s  equipped with thermocouples and heaters 
and i s  being irradiated in a beryllium-reflector position a t  the ETR. 

A. Irradiation History of-MTR Capsules 

The status of the noninstrumented MTR capsules i s  a s  follows: 

( 1) BMI- 32- 1 (contains seven specimens, including one double-length 
specimen with Eu203  suppressor)  was inserted for. Cycle 126 
(August 15) in Core Position L-53, wherein the estimated iulper- 
turbed thermal-neutron flux in .the specimen zone.ranges from . . 
3.4 to 4.2 x 1014 nv. 

(2) BMI 32-2 (loaded similarly to BMI-32-1) was inserted for 
Cycle 127 (September 6) in Core Position L-56, wherein the - 

quoted unperturbed flux ranges from 3. 1 to 4.9 x 1014. 

(3) BMI-32-3 (loaded with eight standard-size specimens) was in- 
serted for Cycle 128 (September 30) in Core Position L-58, 
wherein the estimated unperturbed flux ranges f rom 2.7 to 
4.1 x 1014 nv. 

During the f i r s t  part.of MTR Cycle 129, the activity of the water and the stack 
effluent was higher than normal. Also, imusually high concentrations of nickel were 
found. Since the three 32-series capsules a r e  constructed with nickel outer shells, they 
were suspected of' contributing to the situation. Hence, at a midcycle shutdown during 
Cycle 129, they, along with other capsules, were removed f rom the reactor. During 
the second half of Cycle 129, the activity persisted, indicating that the capsules dis- 
charged were, a t  l eas t ,  not solely a t  fault. 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  622  p94  



After removal f rom the reactor,  the 32-series capsules were examined visually 
both in the MTR canal and in the NRTS Hot Cell. The only unusual finding was that 
BMI-32-3 had a small  dent in the weld joining the shell to.the bottom header. This dent 
is  the type that might be expected i f  the capsule had been dropped obliquely. While there 
was no evidence that the dent.had opened the seam and produced a NaK leak, reactor 
personnel did not consent to reinserting the capsule for  Cycle 130 (November 6 ) ,  feeling 
that additional checks were warranted. However, BMI-32- 1 and BMI-32-2 were rein- 
serted for  Cycle 130. 

At the t ime of this writing, the scheduled date of reinsertion of BMI-32-3 is  
Cycle 131 (November 27). Adherence to this date i s ,  of course,  dependent on not finding 
evi'dence that the capsule i s  leaking. At present  there is no reason to suspect that the 
schedule will not be met. 

Figur'e 7 shows the nominal burnup schedule a s  presently estimated for  the speci- 
mens  in these three capsules. The burnup levels which appear on the plot a r e  based on 
reactor-quoted estimates of unperturbed flux and an empirically derived capsule and 
specimen flux-perturbation factor of 0. 34. Nuclear mock-up perturbation data will soon 
be available and will permit a more  refined estimate of ra te  of burnup. 

B. Irradiation History of ETR Capsule 

The instrumented capsule, BMI-32-4, was inserted in ETR Position 0-6 for 
Cycle 20 (September 14). The estimated peak unperturbed thermal-neutron flux in this 
position is  3.7 x 1014 nv. As described in previous repor ts ,  this capsule contains six 
standard-size specimens. Four of these a r e  located in the top compartment of the cap- 
sule, which is  furnished with 12 kw of auxiliary electrical-heat capacity to compensate 
f o r  the reduction of spec.imen fission-heat generation as  burnup progresses.  Two speci- 
mens a r e  .located in a separate unheatered compartment. 

Capsule BMI-32-4 was shipped f rom Battelle to NRTS about mid-August. Before 
shipment, its heater and thermocouple system ( a  total of six 2-kw heaters and four 
thermocouples) was thoroughly checked knd, a t  t ime of shipment, al l  &its had proper 
continuity and exhibited excellent dielectric characterist ics.  The capsule lead tube was 
pressurized with helium for shipment to preserve these characterist ics since experi- 
ence had demonstrated that they were rapidly al tered with absorption of moisture f rom 
a i r  by the MgO used a s  insulation in the sheathed heaters and thermocouples. 

Despite these precautions, one heater  was found to be open just after a r r iva l  a t  the 
MTR. The reason for the failure could not be determined. No further losses  of instru- 
mentation occurred during the lead-tube bending step which was re.quired to fit the cap- 
sule.assembly into the irradiation position. However, shortly after the irradiation com- 
menced, two of the four thermocouples failed. Although it may not be significant, it is  
of interest  to note that both failed therrnocoufiles a're 0. 062 in. in  OD, the remaining 
two being 0.040 in. in OD. 

After full reactor power was achieved, the thermocouple readings were: 

. . 
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Thermocouple 1 , 

1 Thermocouple 24~ 400 F 

These levels correspond to specimen surface temperature of approximately 650 F. 
After approximately 1 kw of auxiliary electr ical  power was employed, the r ladings were: 

The capsule temperature history to the end of October, indicated by these two 
thermocouples, is presented in Figure 8. The abnormal excursion of Thermocouple 1 
during thk f i r s t  few days after the s t a r t  of i rradiat ion cannot be satisfactorily explained. 
In general,  however, the thermal performance of the capsule has been very close to 
design conditions. 

During mid-October, the five auxiliary heater  units which were. operative at  the 
s t a r t  of irradiation failed almost simultaneously and without warning. Resistance checks 
show in essence that one leg of each heater  i s  shorted to the capsule body-lead tube as-  
sembly, which is  grounded. It is  not possible to pinpoint the exact reason for  this 
fai lure,  but it i s  conjectured that the diele,ctric characterist ic  of the resistance element- 
to-sheath potting mater ia l  (a  commercially available ceramic) used just above the cap- ' 

sule body has deteriorated. One constituent of this potting mater ia l  i s  a silicate, a type 
of mater ia l  that i s  subject to change of dielectric properties under irradiation. 

Laboratory tes ts  a re  being conducted a t  Battelle to investigate the possibility of 
spurious thermal breakdown of the suspected potting material .  Various other elements 
in the sheathed heater-to-leadout wire connector system a r e  also being re-examined to 
bolster potential weak links. 'At the present  t ime,  a heater  element-to-leadout .wire 
connector system of different design i s  being considered fo r  use in the remaining ETR 
capsules. Actually, the development of this connector design paralleled'that of the sys-  
tem used in the initial capsule. It has been used with good success in recent MTR cap- 
sule irradiat ions,  although the number of individual heater leads in these capsules is 
l e s s  than i s  involved in the SM-2 capsules. 

C. Nuclear Mock-Up Study 

As indicated in the report  dated September 3, 1959, it was desirable to conduct 
nuclear mock-up irradiations a t  the MTR and the ETR to check the Brad Lewis-derived 
perturbation factor employed in the capsule-design calculations. Late in August three 
mock-up capsules, using reject  fueled specimens (based on 26 w/o UOZ) were shipped 
to NRTS; the capsules were irradiated in September and openedat  the ,Battelle Hot-Cell 
Facility late in October. ~ i n a l  dosimeter data (by direct  wire counting) a r e  not yet ' 

available. 

'The tip end i f  Thermocouple 1 is located opposite the face of the topmost specimen, being laid in a groove machined in the 
copper heat-dissipation block and separated from the specimen by 1/32 in: of NaK (to couple sheath). The tip end of 
Thermocouple 2 is similarly located opposite the face of the second specimen in the string. With the presently estimated 
fission-heat-generation rate, the estimated specimen surface-to-thermocouple temperature gradient is approxi~nately 250 F. 
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The exposures of these capsules were conducted for approximately 15 min with the 
reactor a t  1/100 full power. Exposure by position i s  a s  follows: 

BMI-32-403 MTR Position L-58 (core).  

BMI-.32-404 ETR Position 0-6 (beryllium' reflector) 

BMI-32-405 MTR Pos.ition A-39-SW (aluminum refle.ctor) 

The lat ter  experiment was conducted in anticipation of possible future interest  in reflec- 
t o r  positions a t  the MTR where an unperturbed f l u x  as  high as  2.5 x 1014 nv can be 
obtained. 

V. 1rr.adiation of Full-Scale Fuel  Elements 

The MTR i s  being considered for the irradiation testing of a modified SM-2 fuel 
element. The MTR staff has tentatively approved the irradiation of a tes t  element in a 
core  position assuming that the SM-2 element can be.modified to obtain reasonable 
nuclear and hydraulic matching. It will not be possible to achieve a high burnup in the 
core position as  the e'lement must  be discharged after the power generation i s  signifi- 
cantly reduced below that of a standard element. 

After discharge f rom the core position, . . the irradiation of the .element may be con- 
tinued in one of the reactor lattice positions. However, there may be a delay to obtain 
adequate space as  mo.st suitable lattice positions a r e  occupied. 



. F. . HYDRAULIC ANALYSIS AND .TEST* 

4 . .. . Progress  .'(Task 3 , O )  - W. M. S.. Richards, .. R. E. William.s** 

. . . - . .  -P r imary  loop and control rod.pressure -losses have been estimated',csver - 

: a range .of temperatures from an emergency.shartup of 40°F 'to operating .temp- 
erature. No reduction in control rod stat ic.  loadings determined for hot, flow 
can be expected from the reduced system flow rates a t  low temperature..  . . . . 

. :  . 

Static deflection measurements were-taken on a fuel. element'made up of 
..' cold,rolled depleted plates. Test  results  indicatethe deflection of. theselplates 
' a r e .  about 18% Power than the. annealed depleted plates. 

Thermal deflection measurements were made on a brazed plate and a 
welded plate specimen. Both were taken from assembled elements. The 
,brazed plate had initial ripples of 0.010". The amplitude of these doubled 
when a 110" temperature difference was imposed between plate centerline 
and plate edge. The welded plate after being cut out of the element had initial 
ripples of 0.015" and the amplitude apprgximately doubled under the esti- 
mated design temperature difference of 90°. 

Plate vibrations were measured in a solid plate resistance welded ele? 
ment and a TIG depleted plate element. No significant vibrations were found 
up to 1164% of the rated flow of 384 gpm. 

Collapse measurements were taken on the above elements, With no 
leading edge comb, plate collapse was found in both elements in the range . 
between 140% and 164% of rated flow. When leading edge comb was installed, 
no collapse was f aund, 

Three..tesBs were run to evaluate, the latest core support plate con- 
f igurafions. .. . . 

. .  . - 

* Hydraulic tests a r e  performed, in the General Engineering ~ a b o r a i o r y .  . . .  

** : This section d the report wa? written pr.ior.to selection o f the l a t e s t  
refeience flow presented in Task.2. 



Inlet Plate Exit Plate Max. Range of Element Pressure 
Configuration Configuration Flow Distribution Drop f k o  H20 Remarks 

AEL 393 AEL 393 + 3% 19.7 Low Lattice 
- 5: 5% Flow 

AEL 523:- . AEL 393' . ' 

. . .  . . . . 

1st Pass 
Design 

AEL 523 AEL 526 - . '+.a% ,411.4 2nd'Pass 

. , 
- 5% Des'ign 

- .  

': 'Target Values- . -  s 6 37 cold 2nd Pass 
. . - . 6  Design 

Top and bottom plate designs have been developed which provide adequate 
flow in the lattice and outside fuel=channel passages. The use of plate design 
AEL 523 for both the top and bottom core plates is definitely indicated from test 
results. This plate design will be especially effective with the new, uniform 

I 
length, fuel plate element design (R9- 13- 1017) which dbes n0t require as much 

I I I 
preferential flow treatment of the outside passages. '3 

'-.. Flow distribution t,ests were .made .on the control rod. As presently de- 
signed, the outer -channels a re  ,about 20%'10w in flow. . Tests indicate that. the 

proximity o f  the leading edge of the absorber is restricting the,flow in these: : 

channels. 

Detail design is proceeding on the full scale rig. Estimated completion 
date for the testing i s  about the end of September 1960. 

2. Pressure.:Drop Analysis (Task 6. .I) - F. T. Matthews 

An analysis was carried out ... to determine the effect. of temperatur,e on 
primary. loop operating.pofnt and control rod pressure drop. 

A decrease in coolant temperature will increase both the coolant density 
and viscosity. The effect of decreasing the temperature will be to increase 
the system pressure losses and for a fixed characteristic performance curve 
of the circulating pump, the system flow rate will be reduced. 

Figure 6-1 shows the .temperature effect on primary system operating 
point.,'and .conj$pI. rod pressure drop. - Also plotted is a prorated pump .operat- 
ing line basedona  pump selected to match 105% of the calculated loop head 
loss of'I46, 5 f t ,  ' H z 0  at rated f l ~ w  of 8990 gpm for a uniform.flow . . core. 



(Page F-2 of Report): 

2. Pressure  Drpp Analysis (Task 6.1) - F:' T. MaCthews 

An analysis was carried out to determine the effect of temperature 
on primary loop opesating point and control rod pressure  drop. 

A decrease in coolant temperature will increase both the coolant 
density and viscosity. The change in density will cause the p y p  to draw 
more power, and tend to produce a slightly higher Reynolds Number. 
The predominant effect, however, will be the seduction in Reynolds Number, 
due to a great  change in viscosity, This will cause higher friction factors, 
thus increasing system pressure loss. For a fixed characteristic per- 
formance curve of the circulating pump (temperature has little o r  no effect 
on this), the system flow ra te  will be reduced. The pressure drop acting 
on the control rods a t  temperatures substantially below operating level 

I will then depend on-.the combined response, of the various parallel paths 
making up, the seobnd pass, to the higher friction factors, partly off se t  by 

I the decreased flow rate. 

Figure 6-1 shows the temperature effect on the primary system oper- 
ating point and control rod (actually, overall second pass) pressure  drop. 
Also plotted is a characteristic curve representative of the pump that is 
expected to be used for the SM-2 plant, based on a specification allowing 
for a 5% margin over the calculated required pressure  drop of the primary 
loop. 

At normal operating temperature Figure 6-11 shows that this, specifi- 
cation will result in a 2-1/2% increase in rod pressure  drop, while normal 
( 8 0 ~ ~ 1  o r  emergency (40°F) startup temperatures will cause i t  to increase 
8.3 and 8.8% respectively over exact requirements a t  operating temperature. 





For a normal startup temperatu-re, the primary system flow rate will be 
4% below the operating flow with a 12-1/4% increase in system pressure  drop 
over the design-point. At an emergency startup temperature of 4WF, the flow 
rate will  be an additional 1-1/2% lower with a pressure  loss of 15-1/2% above 
the design point. 

Figure 6-1 also shows that over the greater range of temperatures, the 
contibl rod pressure  drop, which is also the control rod static loading, remains 
fair ly constant: Below 809F the rod drop increases and is estimated to be 8% 
greater than the operating value at an emergency startup temperature of 40°F. 
The reference point is 30.1 ft: of water at 5150F, based on conversion to 
operating temperature of the test  data at 800F. 

< .  . . . . 
3. . s t ruc tura l  T e s t s . ~ ( ~ a s k  . . 6.2) - F.  Coleman - . . .  

In order to ascertain the effect of cold-rolled fuel plates on outer fuel 
plate deflection characteristics, fuel element 26 (0.040" thick side plates and 
fuel plates containing depleted UO2) was tested. The procedure was the s ame  F 

as followed with previous deflection testing. The results a r e  shown in the ac- 
companying graph,, Fig. 6-2, which presents least square p'lots of the deflec- 
tipn-load relation for various other fuel elements in comparison with this 
element 26. The dashed line represents a derived deflection-load charac- 

.I teristic for an element "E" with 0.040" depleted fuel plates and side plates. 
This line was obtained by directly applying the ratio of slopes of the deflection 
curves of the annealed solid and annealed depleted 0.030" fuel plates to the 
results  of, the annealed solid 0.040" fuel plates. 

By comparing,the plots .of element "Elf and 26 it is noted that a cold- 
rolled element dff~irs '18% greater resistance t o  deflection than d o e s  a similar  
element with . annealed :. . . . .  ,.. . plates . at the same, pressure  loading. 

4. - Thermal . Stress  . Testing of: Fuel ~ i a t e s  (Task6.2) - J. A .  Christenson 
. . 

. - During ihis period, final modifications of the test' rig have been made 
.and tests ,of. two types- of fuel plates have.. been perfprmed. 

a. . 'Test  of a, Brazed' ~ u e l '  Plate 

:. 0ne;of. the fuel plates ie&d was ofbrazed construction and.was cut from 
a d.ummy.SM-1 element: , The plate was subjected to transverse temperature 
profiles shown in. Fig. 6-3. . Resulting plate deflections ark shown in Fig, 6-4. 
A comparison of' the initial or zero temperature deflection of the test alate 
with measurements of. the surface of theouter  fuel plate of a production brazed 
SM-l.'Core :H element .is given in Fig. 6-5.. .The agreement. is quite..go~d. 



b. . Test of' a TIG Welded, ~ e p l e t e d ' u ~ a -  core;  - Cold .Rolled Fuel Plate 

The second fuel plate tested was cut from a TIG welded fuel element of 
the reference SM-2 design. The plate contained a core of dkle ted  UO2. 
Temperature profiles induced on this plate a re  shown in Fig. 6-6 and the re- 
sulting plate distortion at the 890 temperature differential shown in Fig. 6-7. 
This differential was plotted since it closely represents the expected reactor 
operating differential (See Task 2, APAE Memo 197, for calculated plate 
temperature profile). The comiarison of test plate flatness with element fuel 
plate measurements is also given in Fig. 6-5. The reasons for the distortion 
of the test plate a r e  thought to be release of slight residual welding stresses 
and/or machining stresses introduced during the cutting of the plate form the 
element. It is expected that a single plate, if i t  could be made to retain the 
isothermal flatness measured while part  of an element, would show significant 
column strength against buckling. Therefore, it is felt that the test results 
of the distorted test plate a re  inconclusive so far as SM-2 welded fuel elements 
are concerned. 

A complete report of all thermal s t ress  testing to date is being prepared 
and will be issued in the next report period. 

~ f f o r t  is  concurrently being devoted .to planning and designing an addition 
to the test rig which will enforce as-built flatness on the edges. of the 'side 
plate pcsr$ions. of the test specimen. - ' . 

5. - Vibration and~Collapse..Tes.ting (Task 6.3) - J. A.: Christenson ' 

. Vibration testing of SM-2 fuel elements has been completed. Test re- 
sults show no evidence of significant.plate vibrations 'at element flow rates 
up to 630 gpm, 184% of"the design element flow (384 gprn). "Two welded fuei. 
elements were tested. 

The. f irst vibration testing was done on a. resistance welded, 'solid staio-,. 
less steel plate element. . Flow through the element was varied in 90 gpm in- 
crements from 180 gpm..to 360 gprn (when 'this flow rate was reached the.pick- 
ups shorted out). Sllght plate movements of approximately .0. 00111 were. ob- 
served. - Frequencyof- these movements was less than 5 cps and quite random. 

Since. the movements. indicated were so  slight, and non-uniform, it is 
suspected that they may have been stray voltages from some external source. 
In any event, even if the movements existthey.are not considered significant. 

During the above testing, velocity probes were located 1/2" from the 
. exit  of each' cbolant passage. Measurements from these probes indicated that 
. one channel of the eit5ment'collapsed at between 540and 630 gpm elemw,t flow. 



Subsequent examination of the element revealed that during. the installation of 
the vibration instruments one of the plates forming thescollapsed channel had 
been distor ted beyond dimensional tolerance. (Minimum channel width is 
0.113", whereas the collapsed channel measured 0 . 1 1 1 ~  before testing,with 
measurement taken 1-1/2" downstream of the entrance. ) For  this reason- - 

it i s  possible that theelement .would have withstood the 630 gpm if the channel 
had been within tolerance. However, collapse would have been imminent. 

The second element tested, which was TIG welded and the fuel plates, 
annealed, contained a depleted U02 core. Collapse testing was performed 
pr ior  to vibration instrumentation to,avoid the difficulty experienced during 
the f i r s t  test. 

In this test the depleted core element also showed collapse between 540 
and 630 gpm element flow. Channel measurements before testing proved the 
collapsed channel ,to be well within dimensional tolerance (0.119") although 
slightly below average. 

A plot of channel velocities at 540 gpm element flowr(Fig. 6-8) shows 
the collapsed channel to have the highest velocity in the element. - The fact 
that the outer channels show extcemely low flow is considered of no conse- 
quence since the outer fuel plates were  subjected to p ressure  differentials 
roughly 10 times normal. A plot of collapsed channel velocity versus average 
element flow velocity is given in Fig. 6-9. The velocity of the adjacent channel 
is presented to show its velocity increase resulting from the collapse. 

-'. After completjon .of' this test, the .same element was fitted with an en- 
trance comb and the. test rerun;.  . This time no collapse .occurred at the ,630 
gpm flow rate. .Based on.this information, an entrance comb has. been re-  
commended for  the.:SM-2 .fuel element design and has been incorporated in 
the -latest fuel element drawings. . , 

. . 

. - Vibration testing of this element gave essentially the same' results  as 
the .first element. tested. . Pr io r  to testing the instruments were re-wired 
with special ca re  being taken .to insure reliability. .. Even with.this extra 
.care, the design car r ie r  frequency.of 20 KC could not.be used successfully 
.and had to ,be, reduced .to 2KC to avoid short  circuits; ., At 2 KC. car r ie r  f r e- 
quency, satisfactory aperation was obtained. 

, Vibration traces again showed low amplitude, low frequency movements, 
but again they may have been s t ray external voltages and are not considered 
significant. 

The .traces also showed some flow-induced plate .def lecfion. At design 
flow rate (384 gpm) these 'def1ection.s measured 0.003 .to 0.013" but since the 
element did not havk the benrefit of combs during this test, and the deflections 



were measured 1/8" f-rom the'lbading and trailing edges of the.plates, ':the'de- 
I .  flectisns are. not. considered. ser.ious. .. . 

. > . .  

. . . . . . ;. I 

. . . . .  . . . . 
. . Conclus.isns: 

. ,. . . . 
: .  . .- . 

. . ' 1.- Fuel plate vibrations a re  practically non-existant in SM-2 we1de.d . . 
' . .  . . . . 

. . .fuel elements. ' . . 

.:. 23. Flow induced channel collapse, 'a'potential problem, has been elimi- 
nated'by theincorporation of lead~ng . ,  '(and trailing) edge eombs in  the 

- . .. :;fuel element design. 

3,,. The:presence of these combs will also insur.e vibration free :operation 
of' the.fue1 plates::. . !  

. .  . . .  . 
0 .  :. . . . .. , . . .  

$ 46. Low magnitude fuel plate deflections a t  leading and'trailing edges.of. 
fuel plates a re  not considered ser.ious since they will a1so:be el'im':i- 
nated by the use, of' the combs. 

.: 

6. . a Single Element. Flow Testing :(Task .6.4a) - J. A.  Christenson 
. . . . . . 

, . 

a.. Stationary-Elements . 
. . a .  

. . 

Single ,element .flow testing.of .stationary fuel elements. has the following 
. . .  basic.,,ob~ectives: 

1 .- Experimentally determine the .coolant flow distributionfwithin the 
. ' .element f6r var'ious core. support designs. Distribution .tolerance 

Af'sr the,:SM-2 has been.set at - + .6% of element average. ' - . .. . .. . ,. 

. . . . 

2.. Experimentally determine static pressure drops 'acrosssthe stationary 
element for various core support designs. The objective of first pass 
design.is m i n h u m  pressure drop. .Second pass pressure drop must 
match control rod pressure drop (37.'3 feet of' 800 water .at 363 gpm 

. . dksign flow rate). . ' ' 

During this repbrt period, three combinations of bottom and top core, 
. . support plates have,been tested. , 

1 .. Bottom plate': Grid type (see.. Style 6, AEL-393, Task .3; APAE Memo 160). 
. . 

Top pla.te:, . . Grid Type- . . i @ 

' I  . . 
. . . . .  - :This  design was tksted because .it was thought to hayethe best possible 

changeof meeting the.distribution requirement above. . Test results show the  l 



lattice flow to be approximately 5 to IlO%_below element average. Flow dis- - %, ,- 
tribution within the element was between +3% and - 5.5% of average-at design 
flow rate; A plot of channel velocities is given in Fig. 6-10. Overall pres- 
sure drop observed (see next paragraph) at this condition, was 19. '7 f t .  of 
water. (Water temperature during this'and . r .  I subsequent testing was approxi- 
mately 8 0 " ~ .  , 

2. ,Bottom plate: AEL- 523. (See Task :3,0) 

Top Plate: &.id Style above. ' 

- This combination of support plates was tested to evaluate the perfor- 
mance of the bottom plate with the least possible influence by the top plate. 
Velocity distribution was within +9% and -6. 5% of average. Velocities a r e  
plotted in Fig. 6-11. Overall pressure drop at 350 gpm of 80° water was 
1'7.9 ft .  of water. Prior to testing this combination, the entrance to the 
test section was modified to provide more accurate pressure drop informa- 
tion. The original design~caused a contraction pressure loss to be included 
in the,overall drop which was not representative of reactor conditions. 

Inspection of the test element and instrumentation after disassembly of 
the rig revealed that the lattice passages had become distorted due to numerous 
assemblies and disassemblies . Consequently, lattice flow measurements 
were below true values. A new element and instrumentation were used for 
the next test. The new instrument supports provide more accurate positioning 
s f  the velocity and static pressur.e probes, and control of lattice passage width. 

3. Bottom plate: .I AEL- 523 (See Task 3.0) 

Top. Plate: AEL-526 '(See Task.3.O) 

,This combination is the latest design of top and bottom support plates. 
The top plate section tested represented the design found in the second pass 
region. Overall pressure drop through this combination was 41.4 ft. of 
water, 26.6 ft. s f  this occurring across the top support plate. This pressure 
drop is obviously excessive, a s  it would result in the stationary elements 
having a higher pressure drop than the control rods of rated flow. The flow 
passages of this "Style 8b" upper support structure, as finally designed, were 
actually much m.ore restrictive than the original concept which had been evaluat- 
ed analytically. The final design -was the result of a,  whole progres,sion of 
small msdifi~ations for structural reasons, or to keep the elements inter- 
changeable, or to make their ends interchangeable. 

In flow distribution, lattice flow was noticeably better than for any other 
combination tested to date. A plot of channel distribution is given in Fig. 6- 112. 
The extremely high pressure drop across the top support plate caused damage 



to the .velocity .measuring 'instruments.. . As a 'result, no da.ta. i s  available for 
several  channels. ' "' 

. .  . b.. Control'Rod Assembly . .  . 

... . 

... ~ h r e e : t e s t s  have. been.' conducted on the. SM-2 control rod. 
. . 

. . 
1.. As Designed. . . ;. .. . . .  ;..: a 

; ._ ,... .." , 
. . 

The control rod as designed (AEL-445, Task 3.0, APAE Memo No, 197). 
showed outer channel flow deficiency of about 20% at the design flow rate of 
363 gpm. . Static pressure drop at this flow rate was 37.3 feet of water at 80°F. 

2. Entrance Modification 

To  force more flow to the-outer channels,. the sem.i-circular cutouts on 
the :f ront of t h  -two .long fuel plates were replaced:. ' This raised the velocity. 
in the .outer channels .slightly and lowered the center channel velocity. , There 
was no measurable change i n  s ta t i c  pressure  dropi from the as'-designed test. 

3;. Absorber. Removal 

:To  determine the effect of the absorber section on outer channel.fue1. '. 

element flow, a test was' run with the, absorber section removed. . The-outer . 'A 

Channels now measured apbroximately average .element . velocity. . In all 
control rod tests  the '"average" channel veloc'ity ,.is subj ect.'to question since 
,no& every channel was instrumented. - Additional instrumentation is being in- 
s t a l l 6d .h  the control. rod at thepresent  time-to provide more complete'.dis- 
tribution information. 

c: Confirmation Testing 

To determine experimentally and conclusively the static pressure  drop 
across  the stationary fuel elements, a test section has been designed for  the 
Task 11 tes t  loop. The significance i s  that testing in this section will be done 
at design temperature and pressure.  This test section is shown in Dwg.- 
R9-50 1083. 

I 

Pres su re  drops to be measured a re - ( I )  across  the bottom support plate 
(probes  1-and 2); (2) ac ros s  be.:fuel element (probes 2 and 3); and (3) across  
the top support plate .(probes 3 and .4). . Probe 5 is .a velocity.probe...to dete'r- 
mine element flow rate. 



Tests will be conducted on both first and second pass support plate de- - -  

sign. In the design of first  pass supports it is desirable to have as  low a pres- 
sure drop as  possible, while the second pass fixed element pressure drop 
mush match that of the control rods. 

'7. - Full' Scalewater. Rig (Task.6.4b) '- Do England ' . 

. .A decis'ion to perform the ,full scale.flow test in water was received 
from the.A. E6 (21.. on November 6, 1959. Accordingly, all final design work' 
is proceeding with detailed design scheduled from completion on February 
1 ,  1960.. Completion.. of the entire test, exclusiveof f inal  reports, is antici- 
pated by the .end of September 1960. 

Loop, vessel and core support construction will consist of a coated 
carbon steel assembly to ensure water purity. Fuel element construction 
will be of solid stainless steel. All sizes and surfaces have been geometrically 
reproduced at  full scale. The rig is being designed for a rated flow of 9000 
gpm at a temperature of 2 0 0 ~ ~ .  

Core flow balancing such a s  required will be done by measuring and ad- 
justing individual element channel velocities by element discharge orifices, 
rather than by measurement of gross element flow a s  done in past flow work. 
This approach is necessary because of the multi-discharge hole type of top 
core plate being considered and the lack of discrete end boxes which provided 
positive continuity of flow. 
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1. . . : i~.r .o~ress (Task :7..0) .-_F; i . - . ~ ~ ~ o o l  . ..: .. . . . . . . .  . . . . , .. ... : . . 
., .. . . . . . . . . . . . . . . . .  . . . .  I . . ' . , . , . . i  ' ' . ' .  . - . .  .. 1 ( .  , ' .  . . 

. . . . .  . : l j  ' . . ; -  . . ,  . . 
. ~..Dpring..this. rc?po.rt period mockup experiments 0f theSM-2 and.SM-1 ;. . . . .  . . !  

cold.: clean. and the..SNi:B midl:ge..cores were completed. T:he final r q o r  t . 
has.:been written and; 3s .bging .printed,. , . . . .  . . . . , :. .. , .. 

: Approximately 99% of the program effort has been completedand. 98% ' 

' 

. . . .  of the~.ap~r,~.v~ed:'funds.~exp,ended, : .or ..c'ommittedd . . ,  , ., . . . . 
. '  I . . . .  . . .  ., . . ' . ? . , . 

. . . . .  . ; .: I... ' .:. 8. 
. . 

; . . . .  . . . ' . . c . - .  : ' .< 1'-  * * . . .  . . . .  . , I . . , . .  

2. . : . .  Final ~ , 0 , r ~ , ~ . o , c k u p  (Task 7.:7j- . 

'. . 

a. The FiinalSM-2 Mockup -- So H. Weiss 
. . . . . . . . .  !.. . .  , < :  . 

. . i  . . . . .  . . .  _ .  

. . .  . . . .  . 1: ~ h k f . i n a 1  SM-2 ;&bckup. core kcomposition and seven rod bankcritical 
. . .  positions a r e  tabulated i4.Tabl.e 7-I.., . . . . .... . . . . 

TABLE ?'-,I. i 
SM - 2- .CO,LD. . . . .  .CLEAN' CORE:. COMPOSITION 

. . . . . . . . . . .  . . . . . . . . . . .  

. . . . . .  . . . . .  : .  .' . . . . . .  Stationary ..Elemsnts . . , .C.,.R.. Elements Total 
, .  , 

. . . .  
. .  Loading.. ........ 53.0 gm:B 10 :$. :: ., . , 7.94 gm ~ 1 0  10 : '60.9 gm B 

. . 
: Fuel Loading .:, . 31669.20 gm U 235' 4730.88 gm U 235 

. , i' . . . : .  
, . . '  . 

Side P l a t e  . ~ h i c k n e s s  0.0327 in. 0; 0306 in. 
1 . 1  

Seven rod critical bank position for water reflected case 
. . 

. . . . . . . .  .... ,., ... - . . i 3 , :  . . . I .  . >  . _ . .  . . . . . .  , .  . , . . . 

Seven rpd: critical.. bank positiqn for..steel reflected & s e t r  .. 
. . : :  ' I . .  ,- .) ..*: . . . . . .  - ,  . . , , ; < *  ; . i  , . .  ' .  ., . " 

. . . .  . . .  , . . . .  . . . . .  . . .  . . . , . .  . . . . . .  . . a , . . . , .  , .. 
: I , .  ' '  . . 

a. 142 in. 

* . Steel reflector consisted of. four (4) steel corner ref lectors plus 2-1/211 of 
steel  along the reactor sides and laminated with water in the following man- 
ner; 1/211 steel, 6/4" H20, 1" steel, 1/411 H i 0 ,  ll1 steel. 



It was not:'feasi'ble::t~-'d@ectly -measure. the temperature .coefficients of 
the.:SM-2 over the temperature range:desired (room temperature'to 51002'); 
s o  two separate experimental methods were used. ; F0r.a temperature: range 
from 68 :to 1550F, the temperature,coefficient, at normal atmospheric p res -  
sure; was determined by heating the water in the reac tor  tank; In brder 'to . - 
deter.mine the temperature coefficient above 1 5 5 O ~ ,  aluminum strips were 
used to 'displace thelwate'i.' and thus -si'inulate. moderator temperathr esup..to 
51002'. ' The .measurements were.. made- with a laminate& steel  reflectdl?.'..aroundl 
the c o r e .  - Figure 7 . 1  shows equivalent temperature a t  2OOO.psi vs .  negative .,- 

A:KE in cents. 
. . . . . . . . .. . ,.;... , . , . . . .  

'. . ' 
. . .. I . ,  . . . . 

41 The. tempbiature coefficiknt was- determined bjl the slope.of t h e ~ ~ ~ ~ l u r n i ~ u n i  
,.. . curve in  Fig. 7 .1  for temperatures above. 130°2'. This method does not take- 

into account theabsorption of neutrons in the aluminum or  the imperfect.dis- 
tribution of aluminum in theLCore. These effects may be neglected with . . little 
.loss of conf idence.in the data. 

> .  
. . . . .,.. , .. , 

The negitive A KE due to increasing. the core temperature, a t  2000 psi, 
f rom 103, 5%, 5g.0 .:2?E,::a;lrd,:aa r;ef~lec~o~r:temgesatui.;e:frdm ..$*93:':5 30 ;477,9F., mea- 

. , 
5 .  . . . . .. sured by displacing water with aluminum; is '889.7 .cents: . . . ' .. . . . . 

. TABLE 7.'2 
TEMPERATURE: CO.EFFICIENTS 

T e m p , O ~  at  
2000 ps i  

I < . .  

7, R o d . ~ a n k  Position 
. . Inches 

Temp. Coefficient 
c e n t s / O ~  

':The boron'and uranium reactivity coefficients were measured by 
differences on calibrated control rods as a consequerice~of' substitution of 
known increments of boron o r  uranium into respective element positions 
in one reactor quadrant. . Core symmetry was assumed in order to obtain 
the average coefficients for the entire. core. 



.. . - . -  - , .  . _ . . .  . TABLE 7.3 
, . 

REAC~~~ITYCOEFFICIENTS OF;URANNM-P~~  AND BORON-10 
. . :, -* . J s  *'.,. . 

. ~ > .  

Element PositQn U235 worth  in cents/gram . B 1 0 Worth in cenkjg*am 

. . 

.; ~ h . ;   average-^'" worth i n  the. SM-2 &ore is 42.54 cents pe r  grain, : 
' , ' \  

2 .... . 
- 3  : ' 

.The ave ; age~~235  worth in the SM-2 core is 0; 5 7  c e  ts/ ram . ? 

During the final mockup experiments, more complete reflector measure- 
ments were made. * Since the maximum steel  available .allows for only. 2-1/2" 
of steel on all four sides, data were obtained fg r  both four sides-four corner 
reflection, and  two ad~acent  sides-two corner' reflection, Fig. 7.2 describes 
the-reactiiity effects of the design lamination of steel and water reflectors 

' ,  
and solid-steel corner reflectors. The preliminary mockup reflector points . 

- are also plotted in Fig. ' 7 6  2. Extrapolation of the four-side-four cornered 
laminated ref lector curve indicates a reflector worth in the thick reflector 
region not exceeding 985.0 cents in thd SM-2 final cold clean mockup, 

. . , . . .. ..The effe:ct of rotating the two outer rows of elements 90" so that the '1, 

fuel plates in th6. outer rows a r e  normal to the,reflec$or was found .to'be 
,:worth 8.0 91 cents negative. . . . . 

Toxdetermine the effect of substituting stationary elements for  control 
rods, the standard SM-1 element was placed in position #72. - Critical six 
rqd bank positions were taken and calibrations made with rods A, B, and C 
fully withdrawn in turn. - Element #72, with its normal uranium and boron 
loading, was then substituted for rods A, B, and C respectively, and new , 

&tical positions and calibrations determined. The substitution element 
differed from the control rods, having 157.6 gm more ~ 2 3 5  and 0.34 gm 
more ~ 1 0 -  Table 7. 3 shows the results of these measurements. 



T W L E  7.4 
EFFECT .OF SUBSTITUTING STATZONARY F\UEL ELEMENTS . u 

6 Rsd Bank 6' Rod Bank 
. Cr ibical Worth . Wor.th 
P os  if ion cents/in. : . ..Cents-. 

Rod A withdrawn 5.91411 209 @ 5.945" 937.6 
#72 substitution in-Rod A position 5.733" 206 @ 5.767" l 

Rod'B w-ithdrawn 6.17511 239 @ 60 207" . +36.0 
#72 substitution in Rod B position 6.022" 231. @ 6.06111 
Rod! C withdrawn 5.72011 217. 5@ 5.775" s43.6 
#72 substitution in Rod C position 5. 520" 219.0@ 5.560" 

b.' Final SM-2 Midlife .Mockup. -: E. W... Schrader 

Radial burnout of nuclear fuel and poison in the. SM-2 midlife cor e were 
mocked up by dividing the core into several  concentric rings about the !core 
axis, and loading the fuel elements in each ring with the groper amount of fuel 

.and nuclear poison to mockup the calculated midlif'e core loading. Measure- 
ments on theaSM-2 midlife core mockup include seven rod bank position at 
criticality, rod calibration, and stuck rod conditions. The midlife.core with 

' a water reflector was critical after withdrawal of the seven rod bank.to 4.946 ' -  

inches. . The seven rod bank worth is 341 cents/inch at 4.975 inches with- 
drawal. The stuck rod conditions a r e  summarized in Tables7.'5. 

TABLE 7 .5  
SM-2 ,(FINAL MOCKUP) MIDLIFE CRITICAL ROD CONFIGURATION 

AT 68'-WITH, A WATER REFLECTOR 
* ,  

- - - - - 
10.6@3 10.669 0 0 0 116 cents/in. 

@ 10.759 in. ' 
12.190 ,O 0 0 12.193 91 cents/in. 

i @ 12.297 in. 
0 11.344 0 0 11.342 107 cents/in. 

@ 11.423 in. 
0 .  0 0 0 12.037 : I13 cents/in. ' 

, @ 12.145 in. 
0 0 0 16.888 0 34. 5 cents/in. 

@ 17.200 in. - 
0 14.726 0 14.727 0 53.5 cents/in. 

- @ 14.898 in. 
0 14.691 0 0 0 53.1 cents/in. 

@ 14.847 in. 



The :total core  loading for  the final. SM-2 midlife moc. ,hg.  consist,ed: of. . 
29190.24 g m  ~ 2 3 5  arid 20.39 gm g 1 O e  . Side pla te th icknesses  wer6:O; 0321in. 
and 0.0306 :in. for stationary and control rod elements, respectively. 

c.: SM-1 .Mockup --Re A.. Robinson 

Measurements 0% heterogeneity effects introduced by mocking up the 
-SM-1 core with SM-2 fuel plates were accomplished using'a fuel grouping 
technique. The plastic separators  on the side plates of one element were 

I 

modified so that the fuel plates and stainless s tee l  clad used in obtaining 
the SM-1 metal to water ratio could be assembled in discrete bundles. - The 
eleven fuel plates pe r  element which mocked-up the fuel loading of theiSM-1 
were  first assembled into one discrete bundle, along with the stainless s tee l  
clad, in the center of the element? They were then assembled into two dis- 
cre te  bundles, three discrete bundles, etc. , until the maximum of eleven 
bundles was reached. 

- Fig. '7.3 shows the curve: of reactivity.change versus number. of i 

bundles, obtained -from '.these measuremen,ts. - Since the ..curve ,is essentially ' . 

.flat between 9 and 11 bundles, 'it seems  reassnable:.ho linearly extrapolate .it 
to 18 bundles, the actual.:.SM-1 fuel element configuration. The -heterogetieity . -. . , , 

.worth thus obtained was 0. '75 cents for  element #22. in which the 'measure- 
ments were made. . The -average .heterogeneity worth was 0.60 cents pe r  

9 

. stationary element, obtained by dividing the value determined for e l e ~ e n t  . . 

t. #22 by the. ratio of the .local t o  average. uranium worth. 

. As published* the. f inal SM- 1 moekug c o r e w a s  loaded with ' . 

22.310 kg ~ 2 3 5  and 15.2 gm B ~ O ~  Correcting the mockup data-to the  actual .' 

. SM-1 Conditions indicates a .BIO loss in the actual. SM-I  C o r e  of' 22.0%:+ . -  1.9% 

. :* :: APAE Memo. 223,, SM-2 Reactor. 'ore .and.:Vessel Review Report,, 
.. May 28, 1959 .to August 24, 1959. 









H . CONTROL ROD DRIVE. D.EVELOPMENT* . . . . . . . . . . .  
: !  . .  . . 

. ,  . .  , :. . . . .  . C  . . .  . . .  
a * . . . . .  . . - .. .. <. .  . .  . . . " \ .  . . . . . . .. i 

;The protd&pei'ccintrol rod drive &chinism des-ign h i s  bien'comileted. 
This design. is based, on.,a 23,2.foot,.maximup1 static:gressure drop across 
the x d n t r d  rod. If it is f,ound' that. the pressur.e drop exceeds t.hat indicated. 

above, then modifications will be.,made to the test loop and drive mechanism 
during or. j.ust pr.ior;:to prototype - testingi . . .  . . .  . I* 

. . .  

All components of the prototype drive have been puqchased, and,aggroii- : 
mateiy 25%. of .the& it&$ have .,been. received. . It i s  expected that nearli:.60$ji 
of t h e p u r ~ h a s e d , . ~ a r t s  will have been shipped by theweek of: December.$l;, ,. . 
and the balance 'by the, week-of December-28; :: ~hedro to type  seal assembly 
has been received,,fr .om,~lco~ s Auburn P1ant.an.d . . .  is a t  present  in:.the:laborator-y. 

. . 
.,.,. . . _ . . . . . . . . . . . . . .  . . .  . . 

. . . . .  . . 
....... . . . . .  : 

. ~ 1 1 .  mat$:rial- kkquir&d for the fabiic,i.tion of t h e  test 'loop has been ,r'k&ived 
with the exception of the test autoclave: Delivery of the a+toclaye,fr0q: Alto's 
~ u n k i r k .  plant has. been promised for the week .of December '28. . : . . ... . . 

* 

At the present time the test loop erection is approximately 30% cesm- 
plete. All support structures are nearly-completed, the pump motor ~ q n t r o l .  
and heater control panel has been completed and the surge tank, make-up 
pump, high and low pressure demineralizers, economizer, coolers, and dk- 
oxygenater have been installed. It is  expected at  this time that the test loop 
will be completed during ,the third week in January. 

As a result of the large expected static pressure drop across the. SM-2 
control rod, the possibility of balancing this pressure hydraulically has been 
investigated. From the point of view of designing a control rod drive mech- 
anism, the hydraulic balanced control rod appears very feasible. The! in- 
creased fabrication problems of vessel and core support structure, by the- 
addition of transfer tubes and lower diaphragm, a re  discussed in Task 3.0 * .. 

2. : Improved Accessibility of Drive compOnents (Task. 1.l. 1). - ' . ' ' 

', G. M. Van de Mark 

N o  further work has been done on this phase of Task .ll since th6;gke; . 

v.ious review period. . . 
. , .  . . . . .  ,. . 



The seal assembly has been completed, and seal leakage tests will be 
run along with prototype -control rod drive testing. 

4. ' ~cce le ra t ion  Device. Design ;(Task 11. 3) - G. M.. van' d e    ark 
. . . . 

. . . . . . 

: .:No further design work has been doneon the'.acceleration device, with ' 

t h e  exceptidn of - the hydraulic balance as discussed above. 
. . . . .  .: . . . .  

, . . . . . s _ , .  . . - 6  :. ' . : .. . . 

5. -Clutch.Development '(Task 11. 5) - 1  G. M., V& de Mark 

The clutch tests indicate that theMaxitorqclutch is a much more de- 

I 
sirable clutch than the Stearns. Due to the delay in obtaining clutch data, 
the Stearns clutch is being used in the prototype drive mechanism being 
fabricated. The feasibility of incorporating the Maxitorq clutch in the pre- - 
sent clutch housing has been investigated, and it appears that major modifi- 
cation"wil1 -be rkquired to make this change. It is planned to modify the clutch 
assembly desigt? incorporating the Maxitorq clutch and proper accelerating 
devi'ce (negator spring) when the final flow and prepsure drop have-been d e i  
termined. + 

. An APAE 'Memo documenting the clutch teststif being prepared, and 
8 . _I .it.is expected .to be completed by January. .. . 

. . . - ' .  . . . 
. . . 






