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ABSTRACT 

Control of the exit t empera tu re of the coolant from each fuel channel of the 

Hallam Nuclear Power Faci l i ty reac tor is obtained by adjusting the coolant flow 

rate by means of a remotely operated variable orif ice. Two var iable orifices 

were designed and the hydraulic cha rac te r i s t i c s determined. Both orifice de­

signs util ized a tapered plug moving in and out of a r e s t r i c t ed flow passage at the 

upper end of the fuel channel. Data were obtained on p r e s s u r e drop vs flow rate 

at different orifice plug posit ions; all measurement were made using water , and 

data were converted to equivalent values for sodium. Ei ther type of orifice was 

capable of adjusting flow rate to match the power output of a fuel element at any 

location in the reac tor co re . The t empera tu re sensitivity (change in exit t emper ­

a ture per unit change in orifice plug position) of the f irs t type of orifice was low 

(10°F/ in . ) when used in combination with a centra l fuel element , and high 

(700°F/ in . ) when used with a pe r iphera l element . The t empera tu re sensit ivity 

of the second type was more uniform (varying from 90 ' 'F / in . to 250°F/ in . ). 

Consequently, the second type of orifice was selected for the HNPF. 
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I. INTRODUCTION 

T h e r m a l p e r f o r m a n c e of the c o r e of a n u c l e a r p o w e r r e a c t o r can be i m ­

p r o v e d by con t ro l l i ng the coo lan t flow r a t e in e a c h fuel channe l to ob ta in u n i f o r m 

exi t t e m p e r a t u r e s . To a c c o m p l i s h t h i s , the coo lan t flow r a t e t h r o u g h e a c h fuel 

channe l m u s t be p r o p o r t i o n a l to the p o w e r g e n e r a t e d by the fuel e l e m e n t in tha t 

p a r t i c u l a r c h a n n e l . F i x e d o r i f i c e p l a t e s can p r o v i d e the i m p e d a n c e for c o n t r o l 

of flow th rough e a c h fuel e l e m e n t ; h o w e v e r , f ixed o r i f i c e p l a t e s do not a l low for 

" i n - c o r e " t r i m to o v e r c o m e m i s m a t c h of flow r a t e and channe l p o w e r . To m a k e 

m i n o r a d j u s t m e n t s with such a s y s t e m , the r e a c t o r m u s t be shut down whi le the 

o r i f i c e p l a t e s a r e r e p l a c e d . A renao te ly o p e r a t e d v a r i a b l e o r i f i c e would p e r m i t 

a d j u s t m e n t of the i m p e d a n c e to flow wi th in the fuel c h a n n e l to be m a d e f r o m ou t ­

s ide the c o r e dur ing r e a c t o r o p e r a t i o n . The d e v e l o p m e n t of such a v a r i a b l e o r i -

five for u s e with the f i r s t c o r e loading in the H a l l a m N u c l e a r P o w e r F a c i l i t y is 

the ob jec t ive of the w o r k r e p o r t e d h e r e . 

The m o s t p r a c t i c a l l o c a t i o n for a v a r i a b l e o r i f i c e in the H N P F c o r e i s a t the 

exi t (top end) of e a c h fuel c h a n n e l . In th i s l oca t ion , the fuel e l e m e n t h a n g e r tube 

can be u t i l i z e d a s a s u p p o r t for the m e c h a n i c a l c o m p o n e n t s n e c e s s a r y to ad jus t 

the v a r i a b l e o r i f i c e . A t a p e r e d p lug , moving in and out of a c o n s t r i c t e d s e c t i o n 

at the exi t end of e a c h fuel channe l p r o c e s s t ube , can v a r y the flow i m p e d a n c e by 

changing the a n n u l a r flow a r e a . 

O r i g i n a l l y , a v a r i a b l e o r i f i c e which exh ib i t ed a l i n e a r change in flow r a t e vs 

plug p o s i t i o n (at a c o n s t a n t p r e s s u r e d r o p a c r o s s the r e a c t o r c o r e ) w a s c o n s i d e r e 

a s a t i s f a c t o r y d e s i g n o b j e c t i v e . Subsequen t ly , it becanae a p p a r e n t tha t u n d e s i r ­

ab ly l a r g e c h a n g e s in coo lan t exi t t e m p e r a t u r e could r e s u l t f r o m only a s m a l l 

change in plug p o s i t i o n o v e r s o m e r e g i o n s of plug t r a v e l , whi le in o t h e r r e g i o n s 

of plug t r a v e l a l a r g e change in plug p o s i t i o n could c a u s e v e r y l i t t l e change in 

coolan t exi t t e m p e r a t u r e . Th i s type of t e n a p e r a t u r e r e s p o n s e is not d e s i r a b l e 

f r o m an o p e r a t i o n s s t andpo in t . C o n s e q u e n t l y , the geonnet ry of the o r i f i c e w a s 

mod i f i ed to a conf igu ra t ion which would effect a m o r e u n i f o r m change in exi t 

t e m p e r a t u r e with change in plug p o s i t i o n . 

S i m u l t a n e o u s l y wi th the d e v e l o p m e n t of the o r i f i c e , c h a n g e s w e r e m a d e in 

the fuel e l e m e n t d e s i g n to i n c o r p o r a t e f indings f r o m exponen t i a l e x p e r i m e n t s , 

h y d r a u l i c t e s t s , and t r i a l f a b r i c a t i o n t e s t s on the fuel e l e m e n t . A c c o r d i n g l y , the 

o r i f i c e was a l t e r e d to c o m p e n s a t e for t hose c h a n g e s which in f luenced the flow 
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i m p e d a n c e . The p r i n c i p a l changes involved: (1) an i n c r e a s e in the ou t s ide d i ­

a m e t e r of the fuel rod c ladding f r o m 0.625 to 0.650 in . ; (2) a change in the d i s ­

connec t m e c h a n i s m which p e r m i t s the fuel e l e m e n t to be s e p a r a t e d f r o m the o r i -

five and uppe r h a n g e r plug; and (3) a d e c r e a s e in the p o w e r r a t i o ( r a t i o of p o w e r 

p r o d u c e d in a c e n t e r e l e m e n t to p o w e r p r o d u c e d in a p e r i p h e r a l e l e m e n t ) f r o m 

4.0 to 3.2. Th i s l a s t change r e s u l t e d in a d e c r e a s e in the m a x i m u m flow r a t e 

e x p e c t e d dur ing fu l l - power o p e r a t i o n f r o m 28 l b / s e c to 22.5 l b / s e c . In add i t ion , 

the fuel f r o m the c e n t r a l rod of the 1 9 - r o d r u e l e l e m e n t w a s r e m o v e d , but t h i s 

did not a l t e r the h y d r a u l i c c h a r a c t e r i s t i c s (the 1 8 - r o d e l e m e n t c o n s i s t s of 19 

tubes with the c e n t r a l tube e m p t y ) . C o n s e q u e n t l y , in th i s r e p o r t a l l fuel e l e m e n t s 

wil l be r e f e r r e d to a s 1 9 - r o d fuel e l e m e n t s . 

The a p p r o a c h fol lowed in developing the H N P F v a r i a b l e o r i f i c e was f i r s t to 

d e t e r m i n e a n a l y t i c a l l y the g e n e r a l conf igura t ion of the o r i f i ce s t r u c t u r e (viz; the 

t a p e r e d plug, p l a t e , and hole) and the i m m e d i a t e l y ad j acen t f l o w - s e c t i o n . Due 

to the i r r e g u l a r i t y of the flow in the v i c in i ty of the o r i f i c e , an a c c u r a t e a n a l y s i s 

was diff icult . An o r i f i c e , with the conf igura t ion i nd i ca t ed by a n a l y s i s , then w a s 

f a b r i c a t e d and e x p e r i m e n t s w e r e p e r f o r m e d to d e t e r m i n e the p r e c i s e g e o m e t r y 

r e q u i r e d to ob ta in the flow c o n t r o l d e s i r e d . Al l t e s t s w e r e p e r f o r m e d us ing 

w a t e r a s the t e s t f luid. As the 250-Mwt H N P F r e a c t o r wi l l be s o d i u m - c o o l e d , 

app l i ca t i on w a s m a d e of the p r i n c i p l e s of d i m e n s i o n a l s i m i l i t u d e to p e r m i t con­

v e r s i o n of the data ob ta ined with w a t e r to equ iva len t v a l u e s for s o d i u m . 
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I I . DESIGN OF VARIABLE ORIFICES 

The variable flow control orif ices a r e , in effect, valves whose inn^pedance to 

coolant flow can be adjusted remotely from outside the core during reac tor power 

operation. Each orifice consis ts of a tapered plug moving in and out of a con­

s t r ic ted section at the exit end of each fuel-channel p rocess tube. 

The plug is operated by a mechanical drive linkage extending upward through 

the hanger tube and top plug. This drive mechanism, is constructed to prevent 

neutron s t reaming through the mechanism itself, and it is sealed to prevent e s ­

cape of reac tor pool cover gas , 

A. VARIABLE ORIFICE I (UNIFORM CHANGE OF WEIGHT FLOW) 

The first var iable orifice (Figure 1) was designed to obtain a l inear change 

in flow rate vs orifice plug position, when attached to a 19-rod fuel element with 

PLUG 

'^^'V^f'^^-'-'-'-'^^''-'''^-'-'-'-
J J J J f f ^^jf ^ ^ ^ ^ ^ y 

MINIMUM ORIFICE DIA 

^ ^ = r 

V777> 

g^^jIBZ^ 

FLOW 

PLUG IN FULLY WITHDRAWN POSITION 

FLOATING GUIDE 

^y^yyyyyyyyyy. 

^^•rJ.'-'J.'^^.'.rJ.rj^^ g ^ - o - " 

PRESSURE 
TAP No. 2 

20 -1 /2 " 

FIXED GUIDE 

FLOW 

PLUG IN FULLY INSERTED POSITION 
PRESSURE 

TAP No. I 

Figure 1. Variable Orifice, Type-I 
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5.0 sq in . of fuel a r e a . A fami ly of c u r v e s r e l a t i n g o r i f i c e p r e s s u r e d r o p to flow 

r a t e for v a r i o u s o r i f i ce plug pos i t i ons was e s t a b l i s h e d , b a s e d on the r e q u i r e m e n t 

for a l i n e a r r e l a t i o n s h i p of flow r a t e and plug t r a v e l . The a n a l y s i s u t i l i z e d to 

d e t e r m i n e the d e s i g n of o r i f i c e which would a p p r o x i m a t e t h e s e c u r v e s was b a s e d 

upon the fact tha t the m a j o r p r e s s u r e l o s s e s t h rough the o r i f i c e w e r e e x p a n s i o n -

c o n t r a c t i o n l o s s e s . T h u s , an e x p r e s s i o n r e l a t i n g the p r e s s u r e l o s s t h rough a 

g e o m e t r y of v a r y i n g flow a r e a was u s e d a s the p r i m a r y r e l a t i o n s h i p for the a n a ­

ly t ic d e t e r m i n a t i o n of the o r i f i ce g e o m e t r y . This e x p r e s s i o n u t i l i z ed s t a n d a r d 

c o n t r a c t i o n - e x p a n s i o n l o s s coef f ic ien ts in an i n t e g r a t i v e m a n n e r a c r o s s the ac t i ve 

l eng th of the v a r i a b l e o r i f i c e . 

Dur ing fu l l - power o p e r a t i o n , the m a x i m u m p e r m i s s i b l e p r e s s u r e d rop a c r o s s 

the H N P F c o r e wil l be 17 p s i . At the t i m e tha t V a r i a b l e Or i f i ce I was d e s i g n e d , 

the flow r a t e of s o d i u m coolant e x p e c t e d was 28 l b / s e c p a s t a fuel e l e m e n t a t the 

c e n t e r of the c o r e , and 7 l b / s e c p a s t a fuel e l e m e n t at the p e r i p h e r y of the c o r e . 

The f i r s t s t ep in des ign ing V a r i a b l e Or i f ice I w a s to a s s u m e an o r i f i ce plug shape 

tha t would be r e l a t i v e l y e a s y to f a b r i c a t e ; n a m e l y , a con i ca l s h a p e . Next , the 

r e q u i r e d a n n u l a r space a r o u n d the plug w a s c o m p u t e d so tha t in the fully i n s e r t e d 

pos i t i on the o r i f i ce would c a u s e a p r e s s u r e d r o p of 17 p s i a t a flow r a t e of 

7 l b / s e c . Then c o m p u t a t i o n s w e r e m a d e to a s c e r t a i n tha t in the fully open p o s i ­

t ion the o r i f i ce would not c a u s e a p r e s s u r e d rop g r e a t e r than 3 p s i at a flow r a t e 

of 28 l b / s e c . The 3-psi l i m i t i s ob ta ined by s u b t r a c t i n g the p r e s s u r e d r o p of 

14 p s i e x p e c t e d a c r o s s the fuel e l e m e n t f r o m the m a x i m u m p e r m i s s i b l e v a l u e of 

17 p s i . 

The des ign thus evolved ( F i g u r e 1) was tha t of a c o n i c a l - s h a p e d plug moving 

t h rough a r e s t r i c t e d a r e a of a s t r e a m l i n e d hou r g l a s s - s h a p e d c h a n n e l . The in le t 

d i a m e t e r of the channe l w a s 4.00 in . , and the exi t d ianne te r w a s 2.50 in . The 

o r i f i ce r e s t r i c t i o n a r e a w a s l o c a t e d about halfway a long the l eng th of the channe l , 

and the channe l d i a m e t e r at th i s point w a s 2.37 5 in . The l eng th of t r a v e l of the 

plug and the a x i a l l eng th of the con ica l con tour of the plug w e r e each 4 in . The 

m a x i m u m d i a m e t e r of the plug was at the t r a i l i n g edge (the " b a s e " of the c o n e ) . 

In i t i a l ly , th i s m a x i m u m d i a m e t e r w a s 2.345 in . ; l a t e r , the plug w a s m a c h i n e d 

down to a d i a m e t e r of 2.340 in. and then to 2.250 in. for the p u r p o s e of d e t e r ­

min ing the inf luence of the plug d i a m e t e r upon the p r e s s u r e d r o p vs flow c h a r a c ­

t e r i s t i c s . 
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B. VARIABLE ORIFICE II (UNIFORM CHANGE OF EXIT TEMPERATURE) 

The orifice will be adjusted so that the exit t empera tu re of the coolant from 

each channel is equal to the design exit t empera tu re of 945 °F . To avoid rapid or 

excessive changes in the exit t empera tu re of any channel during adjustment, it is 

des i rable that movement of the orifice plug resul t in moderate and uniform 

tempera tu re changes. The Type II orifice (Figure 2) in combination with a 19-rod 

fuel element with 5.2 sq in. of fuel a r ea was designed to obtain this des i red 

"sensi t ivi ty" (uniform change in coolant exit t empera tu re vs plug posit ion). 

PLUG IN FULLY WITHDRAWN POSITION 

PLUG IN FULLY INSERTED POSITION 

TYPE 

A 

B 

C 

D 

PLUG 
MAX. DIA 

ORIFICE PLATE 
MIN.DIA 

(in.) 

2.078 

2J078 

2.691 

2.078 

2.200 

2.200 

2.795 

2.200 

SKETCH 
CHANNEL DIA 

UPSTRM DNSTRM 
(in.) 

3500 

3.500 

3.500 

3.250 

3.250 

3.250 

3.250 

3.500 

Figure 2. Variable Orifice, Type-II 

To determine the Type II design, the same analytic procedure was used to 

determine p r e s s u r e drop and its relat ionship to geometry as for the Type I de­

sign. However, to satisfy the new design objectives, a relat ionship between 
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coolant exit t e m p e r a t u r e and fuel channe l coolant flow r a t e was n e c e s s a r i l y in­

c o r p o r a t e d into the a n a l y s i s , a s fo l lows . 

The s e n s i t i v i t y of the o r i f i c e , S, i s def ined a s 

w h e r e 

dt 
S =—° ^ dx 

t = sodiuna out le t t e m p e r a t u r e , °F , and 

X = plug pos i t i on , in . 

The out le t s o d i u m t e m p e r a t u r e can be e x p r e s s e d a s 

t = ^ + t . o w l 

w h e r e 

B = a function of the p o w e r g e n e r a t e d in the e l e m e n t , l b - ° F / s e c 

w - flow r a t e of s o d i u m p a s t the e l e m e n t , l b / s e c 

t. - in le t s o d i u m t e m p e r a t u r e , ° F . 

Di f fe ren t ia t ing th i s e x p r e s s i o n with r e s p e c t to x, the s e n s i t i v i t y b e c o m e s . 

„ - B dw 
^ " ~ T d̂ T • w 

As it i s d e s i r e d tha t the o r i f i c e p r o d u c e a u n i f o r m change in out le t t e m p e r a t u r e 

p e r unit change in o r i f i c e plug pos i t i on , S m u s t be a c o n s t a n t . Then , i n t e g r a t i n g 

the equa t ion above , the following r e l a t i o n be tween flow r a t e and plug p o s i t i o n i s 

ob ta ined . 

1 _ S , „ 
w B 

w h e r e C is the c o n s t a n t of i n t e g r a t i o n . Then, s ince the r a n g e of flow c o n t r o l d e ­

s i r e d i s 22.5 l b / s e c to 7 l b / s e c , and s ince the o r i f i c e plug t r a v e l h a s been f ixed 

at 4 in . , w = 22.5 a t x = 0 (or i f ice plug fully w i thd rawn) ; and w == 7 a t x = 4 ( o r i -
g 

fice plug fully i n s e r t e d ) . Subs t i tu t ing into the equa t ion above , -^ = 0.0246, and 

C = 0.0444, 
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o r 

^ 1 
^ " 0.0246X + 0.0444 ' 

This e x p r e s s i o n for w, the s o d i u m flow r a t e , i s t hen s u b s t i t u t e d into an e x p r e s ­

s ion r e l a t i n g p r e s s u r e d rop to w and to A (the flow a r e a of the o r i f i c e ) . The flow 

a r e a r e q u i r e d d e t e r m i n e s the shape of the o r i f i c e p lug . Af te r s u b s t i t u t i n g the 

flow a r e a A a s a funct ion of plug p o s i t i o n x, a c u r v e can be p r e p a r e d of s o d i u m 

flow r a t e v s o r i f i ce p lug p o s i t i o n at any c o n s t a n t p r e s s u r e d r o p ( e . g . , t he e x ­

p e c t e d c o r e p r e s s u r e d r o p ) . 

The Type II v a r i a b l e o r i f i c e ( F i g u r e 2), d e s i g n e d in the p r e c e d i n g m a n n e r , 

con t a in s a p a r a b a l o i d - s h a p e d plug mov ing t h r o u g h a r e s t r i c t e d flow a r e a in a 

hol low c y l i n d r i c a l l y s h a p e d c h a n n e l . The o r i f i c e r e s t r i c t i o n a r e a ( e s s e n t i a l l y an 

o r i f i c e p la te ) i s l o c a t e d about hal fway a long the l eng th of the c h a n n e l . The l eng th 

of t r a v e l of the plug i s 4 in . ; the a x i a l l eng th of the plug is a l s o 4 in . The Type II 

o r i f i ce was g r a d u a l l y mod i f i ed dur ing the c o u r s e of t e s t i ng so tha t , in a l l , four 

con f igu ra t ions of the Type II d e s i g n w e r e t e s t e d . P e r t i n e n t d i m e n s i o n s of t h e s e 

four con f igu ra t i ons a r e t a b u l a t e d be low. 

T A B L E I 

T Y P E II ORIFICE CONFIGURATIONS 

Orifice 
Type 

IIA 

IIB 

l i e 

IID 

Maximum Plug 
Diameter 

(in.) 
2.078 

2.078 

2.691 

2.078 

Minimum Orifice 
Plate Diameter 

(in.) 

2.200 

2.200 

2.795 

2.200 

Channel Diameter 

Upst ream 
(in.) 

3.500 

3.500 

3.500 

3.250 

Downstream 
(in.) 

3.250 

3.250 

3.250 

3.500 

In the Type IID o r i f i c e , it w a s n e c e s s a r y to r e v e r s e the u p s t r e a m and down­

s t r e a m d i m e n s i o n s b e c a u s e of a d e s i g n change in an ad j acen t d i s c o n n e c t m e c h a ­

n i s m which p e r m i t s s e p a r a t i o n of the fuel e l e m e n t . 
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III. TEST EQUIPMENT AND PROCEDURE 

A. TEST LOOP 

The apparatus used to make the p r e s s u r e - d r o p measurement s (shown sche­

matical ly in Figure 3) is comprised of two para l le l pipe loops attached to a cen­

trifugal pump which is capable of circulating 7 00 gpm of water with 200-ft total 

differential head. Valves in the sys tem permi t individual operation of the two 

para l le l loops, each of which contains a f low-metering section and a 24-ft v e r t i ­

cal section for placement of an experimental fuel element . An 18-kw immers ion 

heater installed in the inline wa te r - s to rage tank provides the neces sa ry heat for 

the sys tem. Mater ia ls of construction include p las t ic-coated carbon steel for the 

piping and tank, bronze for all valves, and Type 410 s ta inless s teel for the pump. 

BY-PASS LINE 

TEST SECTIONS 

THROTTLE 
VALVES 

ORIFICE METERS 

Figure 3. Flow Diagram of HNPF Hydraulic Loop 

Demineral ized water is c i rculated by the pump through a check valve and 

then into a manifold, from which it can be delivered to any combination of a by­

pass line and the two para l le l test loops by adjustment of globe va lves . The by­

pass line del ivers water discharged from the pump direct ly to the s torage tank. 

Water entering the test loops pas ses through a horizontal f low-metering section 

NAA-SR-5369 
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(conta in ing s t r a i g h t e n i n g v a n e s u p s t r e a m of a s h a r p - e d g e d o r i f i c e p l a t e ) , t h e n 

u p w a r d t h rough the v e r t i c a l t e s t s e c t i o n . F lowing t h r o u g h a ga te v a l v e , the 

w a t e r t r a v e l s into a r e t u r n d o w n c o m e r c o m m o n to the two v e r t i c a l t e s t s e c t i o n 

l e g s . The d o w n c o m e r l e a d s d i r e c t l y into the w a t e r - s t o r a g e t ank . 

B . INSTRUMENTATION 

Flow r a t e s in the t e s t s e c t i o n w e r e d e t e r m i n e d by m e a s u r i n g p r e s s u r e d r o p s 

a c r o s s an ASME s h a r p - e d g e d o r i f i c e p l a t e wi th m a n o m e t e r s connec ted to t aps in 

the o r i f i c e - p l a t e f l a n g e s . High flow r a t e s w e r e m e a s u r e d with e i t h e r m e r c u r y 
* o r a 2.95 sp g r f luid in a U- tube m a n o m e t e r . Low flow r a t e s w e r e m e a s u r e d 

with the 2.95 sp gr fluid in an inc l ined m a n o m e t e r . The f l o w m e t e r had been p r e ­

v i o u s l y c a l i b r a t e d a g a i n s t a c a l i b r a t e d o r i f i c e m e t e r and found to be a c c u r a t e 

wi th in one p e r c e n t . 

Or i f i ce p r e s s u r e d r o p s w e r e ob ta ined by u s e of U- tube m a n o m e t e r s , which 

i n d i c a t e d the d i f fe ren t i a l p r e s s u r e s be tween p i e z o m e t e r r i n g s a t t a c h e d to the 

v a r i a b l e o r i f i ce unde r t e s t . The ind ica t ing f luids u s e d w e r e m e r c u r y and 2.95 sp gr 

fluid, depending upon the m a g n i t u d e of the p r e s s u r e d r o p s being m e a s u r e d . 

A c i r c u l a r - s c a l e t e m p e r a t u r e i n d i c a t o r u t i l i z ing a d -c p o t e n t i o m e t e r c i r c u i t 

c a l i b r a t e d for an i r o n - c o n s t a n t a n t h e r m o c o u p l e in the 0 to 3 0 0 ° F r a n g e w a s u s e d 

to i nd ica t e s y s t e m t e m p e r a t u r e s . The r e p o r t e d i n d i c a t o r a c c u r a c y is ± 1/4% of 

full s c a l e . I r o n - c o n s t a n t a n t h e r m o c o u p l e s w e r e a t t a c h e d to the loop p ip ing and 

to the supply tank w a l l . T h e r m o c o u p l e s on loop piping m e a s u r e d the w a t e r 

t e m p e r a t u r e at the e n t r a n c e and exit of the t e s t s e c t i o n . 

B o u r d o n - t u b e gauges w e r e u s e d in the p u m p suc t ion , p u m p d i s c h a r g e , and in 

the t e s t - s e c t i o n exi t r e g i o n to i nd i ca t e t e s t - l o o p p r e s s u r e s . P r e s s u r e r e a d i n g s 

w e r e u s e d to m o n i t o r the cond i t ions in the loop but w e r e not u s e d in any c a l c u ­

l a t i o n s ; c o n s e q u e n t l y t h e s e g a u g e s w e r e not c a l i b r a t e d . 

C . TEST ORIFICES 

The v a r i a b l e o r i f i c e s w e r e f a b r i c a t e d out of Type 304 s t a i n l e s s s t e e l . 

F l a n g e s w e r e we lded to t h e i r e x t e r i o r to f ac i l i t a t e moun t ing the o r i f i c e n e a r the 

top end of one of the v e r t i c a l t e s t s e c t i o n s in the t e s t l oop . 

* M e r i a m No . 3 F lu id , m a n u f a c t u r e d by the M e r i a m I n s t r u m e n t Co . , C l e v e l a n d , 
Oh io . 
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Ori f ice plug pos i t i on was v a r i e d by an e x t e r n a l g e a r and pinion m e c h a n i s m 

which m e s h e d with a t h r e a d e d s e c t i o n on the top end of the r o d a t t a c h e d to the 

o r i f i ce p lug . Th i s rod was s e a l e d a g a i n s t w a t e r l e a k a g e with c o n c e n t r i c " O " 

r i n g s l o c a t e d in a bl ind f lange at the top of the t e s t s e c t i o n . The o r i f i c e plug 

could be locked a t any d e s i r e d pos i t i on , and loca t ion was d e t e r m i n e d on an e x ­

t e r n a l s c a l e o r i g i n a l l y indexed to a known o r i f i ce plug p o s i t i o n . 

D. TEST P R O C E D U R E 

P r i n c i p l e s of d i m e n s i o n a l s i m i l i t u d e w e r e app l i ed to p e r m i t d e t e r m i n a t i o n 

of fluid p r e s s u r e d r o p s for a s o d i u m s y s t e m f r o m n a e a s u r e m e n t s ob t a ined in a 

w a t e r s y s t e m . The dynamic s i m i l a r i t y r e q u i r e m e n t s which a s s u r e s i m i l a r i t y of 

flow p r o c e s s e s for the two s y s t e m s , w h e r e i n c o m p r e s s i b l e f luids a r e c o n s i d e r e d 

and s u r f a c e t e n s i o n and g r a v i t y f o r c e s can be n e g l e c t e d , a r e g e o m e t r i c a l s i m i ­

l a r i t y and Reynolds n u m b e r s i m i l a r i t y . T h e s e r e q u i r e m e n t s w e r e m e t e x p e r i ­

m e n t a l l y by employ ing f u l l - s c a l e m o d e l s of the v a r i a b l e o r i f i c e to p r o v i d e g e o ­

m e t r i c s i m i l a r i t y , and by ad jus t ing the w a t e r t e m p e r a t u r e and v e l o c i t y to p r o v i d e 

Reynolds n u m b e r s i m i l a r i t y to the s o d i u m s y s t e m . The a n n u l a r flow a r e a t h r o u g h 

the o r i f i c e , a t c o n s t a n t plug pos i t i on , i s in f luenced by t h e r m a l e x p a n s i o n . S ince 

the w a t e r t e m p e r a t u r e i s n e c e s s a r i l y l e s s than the sodiunn t e m p e r a t u r e , the 

w a t e r flow a r e a is l e s s than the a c t u a l flow a r e a with s o d i u m . So, to ob ta in 

equ iva len t flow a r e a s (hence equ iva len t h y d r a u l i c c h a r a c t e r i s t i c s ) the plug p o s i ­

t ion in w a t e r is m a d e s l igh t ly d i f fe ren t f r o m the plug p o s i t i o n in s o d i u m . The 

m a x i m u m d i f fe rence in plug p o s i t i o n s i n t r o d u c e d by t h e s e t h e r m a l effects i s 

1/32 i n . , which is neg l ig ib le c o m p a r e d to the 4 - i n . t o t a l plug t r a v e l . The 

t e m p e r a t u r e effect on m o d e l g e o m e t r y can t h e r e f o r e be n e g l e c t e d . 

W a t e r was h e a t e d to 170 °F to a p p r o a c h the k i n e m a t i c v i s c o s i t y of s o d i u m 

u n d e r c o r e exi t t e m p e r a t u r e cond i t ions (945°F) . (The p u r p o s e of hea t ing the 

w a t e r was to al low s i m u l a t i o n of Reyno lds n u m b e r s with l o w e r w a t e r - f l o w r a t e s 

than would be r e q u i r e d if cold w a t e r w e r e u s e d . ) The o r i f i c e plug pos i t i on w a s 

v a r i e d o v e r the full 4 - i n . t r a v e l , and w a t e r flow r a t e s w e r e v a r i e d be tween 

2.67 l b / s e c and 44 l b / s e c to p r o v i d e the r a n g e in Reynolds n u m b e r s equa l to tha t 

e x p e c t e d in the H N P F r e a c t o r at d i f fe ren t p o w e r l e v e l s . M e a s u r e m e n t s w e r e 

t aken of a m b i e n t t e m p e r a t u r e , w a t e r t e m p e r a t u r e , and the p r e s s u r e d r o p s a c r o s s 

both the v a r i a b l e o r i f i c e and the flow m e t e r i n g o r i f i c e . S y s t e m p r e s s u r e w a s 

m a i n t a i n e d at a l e v e l h igh enough to p r e v e n t cav i t a t i on in the t e s t s e c t i o n by a d ­

j u s t m e n t of a c o n t r o l va lve p o s i t i o n e d d o w n s t r e a m of the v a r i a b l e o r i f i c e . 
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P r e s s u r e d r o p s a c r o s s the v a r i a b l e o r i f i c e w e r e m e a s u r e d by a d i f f e ren t i a l 

m a n o m e t e r connec t ed a c r o s s the o r i f i c e at two pipe d i a m e t e r s u p s t r e a m and five 

p ipe d i a m e t e r s d o w n s t r e a m of the o r i f i ce a r e a . The i n s ide d i a m e t e r of the flow 

channe l at the u p s t r e a m p r e s s u r e tap w a s 4.2 in; at the d o w n s t r e a m t a p , 2.5 in . 

(The v e l o c i t y d i f f e rence r e s u l t i n g f r o m th i s cond i t ion was t aken into a c c o u n t in 

comput ing the a c t u a l p r e s s u r e l o s s . ) 

T h r e e s e r i e s of t e s t s w e r e p e r f o r m e d with the Type I v a r i a b l e o r i f i c e ( F i g ­

u r e 1) m o u n t e d in the loop . T h r e e d i f fe ren t plug d i a m e t e r s ( m a x i m u m of 2 .250, 

2 .340, and 2.345 in. ) w e r e t e s t e d ; the m i n i m u m o r i f i ce channe l d i a m e t e r was r e ­

t a i n e d c o n s t a n t a t 2.375 in . for a l l t h r e e plug d i a m e t e r s . As a f inal t e s t , the 
2 

v a r i a b l e o r i f i c e with a plug d i a m e t e r of 2.340 in. w a s a t t a c h e d to the 5.0 in. 

1 9 - r o d e l e m e n t ; and the p r e s s u r e d r o p s w e r e m e a s u r e d a c r o s s the e n t i r e a s ­

s e m b l y and a c r o s s the fuel e l e m e n t . 

F o u r con f igu ra t i ons of the Type II v a r i a b l e o r i f i c e ( F i g u r e 2) w e r e t e s t e d . 

P r e s s u r e d rop m e a s u r e m e n t s w e r e ob ta ined a t v a r i o u s flow r a t e s with the o r i ­

f ice plug in the fol lowing p o s i t i o n s : fully w i t h d r a w n , i n s e r t e d 1 i n . , 2 i n . , 3 i n . , 

and 4 in . (fully i n s e r t e d ) . As a f inal t e s t , e a c h Type II o r i f i c e was a t t a c h e d to 
2 

the 5.2 in . 1 9 - r o d e l e m e n t ; and the p r e s s u r e d r o p was m e a s u r e d a c r o s s the 

e n t i r e a s s e m b l y and a c r o s s the fuel e l e m e n t . 
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IV. TEST RESULTS 

A. VARIABLE ORIFICE - T Y P E I (UNIFORM CHANGE O F WEIGHT FLOW) 

The Type I o r i f i ce w a s d e s i g n e d to effect a s m o o t h , e s s e n t i a l l y u n i f o r m 

change of flow r a t e with r e s p e c t to plug m o v e m e n t o v e r a 4 - i n . t r a v e l . Da ta w e r e 

ob ta ined for Type I o r i f i c e s with t h r e e d i f fe ren t c l e a r a n c e s be tween the plug and 

the c o n s t r i c t e d s ec t i on ( m i n i m u m d i a m e t e r of 2.375 in. ) t h r o u g h which the plug 

m o v e s . F i g u r e 4 is a plot of p r e s s u r e l o s s vs flow r a t e of s o d i u m for o r i f i c e plug 

d i a m e t e r s of 2 .345, 2 .340, and 2.250 in. , r e s u l t i n g in m i n i m u m d i a m e t r i c a l 

c l e a r a n c e s be tween o r i f i c e plug and o r i f i c e channe l of 0.030, 0 .035, and 0.125 in. 

In the fully open pos i t i on , the change in plug d i a m e t e r h a s a neg l ig ib le effect , and 

da ta po in t s for the t h r e e plug s i z e s a l l fal l on one c u r v e ; a t a flow r a t e of 28 l b / s e c , 

the p r e s s u r e l o s s i s we l l below the u p p e r l i m i t of 3 p s i . In the f u l l y - c l o s e d p o s i ­

t ion , the change in plug d i a m e t e r does have a s ign i f ican t effect; the p r e s s u r e l o s s 

at any given flow r a t e d e c r e a s e s a s the d i a m e t r i c a l c l e a r a n c e i s i n c r e a s e d . At a 

flow r a t e of 7 l b / s e c and with a d i a m e t r i c a l c l e a r a n c e of 0.125 in . (Type IC) , the 

p r e s s u r e l o s s is l e s s than the d e s i r e d va lue of 17 p s i ; h o w e v e r , at t h i s flow r a t e 

the o r i f i c e s with m i n i m u m d i a m e t r i c a l c l e a r a n c e s of 0.030 in. (Type lA) and 

0.035 in. (Type IB) did m e e t the p r e s s u r e - l o s s r e q u i r e m e n t . On the b a s i s of 

t h e s e t e s t s , the Type IB o r i f i ce with a c l e a r a n c e of 0.035 in. w a s s e l e c t e d for 

f u r t h e r s tudy b e c a u s e the p r e s s u r e d rop vs flow r a t e c h a r a c t e r i s t i c s c a m e c l o s e s t 

to the v a l u e s d e s i r e d . 

Data w e r e ob t a ined with the Type IB o r i f i c e by mov ing the plug to v a r i o u s 

p o s i t i o n s be tween fully w i t h d r a w n and fully i n s e r t e d , and a r e p lo t t ed in F i g u r e 5. 

T h e s e c u r v e s show that a t any g iven flow r a t e the p r e s s u r e l o s s i n c r e a s e s a s the 

o r i f i ce plug i s i n s e r t e d into the c o n s t r i c t e d r e g i o n . 

F i g u r e 6 i s a p lo t of the e x p e r i m e n t a l p r e s s u r e - l o s s da ta of the o r i f i c e a lone 

( f rom F i g u r e 5) added to the e x p e r i m e n t a l da ta ob ta ined with a 1 9 - r o d fuel e l e -
2 * 

m e n t with 5.0 in . of fuel a r e a . S a m p l e s of da ta f r o m s u b s e q u e n t t e s t s , p e r ­

f o r m e d with the v a r i a b l e o r i f i ce and fuel e l e m e n t in c o m b i n a t i o n , a r e shown a s 

po in t s on the p lo t s for the fully i n s e r t e d and fully w i t h d r a w n p o s i t i o n s . A s t h e s e 

s a m p l e po in t s ob ta ined f r o m e x p e r i m e n t a l da ta fall d i r e c t l y on the p r e d i c t e d 

c u r v e s , the va l id i ty of mak ing such an add i t ion i s v e r i f i e d . 
*Ref: N A A - S R - 4 3 8 5 , " H y d r a u l i c C h a r a c t e r i s t i c s of H N P F P r e l i m i n a r y D e s i g n 
F u e l E l e m e n t s , " page 18, by S. Suda r and D. R o s h . 
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FULLY INSERTED 
0.035 MIN.DIA CLEAR. 
(TYPE IB) 

I I I 

FULLY INSERTED 
0.125 MIN.DIA CLEAR. 
(TYPE IC) 

FULLY WITHDRAWN 
0.125 MIN.DIA CLEAR.(TYPE IC) 
0.035 MIN.DIA CLEAR.(TYPE IB) 
0 .030 MIN.DIA CLEAR. (TYPE I A) 

100 

SODIUM FLOW (lb/sec) 

Figure 4. P r e s s u r e Loss Across Type-I Variable Orifice with 
Various Diametra l Clearances 
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Figure 5. P r e s s u r e Loss Across Type-IB Variable Orifice 
at Different Plug Posi t ions 
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Figure 6. P r e s s u r e Loss Across HNPF Fuel Channel with 
Type-IB Variable Orifice 
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Figure 7. Sodium Flow Rate Through HNPF Fuel Channel with 
Type-IB Variable Orifice 
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It i s p l anned to o p e r a t e the fuel e l e m e n t a t the c e n t e r of the H N P F r e a c t o r 

c o r e wi th the o r i f i c e plug in the fully w i t h d r a w n p o s i t i o n , th i s p lug p o s i t i o n r e ­

su l t ing in the l o w e s t p o s s i b l e p r e s s u r e l o s s for any given flow r a t e . Dur ing 

f u l l - p o w e r o p e r a t i o n , the flow r a t e e x p e c t e d t h r o u g h a c e n t r a l c h a n n e l w a s 

28 l b / s e c . F i g u r e 6 shows tha t the p r e s s u r e l o s s , u s ing a Type IB o r i f i c e , would 

be 7.2 p s i at t h i s flow r a t e with the o r i f i c e plug fully w i t h d r a w n . 

F i g u r e 7 i s a c r o s s - p l o t of the da ta in F i g u r e 6 at a c o n s t a n t c o r e p r e s s u r e 

d rop of 7.2 p s i . E x a m i n a t i o n of the c u r v e in F i g u r e 7 i n d i c a t e s tha t the Type I 

o r i f i c e wi l l p e r m i t flow c o n t r o l o v e r the d e s i r e d r a n g e of 28 l b / s e c down to 

7 l b / s e c by i n s e r t i n g the plug a p p r o x i m a t e l y 3 - 1 / 2 in . Th i s c u r v e a l s o i n d i c a t e s 

a s m o o t h , e s s e n t i a l l y u n i f o r m change of flow r a t e with r e s p e c t to plug p o s i t i o n 

o v e r the e n t i r e 4 - i n . t r a v e r s e of the p lug . 

F i g u r e 8 w a s p lo t t ed to d e t e r m i n e the r e l a t i o n s h i p be tween the exi t t e m p e r ­

a t u r e of the coolan t and o r i f i c e plug p o s i t i o n a t a c o n s t a n t r e a c t o r p o w e r l e v e l . 

C u r v e s a r e p l o t t e d for fuel e l e m e n t s p o s i t i o n e d a t t he c e n t e r of the c o r e (ex­

p o s e d to m a x i m u m flux) and a t the p e r i p h e r y of the c o r e ( exposed to m i n i m u m 

flux); c u r v e s for fuel e l e m e n t s p o s i t i o n e d a t i n t e r m e d i a t e l o c a t i o n s in the c o r e 

wil l fall be tween the two c u r v e s shown in F i g u r e 8. The c u r v e s a r e b a s e d upon 

the p r e v i o u s l y g iven r e l a t i o n s h i p 

t = ^ + t . 
o w 1 

w h e r e the in le t t e m p e r a t u r e , t . , i s 607 ° F , and the c o n s t a n t B , i n u n i t s of l b - ° F / s e c , 

i s 9464 for a c e n t r a l channe l and 2366 for a p e r i p h e r a l c h a n n e l . (Values of B w e r e 

ob t a ined by subs t i t u t i ng the d e s i r e d ou t le t t e m p e r a t u r e , t = 945 ° F , and the c e n t e r 

and p e r i p h e r a l channe l flow r a t e of 28 and 7 l b / s e c , in the above e q u a t i o n . ) It 

m a y be s e e n f r o m F i g u r e 8, tha t if an ou t le t t e m p e r a t u r e of 945 °F is d e s i r e d , 

the o r i f i c e plug should be fully w i t h d r a w n in a c e n t r a l channe l and i n s e r t e d a p ­

p r o x i m a t e l y 3 - 1 / 2 in . for a p e r i p h e r a l c h a n n e l . Under t h e s e cond i t i ons , u n d e ­

s i r a b l y l a r g e t e m p e r a t u r e e x c u r s i o n s could r e s u l t du r ing s m a l l o r i f i c e a d j u s t ­

m e n t s for a p e r i p h e r a l c h a n n e l u n l e s s g r e a t c a r e w a s e x e r c i s e d . 

If the d e s i g n t e m p e r a t u r e r i s e a c r o s s the c o r e e x i s t s a c r o s s a p a r t i c u l a r 

channe l , i . e . , if the o r i f i c e i s a d j u s t e d p r o p e r l y , t h e n 
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t = — + t. = 338 + 607 = 9 4 5 ° F . 
o w 1 

subs t i t u t i ng B / w = 338 in the equa t ion for s e n s i t i v i t y . 

„ - B dw J 
S = —T- —,— , a n d 2 dx ' w 

the following equa t ion i s ob ta ined , 

g ^ - 3 3 8 dw 
w dx 

Then , u s ing th i s equa t ion and F i g u r e 7, the s e n s i t i v i t y of the o r i f i c e a t full p o w e r 

w a s d e t e r m i n e d a s a funct ion of flow r a t e o r of plug pos i t i on , and t h e r e f o r e a s a 

funct ion of c o o l a n t - c h a n n e l p o s i t i o n in the c o r e , w h e r e the ou t le t s o d i u m t e m p e r ­

a t u r e i s 945 °F for a l l c h a n n e l s . Th i s r e l a t i o n s h i p i s p lo t t ed in F i g u r e 9; it m a y 

be s een tha t the o r i f i ce exh ib i t s an u n d e s i r a b l y l a r g e t e m p e r a t u r e s e n s i t i v i t y for 

fuel c h a n n e l s n e a r the p e r i p h e r y of the c o r e . 

Al though the Type I o r i f i c e did have a s m o o t h , e s s e n t i a l l y u n i f o r m change in 

flow r a t e with r e s p e c t to plug p o s i t i o n , i t s e x t r e m e t e n n p e r a t u r e s e n s i t i v i t y w a s 

an u n d e s i r a b l e c h a r a c t e r i s t i c . F u r t h e r effort w a s then d i r e c t e d t o w a r d a n i m ­

p r o v e d o r i f i c e which would not exhib i t such an e x t r e m e s e n s i t i v i t y . 

B . VARIABLE ORIFICE - T Y P E II (UNIFORM CHANGE OF EXIT 
T E M P E R A T U R E ) 

The Type II o r i f i c e w a s d e s i g n e d to give a uniforna r a t e of coo lan t exi t t e m p e r 

a t u r e change with r e s p e c t to change in plug p o s i t i o n in any p a r t of the 4 - i n . plug 

t r a v e l , a s c o n t r a s t e d with the Type I o r i f i ce w h e r e a 1-in. change in plug p o s i t i o n 

could r e s u l t in a change in exi t t e m p e r a t u r e v a r y i n g f r o m 10 to 900 ° F . 

Data w e r e ob ta ined for Type II o r i f i c e s wi th four d i f fe ren t g e o m e t r i e s of the 

plug and c o n s t r i c t e d s e c t i o n t h r o u g h which the plug m o v e s . F i g u r e 10 shows the 

v a r i a t i o n of p r e s s u r e l o s s with flow r a t e for v a r i o u s plug p o s i t i o n s in o r i f i c e s of 

the d i f fe ren t c o n f i g u r a t i o n s . The s lope of t h e s e c u r v e s for the fully open p o s i t i o n 

i s a p p r o x i m a t e l y 1.8 wh ich i n d i c a t e s tha t the e x p a n s i o n and c o n t r a c t i o n l o s s e s in 

N A A - S R - 5 3 6 9 
19 



1500 

1300 — 

1100 

900 
o 

>-

> 700 

C/) 

UJ 

500 

300 

100 

to = 945«' F 

AP = 7.2 psi 

0 1 2 3 4 
WITHDRAWN INSERTED 

ORIFICE PLUG POSITION (in.) 

F i g u r e 9- T e m p e r a t u r e Sens i t i v i t y of T y p e - I B 
V a r i a b l e Or i f i ce 
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m a j o r effect i s t ha t of c o n t r a c t i o n and e x p a n s i o n in the c o n s t r i c t e d s e c t i o n . 

Tab le II i s b a s e d upon da ta f r o m F i g u r e 10 and c o m p a r e s the p r e s s u r e d rop 

a c r o s s the four o r i f i c e s for flow r a t e s equ iva len t to c e n t e r channe l and p e r i p h e r a l 

channe l flow r a t e s du r ing f u l l - p o w e r o p e r a t i o n . 
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TABLE II 

PRESSURE DROPS ACROSS TYPE II ORIFICES DURING 
FULL-POWER OPERATION 

Plug 
Posi t ion 

Fully 
Withdrawn 

Fully 
Inser ted 

Flow Rate 
( lb/sec) 

22.5 
center channel 

7.0 
per iphera l channel 

Orifice P r e s s u r e Drop 

n A HB IIC IID 
(psi) 

5.8 

18.5 

2.6 

12.0 

2.75 

12.0 

4.3 

15.0 

These values indicate that the p r e s s u r e loss at any given flow ra te is s imi la r 

for the Type IIB and IIC, slightly higher for the IID, and much higher for the IIA 

orif ice. 

Figure 11 is a plot of p r e s s u r e drop vs_ orifice plug position for Type II o r i -
2 

fice attached to a 19-rod 5.2 in. fuel element. Points were obtained by adding 

p r e s s u r e - d r o p data for the orifice alone (Figure 10) to the exper imental pre s s u r e -
« 

drop data for the fuel element alone. 

Table III compares the p r e s s u r e drop a c r o s s the four Type II orifice con­

figurations attached to fuel e lements , for flow ra tes equivalent to center channel 

and per iphera l channel flow ra tes at full r eac to r power. 

TABLE III 

PRESSURE LOSSES ACROSS TYPE II ORIFICES ATTACHED TO 
FUEL ELEMENT DURING FULL-POWER OPERATION 

Plug 
Posi t ion 

Fully 
Withdrawn 

Fully 
Inser ted 

Flow Rate 
( lb/sec) 

22.5 
center channel 

7.0 
per iphera l channel 

Element-Orif ice P r e s s u r e Loss 

IIA IIB IIC IID 
(psi) 

12.5 

19.2 

9.2 

13.0 

9.4 

13.0 

10.9 

16.0 

*Ref: NAA-SR-5340, "Hydraulic Charac te r i s t i c s of HNPF 19-rod Fuel Elements," 
page 15, by J . A. Hagel. 
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The element-orif ice combinations exhibit the same general behavior for the dif­

ferent or i f ices , as do the orifices without a fuel element at tached. 

Figure 12 is a c ross -p lo t of the data in Figure 9 at constant core p r e s s u r e 

drops determined by the p r e s s u r e loss through the orifice-fuel element combi­

nation at the expected maximum flow rate of 22.5 l b / s e c . 

These curves a r e concave upwards, in contras t to the concave downward 

curves shown in Figure 7 for the Type I orif ice. The concave downward curves 

resul t in a sensitivity which inc reases in value as the plug is inser ted; the con­

cave upward curves resul t in a more uniform value of sensit ivity, because as 

the plug is inser ted (1/w increases) the value of dw/dx d e c r e a s e s . 

As indicated previously, if the orifice is adjusted proper ly , the sensit ivity 

of the orifice can be expressed as 

-338 dw 
w dx 

Using this equation and Figure 12, the sensitivity of the orifice at full power can 

be deternained as a function of flow ra te ; and, therefore , as a function of position 

in the core where the outlet t empera ture is 945°F for all channels (Figure 13). 

The curves for the Type II orifices in Figure 13 exhibit l e ss overal l var ia t ion 

than does the curve for the Type I orifice in Figure 9- In addition, the maximum 

sensitivity for the Type II orifice is well below the maximum value of 900°F/ in . 

for the Type I orif ice. 

Any of the f i rs t three Type II orifices would be acceptable for HNPF use 

from the standpoint of obtaining the neces sa ry flow control with sat isfactory 

sensitivity and without excessive p r e s s u r e l o s s e s . The Type II-B orifice offered 

the best combination of operating c h a r a c t e r i s t i c s . However, a design change in 

the fuel-elenaent disconnect mechanism resul ted in different ups t ream and down­

s t r eam d iamete r s , and necess i ta ted the design of the Type II-D orif ice. While 

the operating cha rac te r i s t i c s of the Type II-D orifice were not quite as good as 

the Type II-B orifice, the differences were not great enough to war ran t further 

effort at improvement . As the Type II-D orifice was the ultinaate selection for 

use in HNPF, the behavior of this par t icu la r orifice was further examined. 

Figure 14 shows the variat ion of exit t empera tu re with plug position, for a 

Type II-D orifice in ei ther a central or a per iphera l coolant channel, when the 
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reac tor is operating at full power. The curves for coolant channels at in te r ­

mediate positions in the reac tor core will fall between these two curves . As the 

orifice plug in a central channel is inser ted, the exit t empera tu re will increase 

from the des i red value of 945 °F (fully withdrawn) to 2000 °F (fully inser ted) . A 

per iphera l channel, on the other hand, normal ly should operate with the plug in­

ser ted approximately 3-1/4 in. If the orifice plug in a per iphera l channel is 

fully inser ted, the exit t empera ture will increase to 1040°F; as the plug is with­

drawn, the t empera ture will decrease to a minimum value (fully withdrawn) of 

720°F. 

The major par t of the orifice adjustment is to be performed at low reac tor 

power. For this analys is , the reac tor power is assumed to be 20% of full power 

when the orifices a r e initially adjusted. When the reac tor is operating at full 

power, t = 945 "F , and t. = 607 °F; and the flow rate in the center channel will 
' o ' 1 

be 22.5 l b / s e c . Then, since B = 7600 l b - ° F / s e c at full power in the center chan­

nel, B = 1520 l b - ° F / s e c at 20% reac tor power in the center channel. At 20% 

power, the flow through the center channel will be 22.5 x 0.20 or 4.5 l b / s e c if the 

design inlet and outlet t empera tu res a r e maintained. Following the same p r o ­

cedure as that outlined above for 100% power, the t empera tu re sensit ivity of the 

Type II-D orifice can be obtained as a function of plug position for 20% power. 

This information has been plotted in Figure 15, along with a s imi la r plot for full-

power operation from Figure 13. Comparison of the t empera tu re sensi t ivi t ies of 

the Type IID orifice at full-power and at 20% power shows lit t le difference in the 

t empera ture sensitivity at any given position in the core . In the above ana lys is , 

it was assumed that the total sodium flow through the core would be matched to 

the total reactor power; i . e . , at 20% power, the sodium flow rate would be 20%. 

A better procedure for adjusting the orifices would be to do the adjusting at 

20% power and 100% flow. Under these conditions, the orifices would be adjusted 

to give a t empera ture increase a c r o s s the core of 20% of the design value, or 

67.6 °F. A plot of the tenaperature sensitivity at 20% power and 100% flow as a 

function of plug position is included in Figure 15. At 100% flow and 20% power, 

it may be seen that the sensitivity is reduced by a factor of five over that ob­

tained at 100% flow and 100% power. After the orif ices have been adjusted to 

give the des i red t empera tu re inc rease , the power can then be ra i sed to 100% 

power, with l i t t le or no additional adjustment needed. 
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V. CONCLUSIONS 

Measurements of the hydraulic cha rac t e r i s t i c s of the f irs t type of var iable 

orifice, at tached to a 19-rod fuel element, resul ted in a curve of change of flow 

rate with orifice plug position that was concave downward. The t empera tu re 

sensitivity of this orifice was ext remely low (10°F/in.) when fully withdrawn and 

ext remely high (900 °F / in . ) when the plug was fully inser ted . The second type of 

variable orifice, attached to a 19-rod fuel element, was charac te r ized by a curve 

of change of flow rate with orifice plug position that was concave upward. The 

tempera ture sensit ivity of this orifice was reasonably uniform (90 to 240°F/ in . ) 

over the entire range of orifice plug t r ave l . A var iable orifice of the second 

type (Type IID) is suitable for use in the f irs t core loading of the HNPF. This 

orifice should permi t adequate control of the flow ra te , and should not cause ex­

cessive fluctuations of the coolant exit t empera tu re during t r imming adjustments . 
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