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I SUMMARY

A detailed analysis of hydraulic and mechanical forces
affecting control rod drop time has been made to determine & mathe-
aatical expression for rod position in terms of elapsed time after
initiation of a scram., The elapsed time analyzed in this report
is exclusive of the instrument delay and clutch decay intervals,

A comparison of predicted rod drop to actual field measure-
ment (Pigs., 1 and 2} shows good agreement both with and without

primary loop flow,



IT INTRODUCTION

During the initial design stage of the APPR-1, a calcu-
lation was made of the approximate control rod drop rate at scram.
The method used was necessarily "rough" since much of the detailed
infermation required for a more exact approach was not yet available,
Hydraulic drag forces were not considered for this reason and in
the belief that they would not be very significant in the design
contemplated. The predicted rod acceleration rate was 3/4 g.

Upon completion of initial designs for the control rod
and drive mechanisms, an experimental model and test rig were
assembled at ALCO. Drop acceleration rates with simulated primary
loop flow measured about 0.6 g.

Following these tests, the core orificing program employ-
ing full flow teiloring was adopted. Core pressure drop, and there-
fore hydraulic drag forces on the rods were greatly increased., The
final rod drive mechanism adopted has a greater angular moment of
inertis restraining rod drop, thus a further decrease in the rod
drop rate should be expected,

Upon completion of APPR-1 construction at Ft. Belvoir,
field tests were made of the actual control rod drop rstes. These
tests showed an acceleration rate of 0.4 g at scram with rated
primry loop flow., As this drop rate differs greatly from that
originally estimated, the purpose of this memo is to re-examine, in
the much greater detail now possible, the drop time to be expected

based on a thorough analytical study.
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It should be emphasized that the lower rod acceleration
rate of about 0.4 g is completely satisfactory for safe reactor
operation. APAE Memo No. 97 analyzes the effect of this reduced
acceleration on a startup accident, potentially the most dangerous.
The conclusion reached is that the reduced acceleration rate does
not constitute any significant increase in energy release, the
maximum release being far below that required to cause melting at

the fuel element center line.,



III FORCES AND MASSES AFFECTING DROP RATE

1.
2e

36

Where:

Weight of control rod

72 1b.

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

mined by the weight of the displaced water at operating

condi tions:

(72 1b metal)

(0,286 1b/in’metal)(0.0193 ££3/1b water) (1728 in3/rt3)= 7.6 1b

Bquivalent 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 eangular moment of inertia can be converted to an

equivalent mass to be accelerated linearly by the rod.

The

relationship is determined by the torque arm, in this case

the pitch radius of the pinion gear meshing with the rod

rack, and is calculated as shown below:
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Force at pinion piteh radius, 1b

Pinion gear pitech radius,

Angular moment of inertia,

Angular acceleration,
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% (Linear] rod acceleration, ft/sec2
= Equivalent weight, lbs,

Priction = The torque required to overcome the dynamic friction
of the rotating parts mentioned in section III-3 is estimated at
10 1b-in. Since the torque arm or pinion pitch radius is 1 in,
the equivalent friction force on the rod 1Scecoccocosscess.dl0 1lbe
Steady State hydraulic force - If a primary loop pump is in
operation, a viscous drag force will be exerted upward on each
rod by its internal amd external water flow. The magnitude of
this drag force is determined by the pressure drop along the
rod, ignoring effects of elevation change. The resulting drop
is due to flow alone., Including the elevation effect would
include the buoyance force of Section III=2, which is more

conveniently handled separately.

If flow velocities are moderate, as they are in the APPR-1 core,
pressure changes due to changes in velocity magnitude or direct-
ion are negligible. For a simple pipe, the flow forces are

determined as indicated below:

For steady state flow:

\\\ ///J/ 77 ) .2
Viscous drag = (P1-P2] 1Trédi

fa g
Pi ai do P2 L

¥
4 l// 7 Total flow force = (Py-P, _1T___d_oi_
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This 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 rod:

£
EZQZ!": P = Pressure in areas as indicated
e -] /:—')
2\\P 1 P, a,b,c,d,e,f = Areas of surfaces as indicated
/ 37
/ 7 Net upward flow force = Py{a £ c)] £ (Py-P3je
/ E # P3e <Pp(b £ d) =PLT
’ - : But a fcef :bfdse
’ 2 .0
id ,dg Net upward flow force = P3f & Poe = P3e #
-z - . =
—= $_ P, Pye = Poe P,f = (Pl"PL,.) ?
7
&

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 below:

B
:_'-'_ - - &, < 2.971>] Pressure drop
| FeTTT T K
1 : f S : {—T across core, neglecting
B |, [<2.786% ! |<,158 G | ;
N { Al'lL B \ | 2,981 elevation effects,
i ¢ ] }
e e o o wm e ) L ------- Jli is 1075 pSio
B I
0195

A - Control rod cross-=section
B - Stationary element cross-section
C = Bquivalent rod cross-section for the flow force

Steady state flow force = (1.75 psi)(2.971 in}(2.981 in} = 15,5 1lb.
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6, Transient hydraulic forces - Resisting rod motion are hydraulic
foreces which vary generally as the square of the rod veloeity.
These forces are determined by viscous drasg, stagnation pressure
build-up, etc. and are difficult to define analytically. In the
table below* sre indicated drag coefficients for circular eylinders,

which may be considered as resembling control rods:

% Ratio Cp
v2
0 l.12 Drag = 013(?2'@_') A
1 0.91
2 0,85
A 0.87
7 0.99
[23 ] [1.61.] Extrapolated

Circular Cylinders, axis parallel to flow, Reynolds No.>103
The increase in the drag coefficient between L/D ratios of L and
7 should be due only to the increased viscous drag corresponding
to the increased length of cylinder. A linear extrapolation
appears justified, yielding a coefficient of 1.64 for the L/D ratio

of 23 corresponding to control rod minus its racke.

* Rouse, Huater, "Elementary Mechanics of Fluids® p. 249, New York,

John Wiley and Sons, 1946,
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The effects of adding the rack, and especially that of confining
the rod to drop through the small clearance of the core passage,
would be an expected increase in the coefficient to a minimum of
2.0, Accordingly, this is the value used. Greater precision of
determination is not felt necessary since the additional influence
on control rod drop is very small compared with the effects of

the other restraining forces considered.
N
Transient drag force = Cp Py 63 A

= (2.0)(2.786 in)? v 2 = 087 v21p
2g (.0193 £t5/1b}(14h in</£t=)

Trapped water - Drop time of the rod amd restriction of flow are
considered to validate the assumption that the water contained by
the rod is essentially trapped and must be accelerated with the
rod, The corresponding water weight is therefore added to the

mass being accelerated but not to the accelerating force,

Weight of trapped water = 0.187 £t

0‘0193 ft37lb = 000000008 9.7 lb
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IV EQUATION OF ROD MOTION

F 2 Ma

L

v
Fp - TPy 72 s Mdt [with primary loop flow] (1)

#q. (1) is the basic differential equation defining the motion. In

this form it is non-linear, and is therefore manipulated algebraically

for easier solution:

it = M
av Fp = Fy V7
d v dx 1 Vab £ bx |
t = Mjif"ivv ; Ja-bxe © 2-155‘@‘15'5- z 7¢

where a >0, b > o
FfFv #F‘Vv

c e WL b e ! (2)

Boundary condition: When ¢t = 0, v = 0 :

M _ ' .. .
ox Fmlin 100) bo 4w

The solution for *t® in terms of "v" is then rewritten in tarus of
g: ", TIf the reduction of order method were not used, znd eq.(1l)
were written directly in terms of #s"™ the resulting non-linear

equation could not be manipulated so easily.

t = sz %VFfFv { Fy g-%
K iﬂr'?:: —
ds
1%7 Ff Fv £ Fy at = 2 FfFv t
das
vaFV- Fv'a'.E M
9=



£Fy v.aw 2 {F P, /M
vaFv - Fy %‘% T T

By algebraic rearrangements:

VFeF, (e*® 1)

F (e“" #1)

v
+
s = A/ff e™" at - at
Fy e>t {1 a=t F1
dx
ce

Since [ e%* ax - 1 ( ax> .
fm_x“ Y] £ b # ce ’ b

ds
at

en
L7

‘%'l ax
g5 In( bfce®%y
['&L L (€)=t + L g (e%ty, )]

[ ety gt e, ]

Boundary condition: when t 2 0, s = 0

0= %—m[,&,z -o%czj;czz—@nz

(24

The final solution for rod travel %sw vs, time #¢" is then:s

_ o 2F.F_ , ]/"‘
s.«-:ﬁ.v [A(e fmvt/M#l)nEfz t-/&-‘ZA](B}

M

w1 Qe



Symbols:
a - Acceleration of rod, ft/sec?
C = Constant of integration
Fp- Fixed force acting on rod, 1b
Fy- Variable force acting on rod, 1b/v?
M - Mass being accelerated, slugs
s = Travel of rod, £t
t - Elapsed time, sec,

V = Veloeity of rod, ft/sec,

™



V PREDICTED VS. ACTUAL ROD DRCP RATES

Control rod drop rate measurements were made at the site of
the APPR-1 both with and without & primary loop pump running. Only the
steady state drag force is considered to be affected by this change.

The substitution of numerical values for the variables in
eq., (3} of Section IV is as follows, with numerical subscripts re-

ferring to descriptive paragraphs in Section III:

e e k) B ]
M

Wy A Wa AWy o 720 £ 7,0 £ 9.7

M S = 2,76 slugs
g g
Ff = F = F F -F = 7200 = 7.6 = 1090 “’1505 = 38.9 lb
177274 775 with flow
Ff = Fl - Fz = FL" it 7290 = 7'06 = 1000 = 511'015 lb
without flow
Fy = TFg = 0,087 1lb-sec/ft

63 L3t 1) - 0,666 t - 0.69§J £t
with primary flow

0.788 t = 0,693 ¢
without primary flow
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As further check on the asnalytical approach used, the predicted drop
rete is compared with that measured in previous experiments with an
earlier model of the APPR-1 rod drive mechanism,

W3 = 5.3 1b., equivalent mass of rotating parts

F = 7.5 1b. equivalent friction force

Fg = 7.4 1b. steady state hydraulic drag

w] e
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lo54 €
31.0 E@n (@ ¢ 1) = 0,769 t - 00693] £t with f£low
31,0 [.Jén (@1"65 ¢ # 1) = 0.824 t = o°693] ft without flow

6}
g8

The previously derived equations of predicted drop distance
vs, elapsed time are compared graphically with actusl drop measure-
ments in Figs. 1 through 3 as follows:

Fig. 1 = With loop flow, Ft. Belvoir tests

Fig. 2 Without loop flow, Ft. Belvoir tests

8

Fig. 3 - With simulated loop flow, early model of drives.

]

Fig. 4 Without simulated loop flow, early model of drives.

Actual contrel rod motion is not initiated until the field
of the magnetic clutch has decayed sufficiently to permit slip. This
instent, taken as zero time in the graphs, is determined by visual
examination of deta from recording instruments, A reading error of
several milliseconds is therefore possible. Also, since the first few
milliseconds of rod travel is still being resisted by the decaying
clubtch torque, initial rod acceleration is reduced. These factors
explein the initial spread of the experimentally determined drop
eur ves,

All comparisons show good agreement betwsen predicted and
actual control rod drop time., It should be noted that only the first
inch of rod drop at the very most is of immediate concern in scramming
the reasctar. As indicated by APAE Memo No. 97, the power level is

already insignificant after a rod drop of about 0.3 inches,

13-



Since the reactor could never approach criticality while the
bottom ends of the control rod racks were still inserted in the dash-

pots, the very low acceleration rate attendant with a scram at this

rod position is of no concern.

~1lhe



VI DROP TESTS ON MODIFIED EQUIPMENT

l. 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 ecap
was a slight increase in the rod acceleration at scram since
there is less of a tendency for the water contained by the rod
to be trapped and accelerated at the same rate. Steady hydrauliec
drag is unaffected since the decresase in core pressure drop is
negligible,

As the special cap was necessarily about 9 1/2 lbs. lighter
than the original cap it replaced, a second special cap was made
without an opening but with the seme weight as the first. 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
opening. However, both curves are contained by the deviation
band of Fig. 1, that for the c¢losed 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 from
the mean standard cap curve was not expected since the percent
reduction in rod weight and in total flow restriction through

the rod is not wvery great,

=15=



2, Shroud Around Upper Portion of Rod

Also investigated in the control rod drop tests was the
possibility of binding of the rods due to lateral flow of the
coolant in the upper plenum chamber. The arrangement of rods

projecting up into this 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 could 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, a cylindrical shroud was placed around the
control rod grouping to eliminate lateral flow and make the flow
resistance along the paths more equal, Drop tests were then con-
ducted, but no detectable shroud effect noted.

Concurrently, tests were performed on the APPR-1 air flow
rig at ALCO with two objectives. The first was to determine by

stetic pressure measurement if a significant thrust could exist,.

w]lbe



The second objective was to determine the increasse in primary
pressure drop across the reactor vessel with a control red shroud
installed.

For the tests, all rols were raised to the normal safety
rod position since this is approximately the maximum withdrawl
that will ever be used in normal reactor operation. Pressure
readings taken in regions A and B (see preceeding illustration)
without the shroud showed negligible variations, thereby indicat-
ing no significant lateral rod thrusts possible., Testing with
the cylindrical shroud installed showed that its use would in-
crease the pressure drop across the reactor vessel by only about
1%, In terms of overall primary loop drop, this increase is

only a few tenths of a percent,

1T
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