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FOREWORD 

This repor t is one of a s e r i e s of r epor t s on the low-power (up to 1 
Mwt) and high-power (up to 200 Mwt) nuclear test ing of the Enrico F e r m i 
r eac to r . The Nuclear Tes t P r o g r a m is planned, directed, and evaluated by 
Atomic Power Development Assoc ia tes , Inc. (APDA). The t es t s a r e con­
ducted by Power Reactor Development Company (PRDC). The reac tor proper 
is owned and operated by PRDC. The s team genera tors and e lec t r ica l gen­
erat ion facili t ies a re owned by The Detroit Edison Company (DECo). 

Many people have contributed to the success of the nuclear test ing of 
the F e r m i r eac to r . Listed below a re the names of those people, exclusive 
of the authors , who made a significant contribution to some phase of the work 
repor ted in this document. 

APDA PRDC 

C. E. Branyan E. L. Alexanderson 
J . Levine D. A. E rdman 
H. A. Wilber P . M. Harr igan 
M. Ziniak 
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SUMMARY 

The safety rod drop t es t s for the Enrico F e r m i reac to r were conducted 
on October 4 and 5, and November 11, 1963. The exper imental method was 
based on an analysis of the flux decay in the reac tor after the rod or rods had 
been dropped. F r o m the data, th ree sets of resu l t s were determined: (1) the 
t ime requi red for the seven safety rods , singly and in specified groups, to be 
inser ted into the reac to r , (2) the effect of reac to r t empera tu re and coolant 
flow ra te on the rod drop t ime and (3) the react ivi ty worths of the rods . 

During the t ime a rod was dropped, a high-speed recording osci l lo­
graph was used to r ecord the neutron responses of an in -core fission counter , 
and an ion chamber and BF3 detector both of which were located outside the 
reac to r in the graphite shield. In addition to recording the flux decay during 
the drop, the voltages a c r o s s the latch-open microswi tch and the latch magnet 
were recorded pr ior to and during the drop so that the exact t ime of rod r e ­
lease could be determined. 

Analysis of the resu l t s indicated that all measured drop t imes agreed 
closely with the predicted values . The t ime required to inser t a safety rod 
after a manual s c r a m ranged from 588 to 658 msec ; the predicted t ime was 
720 m s e c . F u r t h e r m o r e , no effect on the safety rod drop t ime was observed 
when the reac tor coolant flow and t empera tu re were var ied . 

The measured worths of the individual safety rods ranged from $ 1 . 16 
to $ 1 . 50 and the react ivi ty effect of inser t ing al l seven safety rods s imul­
taneously was approximately $8. 00. The measured values average about 15 
per cent l e s s than predicted. 
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I. PURPOSE OF TEST 

The p r i m a r y purpose of the safety rod drop t es t s conducted in the 
Enrico F e r m i reac tor was to de termine , by means of nuclear kinetic m e a ­
surements , the t ime required to inser t the seven safety rods , both individu­
ally and ganged, into the reac tor after the initiation of a manual s c r a m . 
These measu remen t s were required to confirm the design calculations of the 
rod inser t ion t i m e . This data i s important from a safety aspect because it 
can be used to es t imate the t ime required to shutdown the reac tor from full 
power should a s c r a m become neces sa ry . As par t of the tes t , the sodium 
coolant flow ra te and the reac to r t empera tu re were var ied to determine 
whether these two p a r a m e t e r s had any effect on the rod drop t ime . It was 
neces sa ry to make nuclear measu remen t s of the safety rod inser t ion t imes 
because it was not possible to make an accura te mechanical measurement of 
the s c r a m t ime in the r eac to r due to the design of the safety rod extensions . 

The secondary purpose of the t e s t s was to determine the worth of the 
safety rods using the data obtained during the drop t e s t s . The rod worths 
obtained in this tes t will be used as an independent check on the worths that 
a re obtained in la te r t e s t s by means of subcri t ical and cr i t ica l ca l ibra t ions . 
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II. DESCRIPTION OF THE ENRICO FERMI REACTOR 

A. GENERAL DESCRIPTION 

The Enrico F e r m i reac to r and i ts associa ted s t ruc tu res a r e shown in 
perspect ive in F igure 1. The reac tor is contained in a s ta in less steel r e a c ­
tor vesse l sealed at the top by a rotating shield plug which supports the con­
t ro l mechan isms , the hold-down mechanism and the fuel handling mechanism. 
The reac tor vesse l is surrounded by borated and plain graphite neutron shield­
ing ma te r i a l which i s contained inside the p r i m a r y shield tank. The reac to r 
is of the fas t -b reeder type, cooled by sodium, and operated at essent ial ly 
a tmospher ic p r e s s u r e . The maximum reac to r power with the f irs t core load­
ing (Core A) is 200 Mwt. 

The core and blanket, located in the lower reac tor vesse l , consist of 
square subassembl ies containing the fuel pins and blanket rods a r ranged to 
approximate a cylinder about 80 inches in d iameter and 70 inches high. The 
core , contained in the cent ra l portion of the core subassembl ies , approxi­
mates a right cylinder 31 inches in d iameter and 31 inches high; it i s axially 
and radially surrounded by b reede r blankets . The fuel in Core A consis ts 
of z i rconium-clad pins containing U-10 w/o molybdenum alloy with the uranium 
enriched to 25.6 w/o U-235. Each fuel subassembly in the core contains 140 
fuel pins for a total m a s s of approximately 4. 75 ki lograms of U-235 per sub­
assembly . The blanket is depleted U-3 w/o molybdenum alloy. 

The reac tor c ro s s section, shown in Figure 2, indicates the p lace­
ment of individual components within the lower r eac to r vesse l . There is a 
total of 149 central lat t ice posit ions that a r e occupied by core and inner radial 
blanket subassembl ies , the neutron source , and the 10 operating control and 
safety rod channels . All these posit ions a r e supplied with sodium coolant 
flowing upward from a h igh -p res su re plenum which is connected to the d i s ­
charge lines of the th ree p r i m a r y sodium pumps. The coolant flows upward 
through the individual col:e and inner radial blanket subassembl ies into a 
la rge upper plenum and from there by gravity to the three in termedia te heat 
exchangers and then to the suction side of the p r i m a r y pumps. Sodium also 
is used in the secondary cooling sys tem. 

The lat t ice positions surrounding the inner radial blanket compr i se 
the outer blanket a rea , and when filled with outer radial blanket subassem­
blies they form an annular region whose top and bottom a re at the same e le ­
vation as the top and bottom of the inner radial blanket. Surroundihg the 
outer radial blanket a re lat t ice positions used for s ta inless steel subassem­
bl ies . These subassembl ies provide the rmal and neutron shielding. The 
outer radial blanket and shielding lat t ice posit ions a r e supplied with sodium 
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coolant from the l o w - p r e s s u r e plenum. The sodium from the l o w - p r e s s u r e 
plenum, after cooling the blanket and the rmal shield subassembl ies , is mixed 
in the upper plenum with the sodium from the core before flowing to the in­
te rmedia te heat exchangers . 

The reac tor is controlled by two operating control rods and seven 
safety rods . Provis ions have been included in the design for an eighth safety 
rod. The rods a r e of the poison-type, containing boron carbide (B4C) in 
which the.boron is enriched in boron-10 (B-10). One operating control rod 
is for regulating purposes and the other for shimming; the average react ivi ty 
inser t ion r a t e s of these rods a re approximately one cent per second and one 
cent per minute, respect ively . Both rods have approximate react ivi ty worths 
of 46 cents . The seven safety rods , which a r e spaced around the center of 
the core , provide shutdown react ivi ty . During operat ion of the r eac to r , the 
safety rods a r e held just above the axial blanket section of the core so that 
they can be rapidly inse r ted into the core if a s c r a m becomes n e c e s s a r y . 
Each of the safety rods has a react ivi ty worth in excess of $1 . 00. The move­
ments of the control and safety rods a r e actuated from the top. During fuel 
reloading, they a r e delatched from thei r drive extensions to allow them to 
remain in the co re . 

The neutron de tec tors (fission chambers and ion chambers) for normal 
r eac to r operation at power, a r e located in six neutron-counter tubes (NCT) 
embedded in the graphite neutron shield surrounding the reac tor vesse l 
(Figure 3). There a r e eleven channels of nuclear ins t rumentat ion dis t r ibuted 
throughout the six neutron-counter tubes in a manner whichwi l l cover the full 
power range during r eac to r operat ion. These de tec tors located in these chan­
nels a r e designed to operate at t e m p e r a t u r e s up to 500 F . 

An ant imony-beryl l ium (Sb-Be) neutron source is located in the r e a c ­
tor at the core-blanket interface (Figure 2) to provide a neutron flux at the 
neutron detectors during reac tor s t a r t -up and to maintain a flux when the r e ­
ac tor is shutdown. The radioactive antimony portion of the source is made 
as a separa te piece for easy replacement and is in the form of a rod approxi­
mately 0. 7 inch in d iameter and 25 inches long. The radioantimony rod fits 
inside a beryl l ium assembly which is in the form of a hollow cylinder inside 
a s ta inless steel can having the external dimensions of a normal core subas­
sembly fuel can. The handling head on the antimony section allows it to be 
inser ted and withdrawn from the beryl l ium by means of the normal fuel 
handling mechanism. The beryl l ium portion must be instal led and removed 
from the r eac to r through a special a cces s por t in the r eac to r vesse l shield 
plug. 

Additional information concerning the reac tor design may be found in 
the Enrico F e r m i Hazards Summary Report . ^ 
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B. DESCRIPTION OF THE SAFETY RODS 

The Enrico F e r m i reac tor has seven instal led safety rods . P r o v i ­
sion for an eighth rod has been included in the design and construction of the 
plant. Each of the seven safety rods a r e poison-type rods , identical in con­
struction and operat ion. Each safety rod is made up of four sections (Figure 
4). These sections a r e the dash r am, poison section, extension rod and 
handling head. The dash r a m is the piston section of a hydraulic shock ab­
sorber which absorbs the kinetic energy of the rod after i ts free fall. The 
extension rod is a t rans i t ion piece connecting the poison section to the pick­
up head, and the pick-up head is the portion of the rod which enables it to be 
handled within the reac to r by the offset handling mechanism. 

The dash r am is a double- tapered piston with an effective length of 6 
inches . This piston fits f irmly into the guide tube dash pot and during a 
scrann acts as a hydraulic shock absorber to diss ipate the kinetic energy of 
the free-fall ing safety rod. Nearly constant decelerat ion is obtained with this 
dash r a m design, and the velocity of the rod is near ly zero as it r eaches the 
bottom of the dash pot. 

The poison section is approximately 36 inches long and consis ts of a 
2 -1 /4 - inch -d i ame te r s ta in less steel tube, which contains six hermet ica l ly 
sealed, 5 /8 - inch-d iamete r s ta inless steel tubes . These tubes a r e filled with 
hollow cyl inders of boron carbide (B4C), hot p r e s s e d to approximately theo­
re t ica l density. A total of approximately 525 g rams of B-10 a r e contained in 
each rod in the form of boron enriched with 57 w/o of the B-10 isotope. The 
rod worth is more than $1 . 00. Heat generated in the B4C is removed by 
sodium flow directed around the tubes . At the lower end of the rod, just 
above the dash r am, sixteen 3 /8- inch-d iameter holes admit sodium to the 
poison section of the tube from the guide tube. The sodium then c i rcu la tes 
up around the poison containment tubes and leaves the rod immediate ly below 
the handling head. 

The extension rod is a t ransi t ion piece which connects the poison s e c ­
tion to the handling head. This section is enclosed by the upper shell and 
contains an Inconel-X spring which is compressed by the lower end of the 
safety rod dr ive extension when the rod is latched. The rod accelera t ing or 
cocking spring is compressed to about 110 pounds by the downward motion of 
the dr ive extension and upon s c r a m impar t s an average acce lera t ion of about 
2 g to the safety rod. The safety rod stroke is about 54 inches and it achieves 
a maximum velocity of 6, 5 f t / sec during s c r a m . 

As shown in Figure 4, the neck of the handling head, located at the 
top of the rod, is enclosed by a collar having two para l le l conical gripping 
shoulders about 1 inch apar t . The upper shoulder, of smal le r d iameter than 
the lower shoulder, i s gripped by the drive extension latch, and the lower 
shoulder is gripped by the fuel handling mechanism when the rod is removed 

13 



PICKUP HEAD 

B4C POISON 

N* FLOW 
CHANNELS 

POISON ^ 
SECTION \ 

r 

o 

-NA FLOW HOLES 

SPRING RETAINER 

EXTENSION 
ROD 

"^UPPER SHELL 

- ACCELERATING OR 
COCKING SPRING 

SECTION A-A 

r 
A 

HARD SURFACE-
WEAR PADS 

NA F L O W H O L E S 

ORIFICE PLATE 9 _*uo: 

-STAINLESS 
STEEL POISON 
TUBE 

LOWER 
SHELL 

36 3" 

-
B4C POISON 

1 
U;(D f 3 = 

\Sc 

-DASH RAM 

9S" 

DRAIN HOLE'^ 

FIG. 4 SAFETY ROD ASSEMBLY 

68 i 

14 



from the r eac to r . When fully inser ted in the r eac to r , the handling head of 
the rod is 2 inches lower than the surrounding core subassembl ies , which r e ­
qui res the removal of four adjacent subassembl ies before the fuel handling 
mechanism can remove a safety rod. This provision insures that a rod will 
not be picked up accidently by the fuel handling mechanism. 

C. DESCRIPTION OF THE SAFETY ROD DRIVE MECHANISM 

The safety rod dr ive mechanisms a r e e lec t ro-mechanica l devices and 
consist of two major pa r t s : (1) the power unit, F igure 5, and (2) the drive 
extension, F igure 6. The power unit for each rod is located in the machinery 
compartment above the rotating shield plug of the r eac to r . They a r e mounted 
on the top plate of the hold-down mechanism and a r e approximately 24 feet 
above the tops of the fuel subassembl ies in the r eac to r . The drive extensions 
extend through the rotating shield plug and the upper sodium plenum, and 
they a r e contained inside the safety rod guide tubes . 

The safety rods a re grasped by the mechanical latch at the lower end 
of the drive extension (Figure 6, Section D) and a r e ra i sed or low^ered by the 
power unit through the ball screw and nut (Figure 5). The drive extension 
pene t ra tes the rotating shield plug by means of a seal thimble which is bolted 
into the hold-down mounting pla te . The reciprocat ing stroke is sealed by a 
s ta inless steel welded bellows which is attached to the seal thimble and the 
drive extension thus isolating the radioactive p r i m a r y sys tem gas from the 
a tmosphere outside the r eac to r . The seal thimble and bellows a r e located 
as sho"wn in Section B of F igure 6. The pick-up fingers of the latch a r e 
cammed shut by the differential motion between the f ingers and cam during 
the latching operation, and g rasp the pick-up head as shown in Section D of 
Figure 6. The fingers a re held in the latched position by the a r m a t u r e of the 
latch magnet located at the upper end of the extension (Section A of Figure 6). 

The latch magnet assembly is also located in the machinery compar t ­
ment. A cam extension shaft passing upward through the drive extension 
housing connects the camming pa r t s of the latch to the a r m a t u r e of the latch 
magnet . With the rod latched and held by the drive extension, a s c r a m is 
accomplished by interrupt ing the cur ren t to the latch magnet thus re leas ing 
the a r m a t u r e . The combined weight of the a r m a t u r e , cam extension shaft, 
and cam together with the s tored energy of the delatch a s s i s t spring, Section 
A, Figure 6, positively cam the fingers open to re lease the rod. At the same 
t ime , the force of the cocking spring plus the weight of the safety rod tends 
to pull the safety rod handling head out of the latch. 

Release of the safety rods by the latch fingers is indicated to the 
opera tor in the control room by the LATCHED lights on the control console 
going off and the DELATCHED lights switching on. These lights a r e actuated 
by the la tch-open l imit microswi tch which is mounted on the latch magnet 
housing tube just below the a r m a t u r e . The cam extension shaft has r amps 
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mounted on it and when the rod is re leased the la tch-open microswi tch is 
t r ipped as a resul t of the relat ive motion between the cam extension shaft 
and the latch magnet housing. 
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III. EXPERIMENTAL PROCEDURE 

A. DESCRIPTION OF THE TEST 

To investigate the effect of sodium flow ra te and t empera tu re condi­
tions in the r eac to r on the safety rod drop t ime , the tes t was conducted in 
two p a r t s . 

P a r t 1 - With the r eac to r t empera tu re set at 517 F i so the rmal and 
the p r i m a r y sodium flow ra te at the Core A, 200-Mwt value (2. 95 x 
10" Ibs /h r / loop) , '̂ each of the seven safety rods was f i rs t dropped 
individually into the reac tor , and t r a c e s of the resul t ing flux decays 
were obtained. T r a c e s of the neutron flux decay were a lso obtained 
under the same conditions when rods Nos. 1 and 2, Nos. 1 and 4, 
Nos. 1, 2, and 4, and all seven rods were dropped simultaneously 
into the r eac to r . F igure 7 shows the location of these rods in the r e ­
ac to r . To investigate the effect of flow on the drop t ime , rod No. 1 
was dropped again with the sodium flow at the refueling ra te (2. 0 x 
10" Ibs /h r / loop) and the t r ace obtained was compared to that obtained 
at Core A flow r a t e s . 

P a r t 2 - With the reac tor at an i so thermal t empe ra tu r e of 600 F and 
at Core A, 200-Mwt sodium flow ra te , each of the seven safety rods 
was again dropped individually into the r eac to r , and flux t r a c e s were 
obtained. The resu l t s obtained at 600 F were then compared to those 
obtained with Core A flow at 517 F to investigate the effect of tempera­
tu re on the drop t ime . 

The tes t p rocedure used in each par t of the tes t for determining the 
safety rod inser t ion t imes and rod worths is given in detail in Reference 2. 
In general , the procedure was as follows: 

(a) The i so the rmal t empera tu re of the reac tor and the p r i m a r y cool­
ant flow was adjusted to the des i red values . 

(b) The r eac to r was made cr i t ica l at a power level which resul ted in 
a cu r ren t of about 8 x 10"° a m p e r e s from the ion chamber that 
was used for recording flux level data. This value of the ion 
chamber cu r ren t was chosen to ensure that a sa t is factory signal 

*The Enr ico F e r m i r eac to r has th ree identical p r i m a r y coolant loops . There­
fore, the total sodium flow ra te here was 8.85 x 10" I b / h r . 
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to noise rat io existed throughout the t ime of the rod drop. In 
p rac t ice , the cr i t ica l power level required to attain this cu r ren t 
was approximately 1 kw. 

(c) After the reac tor power level was stabilized at 1 kw, the rod or 
rods of in te res t were manually re leased by interrupt ing the cur ­
rent to the latch magnet . A high-speed recording osci l lograph 
(Sanborn Recorder ) , installed for recording data during the tes t , 
was s tar ted manually approxinnately one second before the rod 
was re leased . The osci l lograph recorded the flux data from 
th ree specially instal led neutron de tec tors during the t ime of 
drop; it also recorded the latch-open microswi tch and latch mag­
net voltages p r io r to and during the drop. 

(d) The data on the t rans ien t neutron level of the reac tor was then 
analyzed to obtain the rod drop t imes and rod worths (Section IV). 

B. EXPERIMENTAL EQUIPMENT 

To m e a s u r e the safety rod inser t ion t imes and react ivi ty worths , it 
was n e c e s s a r y to determine the neutron flux level of the reac tor as a function 
of-time after r e l ease of the safety rods . To accomplish this , a high-speed 
Sanborn recording osci l lograph was used to record the signals received from 
th ree specially instal led neutron de tec tors after a rod drop. Simultaneously, 
the osci l lograph recorded the voltage ac ros s the safety rod latch-open m i c r o -
switch and the voltage to the latch magnet. F r o m these la ter data, the exact 
t ime of rod re lease was determined. Sodium flow ra te and t empera tu re data 
were also obtained using the normal plant ins t rumentat ion. ^ Figure 8 i l lus ­
t r a t e s the manner in which the above equipment was a r ranged in the t es t . 

1. Ion Chamber 

A Reuter-Stokes , Inc. B-10 lined ion chamber , Model RSN-778, 
with a sensit ivity of approximately 3 x lO'-l^^ a m p e r e s per the rmal nv, was 
located out -of-core in NCT 3 in the graphite shield (Figures 3 and 9). The 
ion chamber was connected to a Keithley m i c r o - m i c r o a m m e t e r which was 
adjacent to the point where the neutron-counter tube penetrated the reac tor 
operating floor. This permi t ted the cable length, and hence the input capaci­
tance, to be held to a niinimum. The output of the m i c r o - m i c r o a m m e t e r was 
recorded by the Sanborn r e c o r d e r . 

2. F i ss ion Counter and BF3 Propor t ional Counter 

An absolute U-235 fission counter, manufactured by Argonne 
National Laboratory , was placed at the elevation of the core midplane in an 
in -core ins t rument thimble, located in safety rod channel No. 5 (Figure 7). 
A Twentieth Century BF3 proport ional counter, Model 40 FB 70/50/G, was 
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located in NCT 4 (Figures 3 and 9). The signals from both of these counters 
went to p reampl i f i e r s , ampl i f ie rs , p r e s c a l e r s and then to the Sanborn r e ­
co rde r . In each case , the p r e s c a l e r s were the f irs t two decades of an RIDL 
49-51 sca l e r . The p r e s c a l e r s reduced the frequency of the pulses to the 
Sanborn r eco rde r to a ra te which could be resolved on the t r a c e . The pulse 
ra te on the Sanborn t r ace was direct ly proport ional to the neutron flux level 
in the r eac to r . 

3._ Keithley Mic ro -Mic roammete r 

A Keithley m i c r o - m i c r o a m m e t e r , Model 715, was used to amplify 
the cur ren t from the ion chamber to a level which could be used to drive the 
Sanborn Recorde r . 

4. Sanborn Recorder 

An eight-channel, high-speed Sanborn Recorder , Model 650, was 
used to r ecord the t r ace of the ion chamber cur ren t , the pulses from the ab­
solute fission counter and the BF3 detector , the voltage a c r o s s the la tch-open 
microswitch, and the voltage to the latch magnet. All signals were recorded 
simultaneously on the same s t r ip chart (Figure 10). The r eco rde r also p ro ­
vided timing l ines on the chart at a frequency of 100 lines per second. A 
chart speed of 50 inches per second was used to give the t ime resolution de­
s i red . 

C. REACTOR PLANT CONDITIONS 

The reac tor core fuel loading for the tes t was adjusted to provide suf­
ficient excess react ivi ty so that cr i t ical i ty could be achieved without with­
drawal of the shim control rod. This required an excess react ivi ty of 600 F 
which was g rea t e r than the rod worth of 46 cents . This condition was achieved 
with a loading of 99 full core subassembl ies and one core shim subassembly 
(Figure 7). This react ivi ty res t r i c t ion was set because the slow withdrawal 
ra te of the shim rod would have otherwise l imited the number of rod drop 
measu remen t s which could have been naade in a day 's tes t ing. During the 
tes t , the ant imony-beryl l ium neutron source was also in the core in i ts p e r ­
manent location at the core-blanket interface (Figure 7). However, the r e ­
sults of the tes t were not dependent on ei ther the react ivi ty state of the r e a c ­
tor or the p resence of the neutron source , i . e. , p r io r to a rod drop, the r e ­
ac tor power was suffici"ently high so that source neutron contributions to the 
flux during the t ime of a rod drop were negligible. 

The p r i m a r y sys tem t empera tu re of the r eac to r was maintained at 
517 F and 600 F during the two pa r t s of the t es t . Tempera tu re changes were 
made using the heat input that resul ted from p r i m a r y sodium pump operat ion. 
The reac tor t empera tu re was held steady at the des i red t empera tu re by bal -
cincing the heat input from pump operat ion with the heat removal by below-
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floor ventilation. The auxil iary cooling sys tem, consist ing of the overflow 
pumps and the p r i m a r y sys tem cold t rap , was operated to reduce the upward 
drift in t empera tu re when requi red . 

The p r i m a r y sodium flow rate in the tes t was var ied between refueling 
flow (2. 0 X 10^ Ib /hr / loop) and Core A, 200-Mwt design flow (2. 95 x 10^ 
Ib /h r / loop) . To allow the t e s t s to be made at refueling flow, which is 68 per 
cent of the Core A flow ra te , the low sodium flow t r ip setting of the reac tor 
safety sygtem was reduced from i ts norraal setting of 75 per cent to 40 per 
cent of the Core A value. The in termedia te and power range level s c r a m s 
were set at flux levels corresponding to powers l e s s than 1 Mw. 

Another modification was made for the test ; the latch magnet mech­
an i sms of the safety rods were revised so that each of the rods could be de-
latched and s c r ammed independently into the r eac to r . 
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IV. METHOD OF ANALYSIS 

A. ANALYSIS OF THE ROD DROP DATA 

The p a r t i c u l a r m e c h a n i c a l d e s i g n of t h e sa fe ty r o d s in the F e r m i r e ­
a c t o r p r e c l u d e s the v i s u a l o b s e r v a t i o n of the mo t ion of the r o d s d u r i n g a 
s c r a m . H o w e v e r , an i n d i r e c t m e t h o d of deduc ing r e a c t i v i t y a s a funct ion of 
t i m e a f t e r s c r a m , f r o m e x p e r i m e n t a l m e a s u r e m e n t s of the s u b c r i t i c a l flux 
a s a funct ion of t i m e , can be u s e d to follow the p r o g r e s s of the r o d s in a r o d 
d r o p e x p e r i m e n t . ^ Once the t i m e dependen t r e a c t i v i t y v a r i a t i o n for the rod 
d r o p i s known, the r o d i n s e r t i o n t i m e and rod w o r t h can be found d i r e c t l y . 

1. T i m e Dependen t R e a c t i v i t y and F l u x R e l a t i o n s h i p 

The b a s i c e q u a t i o n s u s e d for the a n a l y s i s of the da ta o b t a i n e d in 
a r o d d r o p t e s t by t h i s m e t h o d a r e the s p a c e i ndependen t r e a c t o r k ine t i c 
e q u a t i o n s : 

d<t>(t) 
dt 

dC.( t ) 

dt 

•where: 

i i ) \J*>*<^>- ( f ) **'<*>+ T, \s^^> (1) 

( f ) ^ [^^^x<*)J 'f(t)-sc.(t) (2) 

i = delayed neutron group (i = 1 to 6) 

t = t ime after dis turbance of s teady-s ta te conditions, sec 

P = total effective delayed neutron fraction 

i = prompt neutron l ifet ime, sec 

k (t) = t ime dependent excess react ivi ty , Ak/k 
ex 

ct>(t) = t ime dependent neutron flux, n / c m / s e c 

X. = p r e c u r s o r decay constant, sec 

C.(t) = t ime dependent concentration of the p r e c u r s o r of the 
jth group of delayed neutrons , nuclei per cm^ 

a. = fraction of the total effective delayed neutron fraction 
in the i*-" group 
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Equations (1) and (2) can be combined to obtain the relat ionship 
between the t ime dependent excess react ivi ty, kex(t), and flux, 4^(t), by mak­
ing use of the initial conditions (t = 0) which exist at cr i t ical i ty just before 
the rod is dropped. These conditions a r e : 

kex(O) = 0 
and 

d Ci(0) _ 
dt 

These conditions correspond to the s ta tements that at t ime zero , 
the excess react ivi ty is zero and the delayed neutron p r e c u r s o r concentra­
tions a r e in equi l ibr ium. The resu l t obtained by using these initial conditions 
and combining Equations (1) and (2) is the following integro-differential equa-
tion^. 

( 1 - p \ /v , / ^ \ 1 d<t)(t) 4){0) V* -^ . t 

"̂^ i = 1 0 •- -̂  

where : 
cf){0) = the flux level at t ime t = 0 

To obtain the negative excess reactivi ty, kex(t)i as a function of 
t ime after rod drop from a given set of exper imental flux data as a function 
of t ime, 4'(t), Equation (3) was put into difference form and p rog rammed in 
FORTRAN for the IBM-7094. An accura te value for the in tegra l was calcu­
lated by use of an i tera t ive procedure that employed interpolation and ex t ra ­
polation of the available information. A l inear interpolation of the flux data 
was used when n e c e s s a r y . 

Figure 11 i l lus t ra tes the kinetic behavior predicted from Equa­
tion (3). In this figure, the calculated tinae dependent negative excess r e a c ­
tivity i s shown for one of the typical t ime dependent neutron level changes 
measured in the t e s t . 

2. Data Reduction and Analysis 

After a p re l imina ry analysis of the data, it was concluded that 
equally re l iable data were obtained froin the in -co re fission counter and the 
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out-of-core BF3 detector and ion chamber.' '" Therefore , for reasons of 
resolution and ease , it was decided that only the data from the ion chamber 
would be analyzed in detail . The ion chamber data were converted to digital 
form at 50-msec in te rva l s , normal ized to unity at s teady-s ta te power ( c r i ­
t ical power), plotted to determine any gross reading e r r o r s and put in a form 
suitable for the computer p r o g r a m . 

The output of the computer p rog ram was a table of the negative 
reactivity values at the end of each 50-msec t ime interval for which the flux 
was specified to the computer . The react ivi ty was converted from units of 
Ak/k to dol lars using the relat ionship 1 dollar = 0. 00662 Ak/k. The tabular 
data was then plotted to show the react ivi ty as a function of t ime after s c r am; 
from this curve, it was possible to determine the worth of the safety rod and 
the rod drop t ime . 

3. Basic Data 

The delayed neutron data that were used in the computer analysis 
a r e given in Table I. The values used a r e nominal, and a r e based on the 
best available data. ^ The uncer ta int ies in these values caused uncer ta int ies 
of about i l pe r cent in the react iv i t ies obtained from the computer ana lys i s . 
In. the analys is , a prompt neutron lifetime value o f i = 1 . 3 7 x l 0 " 7 sec and a 
total effective delayed neutron fraction value of p = 0. 00662 were used. Thes 
two quantit ies appear only as a quotient in Equation (3), and it was found that 
the resu l t s of the analys is a r e very weakly dependent upon the value of this 
ra t io . Therefore , the values used for lifetime and delay fraction had li t t le 
effect on the resu l t s obtained for this t e s t . 

TABLE I - DELAYED NEUTRON DATA 

up, i 

1 
2 
3 
4 
5 
6 

ai 

0.0371 
0.1918 
0. 1858 
0.3958 
0. 1571 
0.0393 

\i, sec-1 

0.01275 
0.03196 
0. 1204 
0.3226 
1.405 
3.944 

*The cur ren t from the ion chamber was direct ly proport ional to the neutron 
flux level in the r eac to r . In the case of the fission counter and BF3 detec­
tor pulses , the flux was proport ional to the pulses per unit t ime; therefore , 
to obtain the t ime dependent flux from the pulse data, the pulse r a t e s per 
unit t ime were read direct ly from the chart and plotted ve r sus t ime . 
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B. DETERMINATION OF ROD WORTH 

The rod worth was equal to the total measured change in excess r e a c ­
tivity, kex(t), as a rod was dropped. Unshadowed, par t ia l ly shadowed and 
fully shadowed worths of individual rods could be obtained fronn the tes t mea ­
surements as well as the ganged worth of all seven rods . The unshadowed 
worths were obtained for each safety rod direct ly from the single rod drop 
reactivi ty data. Pa r t i a l ly and fully shadowed rod worths were obtained from 
the reactivity changes naeasured during the two and three sinaultaneous rod 
drops by subtracting the unshadowed worths of the rod(s) considered to be 
the cause of the shadowing from the respect ive measu red multiple rod wor ths . 
For example, the par t ia l ly shadowed worth of rod No. 1 was found by sub­
t rac t ing the unshadowed worth obtained for rod No. 2 from the multiple worth 
obtained for rods Nos. 1 plus 2. Similar ly, the fully shadowed worth of rod 
No. 1 was found by subtracting the unshadowed worths obtained for rods Nos. 
2 plus 4 frona the multiple worth obtained for rods Nos. 1 plus 2 plus 4. 
Fronn these data, the per cent shadowing could be determined by taking the 
rat io of the shadowed to the unshadowed rod wor ths . The ganged worth of all 
seven rods was obtained direct ly from the simultaneous seven rod drop data. 

C. DETERMINATION OF ROD DROP TIME 

The determinat ion of the rod drop t ime from the data was more in­
volved than the determinat ion of rod worth. For the purpose of the analys is , 
the total rod drop t ime was considered as th ree separa te t ime in te rva l s . 

Delatch Time - The t ime interval between the interrupt ion of the 
cur ren t to the latch magnet and the activation of the la tch-open m i c r o -
switch. 

Lag Time - The t ime interval between the activation of the la tch-
open micro switch and the inser t ion of 5 per cent of the total negative 
react ivi ty . 

Inser t ion Time - The t ime interval between the inser t ion of 5 per 
cent and 95 pe r cent of the total negative react ivi ty . 

One-hundred per cent react ivi ty inser t ion was not used he re because 
it was difficult to determine accurate ly the las t few per cent of react ivi ty in­
ser t ion from the flux t r a c e s . Fo r conformity, the 95 per cent value was 
chosen as the bas i s for the definition of inser t ion t ime . The difference be­
tween the actual inser t ion t ime and the inser t ion t ime measu red in the tes t 
using this approximation is very smal l . 

The delatch t ime was determined direct ly from the data obtained for 
each tes t on the Sanborn s t r ip chart (Figure 10). The lag t ime was found by 
combining the information on the s t r ip chart with the resu l t s of the computer 
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analys is , i. e . , by measur ing the t ime lapse between activation of the la tch-
open microswi tch and 5 per cent react ivi ty inser t ion . The inser t ion t ime 
was determined from the plot of the computer analysis by measur ing the 
t ime interval between 5 and 95 per cent react ivi ty inser t ion . The total drop 
t ime was the sum of the th ree t ime in te rva l s . 
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V. EXPERIMENTAL RESULTS 

A. ROD DROP TIMES 

Figure 10 is a t r a c e of the Sanborn s t r ip chart data obtained for one 
of the rods dropped during the t es t . Similar t r a c e s were obtained for all 
safety rods tes ted . In each case , the safety rod delatch t ime was determined 
direct ly from the t r a c e . The safety rod lag and inser t ion t imes were found 
by reading the flux decay as a function of t ime from the t r ace and using the 
values in Equation (3) to solve for the react ivi ty var iat ion as a function of 
t ime (Section IV). F igure 11 shows the t ime dependent reactivity change that 
was calculated for one of the measu red t ime dependent flux changes. This 
is typical of the curves obtained for all rods tes ted. Table II gives the r e ­
sulting experimental ly determined safety rod delatch, lag and inser t ion t imes 
for all the t e s t s made at 517 F and 600 F . The sum of the three t ime in t e r ­
vals is the safety rod drop t ime . The values for the t ime in tervals given in 
Table II a re es t imated to be co r rec t to within i 2 5 m s e c . The data shows 
that within the exper imental accuracy , there was no observed effect on the 
dropi t imes due to t empera tu re and flow ra te changes in the r eac to r . Table 
III l i s t s the mean t ime in te rva ls obtained by averaging the resu l t s of the 
single rod drop tes t data in Table II. For the purpose of comparison, the 
predicted t ime in te rva l s , based on rod drop t es t s conducted in water , '* a r e 
given in Table III. The data indicate, that with the exception of the delatch 
t ime, the predicted drop t ime in terva ls agree well with the mean of the mea­
sured values . The measu red delatch t ime is considerably l e s s than predicted; 
however, this was expected because the predicted delatch t ime determined by 
the water t e s t s , included the electronic response t ime of the safety sys tem. 
The measu red delatch t ime in the reac tor was determined with manual scrara 
and consequently the electronic t ime delay of the safety sys tem was not in­
cluded in the m e a s u r e m e n t s . The measured delatch t ime was only the t ime 
required for the safety rods to move the 3/4 of an inch n e c e s s a r y to t r i p the 
delatch microswi tch . 

B. ROD WORTHS 

The amount of react ivi ty change measu red in each tes t drop, i. e . , 
the rod worth, i s g iven in Table IV. It was found direct ly from the react ivi ty 
as a function of t ime curve, which was plotted using the data from the com­
puter analysis (Section IV). There is an es t imated uncertainty in the r e su l t s 
of about 3 per cent. The predicted rod worths a r e also included in Table IV. 
The predict ions a r e based on a loading of 535 g rams of B-10 per rod and 
cr i t ica l exper iment data of boron worth. ^ Actually, four of the rods were 
built with a loading of 507 g rams of B-10 and the other four with a loading of 
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TABLE II - EXPERIMENTAL VALUES OF 
THE SAFETY ROD DROP TIME INTERVALS 

Rod No. 

1^ . 
2 
3 
4 
6 
7 
8 

1 & 4 
1 & 2 

1, 2 & 4 
All 7 
id 

Delatch Time, 
msec 

517 F 

33 
__b 

50 
__c 

40 
40 
39 
36 
39 
34 
44 
38 

600 F 

36 
47 
56 
43 
49 
45 
39 

Lag Time, 
msec 

517 F 

230 
235 
230 
__c 

241 
243 
244 
231 
238 
240 
238 
220 

600 F 

218 
231 
238 
226 
217 
227 
242 

Insertion Time, 
msec 

517 F 

335 
350 
345 
340 
325 
345 
355 
370 
330 
360 
335 
330 

600 F 

350 
380 
325 
320 
350 
345 
355 

Drop Time, 
msec 

517 F 

598 
__b 

625 
613 
606 
628 
638 
637 
607 
634 
617 
588 

600 F 

604 
658 
619 
589 
616 
617 
636 

a. The sodium flow rate was the Core A, 200 Mwt value (2. 95 
X 10° Ib /hr / loop) for all measu remen t s with the exception 
of i d . • 

b. This interval could not be determined because the latch 
magnet cur ren t w^as not recorded during the rod drop . 

c. This interval could not be determined because the delatch 
microswi tch cur ren t was not recorded during the rod drop . 

d. The sodium flow ra te was at refueling value (2. 0 x 10° 
Ib /h r / l oop) . 

TABLE III - PREDICTED VALUES OF THE 
SAFETY ROD DROP TIME INTERVALS 

Interval 

Delatch Time 
Lag Time 
Insertion Time 
Drop Time 

Predicted Value, 
msec 

100 
230 
390 
720 

Median Value Measured, 
All Rods, msec 

43' 
232 
343 
618 
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TABLE IV - EXPERIMENTAL AND PREDICTED 
SAFETY ROD WORTHS 

d No. 

l b 
i c 
2 
3 
4 
6 
7 
8 

& 4 
& 2 

2 & 4 

11 7 

Exper imenta l Worth, 
517 F 

1.28 
1.31 
1.46 
1.20 
1.20 
1.25 
1.38 
1. 16 

2.39 
2.58 

3.67 

8.00 

Dol lars 
600 F 

1.30 
-

1.50 
1.28 
1.21 
1.23 
1.33 
1.17 

_ 

-

-

_ 

Predic ted Worth, 
Dol la rs^ 

1.45 
1.45 
1.65 
1.45 
1.34 
1.45 
1.65 
1.45 

2.64 
2.92 

4.12 

9.45 

a. Based on a loading of 535 g rams of B-10 in each rod and 
cr i t ica l experiment data of boron worth. 

b . The sodium flow ra te -was the Core A, 200 Mwt value (2. 95 
X 10" Ib /hr / loop) for all measu remen t s with the exception 
of i c , 

c. The sodium flow ra te was at refueling value (2. 0 x 1 0 ° 
Ib /h r / loop) . 

546 g rams of B-10 . The B-10 loadings of the rods in each position, along 
with the i r appropr ia te se r i a l numbers a r e given in Table V. 

F r o m Table IV, it is seen that the measured unshadowed rod worths 
obtained from the single rod drops a re l ess than predicted in all c a s e s . The 
average discrepancy is . about 15 per cent. Although some of the differences 
between predicted and measu red unshadowed rod worth can be at t r ibuted to 
the differences in B-10 loading, the d iscrepancy still exis ts for those rods in 
which the actual B-10 loading is l a rge r than the loading on which the p red i c ­
tion was based. This difference can be at tr ibuted to changes which have been 
made in the core design since the t ime of the cr i t ica l experiment , and an 
underes t imate of the rod self-shielding in the c r i t i ca l exper iment . 
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TABLE V - BORON LOADING OF THE SAFETY RODS 

Posit ion 

1 
2 
3 
4 
6 
7 
8 
5* 

Serial Number 

430192-90 
430192-87 
430192-89 
430192-84 
430192-83 
430192-85 
430192-88 
430192-86 

B-10 Loac 

507 
507 
507 
546 
546 
546 
507 
546 

'•"Not in reac to r 

The shadowing effects of adjacent safety rods on rod No. 1 were cal ­
culated (Section IV, B) from the multiple drop worths given in Table IV. The 
par t ia l and full shadowing effects a re 12 and 21 per cent, respect ively . They 
agree , within the l imi ts of exper imental e r r o r , with the predicted values of 
11 and 22 per cent, respect ive ly . 5 

The measu red worth of the seven ganged rods is given in Table IV. 
As indicated, the exper imental ganged worth is also 15 per cent l e s s than 
predic ted. This resul t is consistent with the fact that the individual unsha­
dowed rod worths a re 15 per cent l e s s than predicted and the per cent shadow­
ing is in close agreement with predic t ions . 
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VI. CONCLUSIONS 

The m e a s u r e m e n t s of safe ty rod d r o p t i m e m a d e in the E n r i c o F e r m i 
r e a c t o r show tha t (1) the r o d d r o p c h a r a c t e r i s t i c s di f fer l i t t l e a m o n g the r o d s 
t e s t e d , (2) the d r o p t i m e s a g r e e wel l wi th p r e d i c t i o n s and (3) the d r o p t i m e s 
show no s t r o n g s o d i u m flow r a t e o r t e m p e r a t u r e d e p e n d e n c e . The s p r e a d in 
m e a s u r e d d r o p t i m e s at cons t an t flow r a t e and t e m p e r a t u r e i s suff ic ient ly 
s m a l l to jus t i fy the f i r s t c o n c l u s i o n . The second c o n c l u s i o n i s s u p p o r t e d by 
the c o m p a r i s o n b e t w e e n m e a s u r e d and p r e d i c t e d t i m e s . The d i f f e r e n c e s in 
the da ta when e i t h e r flow r a t e o r t e m p e r a t u r e w e r e changed a r e suff ic ient ly 
s m a l l , and a r e equa l ly we l l d i s t r i b u t e d be tween i n c r e a s e s and d e c r e a s e s in 
the d r o p t i m e i n t e r v a l s , to jus t i fy the t h i r d c o n c l u s i o n . The m e d i a n v a l u e s , 
a v e r a g e d o v e r a l l the t e s t s , for the m e a s u r e d d r o p t i m e i n t e r v a l s a r e a c t u a l l y 
s l igh t ly l e s s than the p r e d i c t e d v a l u e s . T h i s l a s t r e s u l t can p r o b a b l y be a t ­
t r i b u t e d to the fact t ha t the p r e d i c t e d da ta w e r e ob t a ined f r o m d r o p t e s t s c o n ­
duc ted in w a t e r , '* which h a s a v i s c o s i t y tha t d i f fe rs s l igh t ly f r o m tha t of 
s o d i u m . In add i t ion , the p r e d i c t i o n of the de l a t ch t i m e w a s b a s e d on a u t o ­
m a t i c s c r a m , w h e r e a s the e x p e r i m e n t s in the r e a c t o r w e r e p e r f o r m e d wi th 
m a n u a l s c r a m ; t h e r e f o r e , the e l e c t r o n i c t i m e de l ay of the safe ty s y s t e m w a s 
not i nc luded in the r e a c t o r m e a s u r e m e n t s . 

The safe ty rod w o r t h s ob ta ined f r o m a n a l y s i s of the rod d r o p t e s t 
da ta show qui te a l a r g e v a r i a t i o n a m o n g ind iv idua l r o d s . H o w e v e r , the dif­
f e r e n c e s a m o n g the r o d s a p p e a r to be r e a s o n a b l e in view of the d i f fe ren t c o r e 
l o c a t i o n s of the r o d s and the known d i f f e r e n c e s in t h e i r B - 1 0 l oad ing . Al thoug 
the m e a s u r e d shadowing (pe r cen t shadowing) of the sa fe ty r o d s on one a n ­
o t h e r i s in a g r e e m e n t wi th p r e d i c t i o n s , the m e a s u r e d a b s o l u t e rod w o r t h s a r e 
about 15 p e r cen t l e s s t han p r e d i c t e d . T h i s i s t r u e for the unshadowed , s h a ­
dowed, and ganged rod w o r t h s . T h i s could be exp la ined by a m i s i n t e r p r e t a ­
t ion of the e a r l i e r c a l i b r a t i o n da ta f r o m the c r i t i c a l e x p e r i m e n t o r by c h a n g e s 
which have been m a d e in the c o r e d e s i g n s ince the t i m e of the c r i t i c a l e x p e r i ­
m e n t . F u r t h e r u n d e r s t a n d i n g of the d i s c r e p a n c y be tween m e a s u r e d and p r e ­
d ic t ed rod w o r t h s wi l l be ga ined f r o m fu ture t e s t s when m o r e d e t a i l e d c a l i ­
b r a t i o n m e a s u r e m e n t s a r e m a d e . 
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