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I SUMMARY 

A detailed analysis of hydraulic and mechanical forces 

affecting control rod drop time has been made to determine a ma the-

.aatlcal expression for rod position in terms of elapsed time after 

initiation of a scram® The elapsed time analyzed in this report 

is excluslTe of the instrument delay and clutch decay intervals. 

A comparison of ^edicted rod drop to actual field measure

ment (FigSs 1 aM 2| shows good agreement both wi& and without 

primary loop flow. 
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I I MreOBUCTIOl 

During tte i n i t i a l design stage of the l ^ R - l , a calcu

l a t i o n was imd© of the approximate control rod drop r a t e a t scram® 

tt© method used was necessar i ly "rough" s ince much of the deta i led 

inf crmation required for a more exact approach was not yet available® 

Hydraulic drag forces were not considered for fels reason and in 

the be l ie f tha t they would not b© very s igni f icant in the design, 

contemplated* fke predicted rod acce le ra t ion rat© was 3/4 g# 

Upon completion of I n i t i a l designs for the control rod 

and drive mechanisms ^ an e ^ e r i m e n t a l model and t e s t r i g were 

assembled a t ALCÔ  Drop acce le ra t ion r a t e s with simulated primary 

loop flow measured about 0^6 g# 

Following these t e s t s , the core o r l f i c ing program employ

ing f u l l flow t a i l o r i n g was adopted^ Core pressure drop^ and the re 

for© hydraul ic drag forces on the rods were grea t ly increased. The 

f i na l rod drive mechanism adopted has a g rea te r angular moment of 

i n e r t i a r e s t r a i n i n g rod drop^ thus a fur ther decrease in the rod 

drop r a t e should be expected. 

Upon completion of AI^R-1 construction a t Ft^ Belvolr^ 

f i e l d t e s t s were made of the ac tua l control rod drop rates® Bies© 

t e s t s showed an acce l e ra t ion rat© of 0#4 € a t -scram witibi rated 

p r i m r y loop flow® As t h i s drop r a t e d i f f e r s g rea t ly from tha t 

o r ig ina l ly est imated, &e purpose of feis memo i s to re-examine^ in 

the much grea te r d e t a i l now possible^ the drop time to be expected 

based on a t h o r o u ^ a n a l y t i c a l study* 
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I t should be emphasized tha t the lower rod acce le ra t ioa 

r a t e of about 0.4 g i s completely s a t i s f a c t m y for safe reac to r 

operat ion, APAE Memo lo« 97 analyzes the effect of t h i s reduced 

acce le ra t ion on a s ta r tup accident^ po ten t i a l ly tiie most dangerous* 

The conclusion reached i s t h a t the reduced acce le ra t ion r a t e does 

not cons t i t u t e any s ign i f i can t increase in energy release^ fte 

maxMum re l ea se being far below tha t required to cause melting a t 

the fue l elemait center line® 
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Ill FORGES AHD MASSES AFFECTIIG BROP RATE 

1* Wei^t of control rod 72 lb® 

2, Buoyancy - The buoyant force on the submerged rod is deter

mined by the weight of the displaced water at operating 

condi tionsi 

(72 lb metal) 

(0.286 lb/in\etal 1(0.0193 ft3/lb waterHl728 in3/ft3)= 7.6 lb 

3® Equivalent mass of rod drive - After the magnetic clutch of 

the control rod drive mechanism is disengaged by the scram 

signal, some of the rotating parts remain geared to the rod* 

Their angular moment of inertia can be converted to an 

equivalent mass to be accelerated linearly by the pod# The 

relationship is determined by the t^que arm^ in this case 

the pitch radius of the pinion gear meshing with the rod 

rack, and is calculated as shown below: 

F = ^_ ; F = w a 

W = ^ = L m ^ ^ ^ . ..... 7.0 lb. 

^eres 

P r Force at pinion pitch radius, lb 

r s Pinion gear ̂ ifc_ch radius ̂  ft 

I s Angular moment of inertia^ slug - ft^ 

^ s Angular acceleration, radians/sec^ 
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a » ( t i n e a r l rod a c c e l e ^ t i o n , f t / s e c ^ 

W 5 Equivalent weight, l b s . 

F r i c t i o n - The torque required to overcome the dynamic f r i c t i o n 

of the r o t a t i n g pa r t s mentioned in sect ion I I I - 3 i s estimated a t 

10 Ib-ln^ Since the tra-que arm or pinion p i tch radius i s 1 in^ 

the equivalent f r i c t i o n force on the rod is«««««««««,^.^«.10 lb® 

Steady S ta t e hydraulic force - If a primary loop pump i s in 

opei^t ion, a viscous drag force w i l l be exerted upward on each 

rod by i t s i n t e r n a l aM external water CLow« The magnitude of 

t h i s drag force i s determined by the pressure drop along the 

rod, ignoring ef fec ts of e levat ion change® The r e su l t i ng drop 

i s due to flow alone® Including the elevat ion effect would 

include the buoyance force of Section I I I~2 , which i s more 

conveniently handled separately^ 

I f flow v e l o c i t i e s are mMerate , as they are in the AFM~1 core^ 

pressure changes due to chaises in veloci ty magnitude or d i r e c t 

ion are negl igible# For a simple p ipe , &e flow forces are 

determined as indicated below: 

Pi 

^^^±ZA^ 1 
dl 
1 

^ ^ ^ ^ Z ^ 

F2 

For steady state flowt 

Yiscous drag ~ CP1-F2I t r d r 

Total flow force s (P3_-F2 TT do* 
4 

-5-



ais same relationship can be applied to a control rod, even though 

the flow pattern is more complex^ An example is shown below, neglect

ing flow outside the rods 
f 

F s ̂ essure in areas as indicated 

ajbjOjdjOjf = Areas of surfaces as Indicated 

Net upward flow force » Pifa / c) / CP2-P3I© 
/ Pje -P2(b / d) -P4f 

But a / c » f | b / d s © 

let upward flow force = Pif / P2® "• ^3® ̂  
P3e - Pge » P4f . (p^.p^j ̂  

When flow outside the rod is also considered, the additional drag 

force is assumed to be applied equally to the inner and outer walls 

of the surrounding annular passage^ As forces on the stationary fuel 

elements are not pertinent, only the half of the additional drag force 

applied to the control rod affects rod drop^ Total rod flow force is 

derived belows 

f*-2.971"^ 

° • 2.9S1 

Al 

Pressure drop 

across core, neglecting 

elevation effects^ 

is 1̂ 75 psi. 

,195 
A =• Control rod c ross -sec t ion 

B - Stat ionary element c ross-sec t ion 

0 - Equivalent TIA c ross-sec t ion for the flow force 

Steady s t a t e flow force s {1.75 ps i ) (2.971 lnH2a98l in l ^ 15,5 ib^ 
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6^ Transient h y d ^ u l i c forces - Resis t ing rod motion a r e hydraulic 

forces which vajy generally as the square of the rod velocity® 

These forces are determined by viscous drag, s tagnat ion pressure 

build-upg etc# and are d i f f i c u l t to define ana ly t ica l ly* In the 

table below* are indicated drag coeff ic ients for c i r cu l a r cy l inders , 

which may be considered as resembling control rods : 

h Ratio 

0 

1 

2 

4 

7 

[23 1 

CD 

1^2 

0«91 

0.85 

0.87 

0.99 

1 [ 1.64 1 

Drag = 

Extra. 

Circular Cylinders^ ax is p a r a l l e l to f l ^ ^ Reynolds 10s>10'^ 

The increase in the drag coeff ic ient between L / D r a t i o s of 4 and 

7 should be due only to the increased viscous drag corresponding 

to the increased length of cylinder^ A l i n e a r extrapola t ion 

appears Just i f ied^ y ie ld ing a coeff ic ient of 1,64 for the L/D r a t i o 

of 23 correapoMiag to con t ro l r M miaus i t s raok# 

* Rouse^ Hunter, "Elementary Mechanics of Fluids^ p« 2491 New York^ 

John Wiley and Sons^ 1946# 
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The ef fec ts of adding the raok^ and especia l ly that of confining 

the rod to drop through the small clearance of the core passage, 

would be an expected Increase in the coeff ic ient to a minimum of 

2#0« Accordingly5 t h i s i s the value used« Greater prec is ion of 

determination i s not f e l t necessary since the addi t iona l Influence 

oa cont ro l rod drop i s very small compared with the effects of 

the other r e s t r a in ing forces considered. 

Transient drag force s CQ f 2g I P A-

s C2.0H2.786 in l^ Y ^ s . 0 8 7 v ^ l b 
2g (.0193 f t 3 / l b H l 4 4 l a ^ f t ^ I 

7® Trapped water ~ Drop time of the rod aM r e s t r i c t i o n of flow are 

considered to va l ida te the assumption that the water contained by 

the r ^ i s e s s e n t i a l l y trapped and must be accelerated with the 

rod„ The corresponding ^ t e r weight i s therefore added to the 

mass being accelerated but not to the acce lera t ing force . 

Weight of trapped irater = 0,187 tt^ 
-070lfrf¥37ib = - - « - - 9.7 lb 

„8„ 
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IV EQ.UATI01 OF WD MOTIOM 

F = M a 
dv 

Ff - Fv 7^ s M l i Twith primary loop flow! (IJ 

lq# ( 1 | i s tte basic d i f f e r e n t i a l equation def ining the motion® In 

t h i s foim i t is non- l inear , and i s tterefore manipulated a lgebra ica l ly 

for e a s i e r so lu t ion : 

dt - M 

where a > o , t > o 

' 2 ^ ^ A ^ ^ j ^ ^ ^ ^ ^ / G. (21 

Boundary conditions When t « 0, v = 0 t 

(iru 1 s o) / C ; Ci * 0 

The so lu t ion for "t» in t e ^ s of "v« i s then rewri t ten In to'-as of 

ft ^x-^^ ^f tt>-e reduct ion of order method were not used, and eq^{l | 

were wr i t t en d i r ec t l y in terms rf " s " the r e s u l t i n g non- l inear 

equation could not be ^ n i p u l a t e d so easi ly^ 

* = M . ^ fiFlv / v̂ M 

ds 
F f ^ / % M 5 2 f ^ t 

In,'^=^=——^ — — — t% % - % It 



f^. * p ds 

f i ^ -F^ H 
2 f F ^ t/M 

= e^* Jo<= ̂ i ^ 

By algebraic rearrangement? 

ds s 

s 

T ^ (e-* -i) 

fF 

V 

(e°̂ * A) 

e dt 
=* /I 

r dt 

Since 

s = nPf 
fF 

s = M 

T I 

si A(b/ce-) ; j'. 
^"?"^«^°^iBA(b/oe"l 

Boundary condition: when t = 0, s = 0: 

0 - ^ [ X 2 - 0 / C2J ; = A 2 

The f inal solution for rod travel «s« vs^ time «t* is tiient 

s = (3) 
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Symbols 3 

a ° Accelerat ion of rod, f t / s e o ^ 

C - Constant of in t eg ra t ion 

Ff- Fixed force act ing on rod , lb 

F^-. Variable force ac t ing on rod, Ib/v^ 

M - Mass being acce l e r a t ed , slugs 

s - Travel of rod^ f t 

t - llapsed time, sec# 

? = Velocity of rod, ft/sec 
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¥ FRroiCTEB VS. ACTUAL ROD DROP MTSS 

Control rod drop rate measurements were made at the site of 

the A^a=l both mth and without a primary loop pump running. Only the 

steady state drag force is considered to be affected by tills change® 

The substitution of numerical values for the variables in 

eq# (31 of Section IV is as follows, with numerical subscripts re

ferring to descriptive paragraphs In Section III: 

s 

m 
t - Jn 2 

g g 

If 2 FT - F2 ° % ~^5 - 72eO - 7.6 - 10.0 -15.5 = 38.9 lb 
* with flow 

g f1 - ̂ 2 - F4 = 72.0 » 7.6 - 10^0 = 54.4 lb 
without flow 

Fv ° ^6 ° 0.̂ 087 Ib^sec/ft 

s s _ . . ̂„.. . _ 
J with primary flow 
3̂J ft 

without primary flow 
s « 

Ji''? [ A (e ^'^^ * / 1) - 0^666 t - 0.693J .ft 

31.7 I In ( e 1̂ 5̂  * / 1) -̂  °̂ 788 t » 0.693] ft 

As fu r the r check on the a n a l y t i c a l approach used, the predicted drop 

r a t e i s com;^red with t ha t aeaai red l a previous 'experiments witdi an 

e a r l i e r model of the APPR~1 rod d r ive mechanism. 

W3 ~ 5#3 Ibe equivalent mass of ro ta t ing p a r t s 

F. - 7#5 lb® equivalent f r i c t i o n force 

F5 - 7®4 Ibi, steady s t a t e hydraul ic drag 
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s - 3i«o 

s = 3leO 

f t wl& flow in(e ' / i j » 0,769 t - 0.693J 

X i ( e * / 1) - O0824 t - O0693] ft without flow 

The previously derived equations of predicted drop distance 

vso elapsed time a r e compared graphical ly witli ac tual drop measure

ments in I lgs^ 1 tairou^i 3 as f o l l o w s 

Fig« 1 - With loop flow, F t . Belvoir t e s t s 

Figa 2 •= Without loop flowj Ft^ Belvolr t e s t s 

Figo 3 •= With simulated loop flowj ear ly model of d r i ve s , 

Fige 4 =• Without simulated loop flow^ early model of d r ives . 

Actual control rod motion i s not i n i t i a t e d u n t i l tiie f i e ld 

of the magnetic clutch has decayed suf f i c ien t ly to permit s l ip^ Hiis 

i iB tan t j taken as zero time in the graphsj i s determined by visual 

examination of data from recording instruments® A reading er ror of 

severa l mil l iseconds i s therefore poss ib le . Also, s ince the f i r s t few 

mil l iseconds of rod t r ave l i s s t i l l being r e s i s t ed by the decaying 

clutch torque J i n i t i a l pod acce le ra t ion i s reduced^ These fac tors 

explain the i n i t i a l spread of tiie experimentally determined drop 

curves^ 

Al l comparisons show good agreement between predicted and 

ac tua l control rod drop time^ I t should be noted tha t only the f i r s t 

inA of rod drop a t the very most i s of immediate concern in scramming 

the r e a c t s . As Indicated by APAl Memo Wo, 97, the power leve l i s 

already ins ign i f i can t a f t e r a r M di»p of about 0^3 i n d i e s . 
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Since the reactor could never approach or i t loa l l ty # i i le the 

bottom eMs of the control rod racks were s t i l l inserted in the dash-

pots, tt.e very low acceleration ra te attendant with a scram at this 

rod position is of no concern^ 
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DROP TESTS 01 MODIFgP EftlJ^MMT 

1̂  Modified Control Rod Cap 

A special control rod cap was made^ having a 1 3/4 inch 

diameter opening in the top to permit axial exit with reduced 

flow restriction^ The expected effect of installing this cap 

was a sli^t increase in the rod acceleration at scram since 

there is less of a tendency for the ̂ ter contained by the rod 

to be trapped and accelerated at the same rate^ Steady hydraulic 

drag is unaffected since tiie decrease in core pressure drop is 

negligible. 

As the social cap was necessarily about 9 1/2 Ibs^ lifter 

than tfee original cap it replaced, a second special cap was ^de 

without an opening but with the same weight as the firsts A 

better comparison of drop tests was therefore possible to deter

mine the *̂ hole effect", 

A comparison of site test results using the special rod caps 

showed a significant increase in acceleration rate with the axial 

openings Howeverj both curves are contained by the deviation 

band of Fig^ 1, that for the closed cap being on the slower drop 

side of the band and that for the open cap being on the faster 

side« A more major variation of either special cap curve fraa 

the mean standard cap curve was not expected since the percent 

reduction in rod weight and in total flow restriction throu^ 

the rod is not very great. 
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2. Shroud Around Upper Portion of Rod 

Also investigated in the control rod drop tests was the 

possibility of binding of tt.e rods due to lateral flow of a e 

coolant in the upper plenum chamber^ a e arrangement of rods 

projecting up into t^is chamber is illustrated below: 

Top View of Reactor Vessel 

Flow resistance along path A-C is less than along path B-C# A 

pressure differential couM conceivably exist between areas A 

and B or C and B, causing a lateral thrust on the rods separating 

these areas sufficient to increase the friction and thereby reduce 

acceleration at scram® 

Accordingly J a cylindrical shroud was placed around the 

control rod grouping to eliminate lateral flow and make the flow 

resistance along tiie paths more equal* Drop tests were then con

ducted j bmi no detectable shroud effeet noted. 

Concurrently, tests were performed on the M*PR-1 air flow 

rig at A K O with two objectives^ Bie first was to determine by 

static pressure measurement if a significant thrust could exist® 
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The second objective was to determine the increase in primary 

pressure drop across the reactor vessel with a control rod shroud 

installed. 

For the tests, all r^s were raised to tte normal safety 

rod position since this is approximately the maximum wlthdrawl 

that will ever be used in normal reactor operation. Pressure 

readings taken in regions A and B (see preoeeding illustration) 

without tiie shroud showed negligible variations, thereby indicat

ing no significant lateral rod thrusts possible. Testing with 

the cylindrical shroud installed showed tlat its use would la-

crease the pressure drop a.cross the reactor vessel by only about 

ifo^ In terms of overall primary loop drop, this increase is 

only a few tenths of a percent. 
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