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SECTION' I

SUMMARY

An EVESR MKI prototype fuel bundle was fully instrumented and operated interm ittently for 
a 5-month period at the Pacific Gas and E lec tric  Company's Moss Landing Power Station. The 
vessel was operated up to 1000 psi with steam flows from 2000 to 26.600 lb h, and steam inlet 

' temperatures up to 825 F. Data was recorded for blowout, vibration, flow distribution, heat
transfer, and pressure drop, 

t
The mechanical integrity of the fuel bundle, riser, and jumper system was satisfactory and 

considered to be of adequate design. No significant vibrations were noted during the various 
phases of operation.

Average flow distribution in three of tne nine tubes showed an average variation of 5 percent 
from  equal distribution. The center and corner tubes were low and the side tube was high. M axi­
mum deviation, from an equal one. measured 12 percent.

Blowout of the flooded fuel bundle was accomplished with dry or significantly wet 1000 psia 
inlet steam. that steadied out to a minimum flow of 1250 lb h. Blowout times were estimated at 
less than a minute foi all flows above 1250 lb h . and times in the vicinity of 2000 lb h were 
estimated to be in the order of 5 to 15 seconds. Once the bundle was blown out a flow of 700 lb h 
was sufficient to keep the fuel passages clear. This was true even with steam estimated at 10 to 
20 percent wet.

t
Flows below 1250 lb h caused partial blowout. Usually the A tube blew out first and the B 

and C tubes gradually cleared as flow was increased. Loss of How then caused comparatively 
sudden flooding ranging from less than 2 to 3 seconds to several minutes for the different tubes 
within the bundle.

Once the bundle was blown out and the flow maintained at more than 700 lb h. not enough 
water accumulated - -  even with very wet steam - -  to cause sudden flooding of all tubes when 
flow7 was cut off. Suuder. flooding (i.c . , in less than 2 to 3 seconds) occurred only in some tubes 
within the bundle, while others required times in the order of minutes to flood completely.

Heat transfer across the riser steam gap was found to be 12 to 30 times that calculated for a 
stagnant stearn annulus. These results are consistent with estimates of increased heat transfer 
due to w ire wrapping in the annulus and steam circulation. Radial wall temperature drops, at the 
top and bottom of the r is e r , varied from 10 to 30 E.

4
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P r e s s u r e  drop data and c u rv e s  are  presented for  various segments of the fuel bundle and 
r i s e r  sys tem .  Total p r e s s u r e  drop was about 20 percen t  higher than e s t im a ted  for saturated s team  
and was found to vary with the second power of the m a s s  flow, indicating the strong effect of the 
expansion,  contraction, and tu rn  losses.
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SECTION n

INTRODUCTION

*

4

9

4

To support the design of the EVESR nuclear superheater fuel bundle and ju m p e rs  it was de­
cided to perform  proof tes ts  (out-of-pile) on a prototype M ark I fuel bundle. To proof test these 
components adequately, it was n e c e ssa ry  to simulate test conditions as closely as possib le  to 
reactor operating conditions.

These te s ts  w ere  performed in a new test loop facility located  at the Pacific Gas and Electric 
Company's Moss Landing Power Plant, where an adequate supply of high p re s su re  superheated 
steam was available. This test loop w as designed by the G enera l E lectric  Co. and installed  by 
PG&E's General Construction personnel.

The purpose of this report is: a. ) to  descrilie the design and operation of the te s t  loop in­
stalled at Moss Landing Power Plant, b. ) to describe the fuel bundle design and fabrication  as 
well as the type of te s ts  performed, and c. ) to report the r e s u l t s  of the fuel bundle te s ts .

I

A com parison  of approximate EVESR fuel bundle opera ting  conditions and antic ipated  test
loop operating conditions are listed below.

Anticipated in Actual
EVESR Test Loop Maximum

1. Inlet Steam (Saturated)

P r e s s u r e ,  psia 1000 1000 1000*
T em pera tu re .  *F 540 545 to 600
Flow P a te ,  lb h 3000 to 7000 30. 000 Max 23.000

2. Inlet Steam (Superheat)

P r e s s u r e ,  psia None 1000* 1000*
T em p era tu re .  F None 950* 900
Flow R ate , lb h None 2000 Max. • 7400

3. Outlet Steam

P r e s s u r e ,  psia 950 900 980
T em p era tu re .  F 900 to 1000 540 to 600 900

4. Jum per Operating Tem perature . F 900 to 1000 540 to 950 900

•Superheat steam  flow through the prototype fuel bundle is in the opposite direction to that of the 
regular fuel bundle. This flow d irec tion  attempts to s im ula te  tem perature  g rad ien ts  in the jumper 
and r is e r .

2-1



GEAP-4560

EVESR
Anticipated in 

Test Loop
Actual

Maximum

5. Process Tube T em pera tu re .  F 540 to 650 540 to 600 900

6. Fuel Clad T em pera tu re .  F 540 to 1250 540 to 950

7. Jum per Length Fuel to ol
Outlet Pipe, inches

18-1 8 
20-3 4

20

32-5 16

2-2



G F A P -  4560

SECTION III

DESIGN AND DESCRIPTION O F  TEST EQUIPMENT

A. G e n e r a l  D esc r ip t ion  ol F u e l  Bundle (See F ig u r e  1. G. E. Drawing N u m b e r  104R651)

The EVESR Mark 1 ( a l l - w e l d e d  Typo 304 s t a i n l e s s  s t e e l  ( ( ins t ruct ion)  p ro to t y p e  fuel bundle 
is an i n t e g r a l  luel unit cons is t  mu <»l a t h r e e - b \  t h r e e  fuel  e lement  ( p r o c e s s  tu b e .  fuel rod.  and 
velocity b o o s t e r )  conf igura t ion ,  a r i s e r - d o w n c o m e r  s e c t i o n ,  and a coupling s e c t i o n  with a total 
o v e r - a l l  leng th  ol 19 feet .  5 i n c h e s .  This  luel bundle  w a s  fab r ica ted  at G e n e r a l  F l e c t n c ' s  A tomic  
Pow er  E q u ip m e n t  D epar tm en t .  San J o s e .  C a l i fo rn ia ,  to  gain  fab r ica t ion  e x p e r i e n c e  on the f a b r i ­
cat ion of t h e  f i r s t  c o re  fuel for  EVESR.

The  fuel ro d s  a r e  s u p p o r t e d  by an upper tube s h e e t  and  a r e  e n c lo sed  w i th in  s t a i n l e s s  stee* 
p r o c e s s  t u b e s  (weided to a  l o w e r  tube  sheet ) that p r e v e n t  tin1 m o d e ra to r  w a t e r  f ro m  mixing with 
cooling s t e a m .  Each ol the fuel  r o d s  was fi l led with a n n u l a r  s i l v e r  p e l l e t s  r a t h e r  than deple ted  
UOg p e l l e t s  o r  lead pe l le ts .  A p p ro x im a te ly  165 lbs of s i l v e r  were  u sed  in t h e  p ro to type  fuel 
bundle.  T h e  s e lec t ion  of s i l v e r  w a s  based  on the fo l lowing re a so n s :

1. UOn was  not u sed  in any l o r m  because  ol l i c e n s i n g  and s y s te m  c o n ta m in a t i o n  p ro b le m s .

3
2. S i l v e r  has a density  of 656 lb tl c o m p a r e d  t o  a UC^ density  (94 p e r c e n t  theo re t ic a l  

d e n s i t y )  of 649 lb ft^.

-  63. T h e  coeffic ient of t h e r m a l  expans ion  o! s i l v e r  (10. 9 • 10 ) is  s l ig h t ly  h igher  than s t a i n -
l e s s  s tee l  (10. 0 • 10" !. This  p ro p e r ty  would  preven t  fuel rod  o u t e r  c lad  wrinkl ing type  
f a i l u r e s  r e su l t in g  f r o m  e x t e r n a l  p r e s s u r e  lo a d in g  at e leva ted  p r e s s u r e .

4. T h e  melt ing  point of s i l v e r  is  1761 F. a s  c o m p a r e d  to the m e l t ing  poin t  of lead of a p p r o x ­
i m a t e l y  500 to 650 F.  which  was  adequate  f o r  ope ra t io n  ot the  te s t  loop up to 950 F.

5. T h e  net cost  of s i l v e r  m e t a l  was about S. 06 oz  which was  based  on an  init ial  cost  of 
$. 92 oz minus  a r e c o v e r y  cos t  of S. 06 oz (when r e tu r n e d  to the v e n d o r  for c redi t ) .

The p la n  u sed  in i n s t r u m e n t a t i o n  of the fuel bundle  w as  to highly i n s t r u m e n t  the th r e e  typ ica l  
types  of fue l  ro d s  [ iden t i f ied  a s  A. B. and C on F i g u r e  1 (Drawing N um ber  104R651)] ;  i. e. . the 
c o r n e r ,  s i d e ,  and c e n te r  tubes .  The  in s t ru m en ta t io n  u s e d  m the fuel bundle  i s  shown on the 
d raw in g s  a n d  s k e tc h e s  in the  a p p r o p r i a t e  following s e c t i o n s .

3-1
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B. D es ig n  and C o n s t r u c t io n  ui Tes t  Loop

T h e  o u t -o f -p i le  test  loop  is phys ica l ly  l o c a t e d  adjacent  to the s t e a m  sep a ra t io n  te s t  loop: 
both loops  a r e  at the  M o s s  Landing Steam P o w e r  P lan t  of the Pac i f ic  G a s  and E l e c t r i c  Co.
F i g u r e  2 shows the  e n t i r e  p ip ing  and vesse l  a r r a n g e m e n t .  S u p e r h e a t e d  s t e a m  at 1350 ps ig  a n d  
9 5 0 ' 'F .  and feedw a te r  at 2000  psig and 380 F.  a r e  ava i lab le  f rom  the  p o w e r  plant.

T h e  main  com ponen t s  of the test  loop a r e  sh o w n  on F ig u r e s  3 and 4 (G. E. Drawings  N u m b e r s  
198E267 and 198E297), a n d  c o n s i s t  of the  fo l lowing:

•

1. A Type 316 s t a i n l e s s  s tee l  v e s se l  12 i n c h e s  in d i a m e te r  by 24 feet  long, des igned  f o r  
a working o r e s s u r e  of 1070 psig at 950 F.  T h i s  ve sse l  ha s  a 6 - i n c h  pipe loop at i t s

r
lower  end to a l low  f o r  na tu ra l  c i r c u l a t i o n  of w a te r  past  the tu e l  bundle.

2. A Type 316 s t a i n l e s s  s tee i  t h e r m a l  n o z z l e ,  which s im u la te d  t h e  exit piping f rom  th e  
EVESR. The t h e r m a l  nozzle ,  c o m p le t e  with s t r a i n  gauges ,  w a s  o r ig ina l ly  d e s ig n e d  fo r  
a working p r e s s u r e  of 1000 psig  at 950 F .  but due to the s u b s t i t u t i o n  of a Type 316L  
r a t h e r  than a T y p e  316 s t a i n l e s s  s tee l  6 - i n c h  by 3- inch  r e d u c e r  dur ing  the f a b r i c a t i o n  
cycle ,  it was  n e c e s s a r y  to r e d u c e  the  r a t i n g  to 10C0 ps ig  at 725 F. This  r a t in g  r e d u c t i o n  
was  accep ted  by E n g i n e e r in g  b e cau se :

a. To r e w o r k  t h i s  t h e r m a l  nozzle  w ould  have d e s t r o y e d  a p p r o x i m a t e l y  12 s t r a i n  g a u g e s  
and would h a v e  de layed  the c o m p le t io n  of the test  loop s t a r t u p  by 1 to 2 m on ths  
b ecau se  of s t r a i n  gauge and Type 316 s t a i n l e s s  s tee l  r e d u c e r  p r o c u r e m e n t  p r o b l e m s .

%

b. The i n s t a l l a t i o n  of a t h e r m a l  l i n e r  i n s id e  the inlet to the t h e r m a l  nozzle would m a k e
it p o s s ib le  to  p a s s  s u p e r h e a t e d  s t e a m  up to 950 F without exceed ing  the r a t i n g  of the  f
nozzle ,  and

e. T h e r m o c o u p l e s  could be a t tached  to  t h r e e  points  on the 6 - in c h  by 3 - inch  r e d u c e r  to 
m on i to r  the  t e m p e r a t u r e  of th is  s e c t i o n .

NOTE T h i s  sec t ion  of the v e s s e l  can be coded at 1000 p s ig  at 950 F 
by r e p la c in g  the Type 3 1 6 L  s t a i n l e s s  s t e e l  w i th  a Type 316 
s t a i n l e s s  s tee l  r e d u c e r .

3. A 2 - 1 /4  p e r c e n t  c h r o m i u m  - 1 p e r c e n t  m o lybdenum  piping s y s t e m  for  the s t e a m  su p p ly  
to the vesse l .

4. A carbon  s tee l  p ip in g  s y s t e m  for  the s t e a m  d is c h a rg e  l ines  to  an  a tm o s p h e r i c  b lo w -d o w n  
tank.

3 - 2
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5. A s t a i n l e s s  s t e e l  F VFSR p ro to ty p e  h i d  channel  which s u p p o r t s  the  p ro to type  fuel  bundle.

6. A s t a i n l e s s  s t e e l  cha rne l  which s u p p o r t s  and pos i t ions  tin* pro to type  fuel c h a m i r l  

i A pi 'Hint |it. j u m p t  I .

8. A s t r u c t u r e  f o r  suppor t ing  the t e s t  loop i<qui|micnt. T h i s  s t r u c t u r e  has t h r ^ c  r a t  mu 
levels  above* g ro u n d  level which a r e  connec ted  by an o u t s i d e  sa fe tv -cage- ty |>e  l a d d e r  
Located on t h e  d i f ferent  levels  a r e  s e a l  pots and o th e r  t y p e s  in s t ru m e n ta t io n

9. I n s t r u m e n t a t i o n  cons is t ing  o f ' s e a l  p o t s ,  t h e rm o c o u p le s ,  p o r t a b l e  potent 10111* t e a s ,  and  
Brown r e c o r d e r ,  m a n o m e te r s ,  p r e s s u r e  g a u g e s . i n s t r u m e n t  tubing and va lve: .  Two 
60- inch  m a n o i n e t e r s .  w ere  b o r r o w e d  f ro m  the test  u ro t ip  lo ca ted  in BuiidiiiL. t i

C.  Th e rm o co u p le  and  P r e s s u r e  Tap Data

T h u  m ocouples  w e r e  1 8 inch OD s h e a t h e d  in 1 vpe 304 s t a i n l e s s  with Chrom  1 A lun ie l  w i r e s  
L o c a t io n  of the t h e r m o c o u p l e s  is shown on F i g u r e s  1 and 5

T1IKHMCK O T P L K  N IM BFR IN O  S< HF IHT.F

Number  tin 
F i n u r e s  1 and 4

B ro w n  R ec o rd e r  
P r i n t i n g  Number

Ident it n at ion 
N u m o e r L o c a t io n  and P u r p o s e

1 A. B. C 1 . 2. 3 1. 2. 3 Steam at to p  ol fuel bundle r i s e r

2 A. R. C 4. 5. 6 4. 5. 6 Steam at bo t tom  of n s*  r

3 16 16 Steam o r  w a t e r  at bottom ot fuel  bundle

4 8
0

4 Steam  in  o u t e r  plenum be tw een  r i s e r  
annulus  a n d  tuel downpass

5 A. B. C &. 10. 11 8.  9. 10 Lower o u t e r  r i s e r  Wall t e m p e r a t u r e

6 A. B. C 12. 12, 14 11. 12. 13 I 'ppe r  o u t e r  r i s e r  wall t e m p e r a t u r e

7 15 17 Steam at in le t  to r i s e r  annulus  dow npass

21 \ O ute r  wall  t e m p e r a t u r e  at s i d e - l e g  flange
22 /

j O u te r  w a l l  t e m p e r a t u r e  at t h e r m a l  nozzle  
( outlet

23 >
24 V

7

25 ) 15 Steam o r  w a t e r  at bottom of v e s s e l

3-11
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S K  HON IV

U F N F H A l O l i l K  riVKS AND f >F SCKIPTIO N OI TKSTS

The p r in c ip a l  o b ie c t iv e *  ot the  t r s *  p ro g ra m  .»r«* s u n im a r l/ .e d  beinu A d d it io n a l d e s c r ip tio n  

and d is c u s s io n  m a\ be found m  I ’m re le v a n t stihs« c t i o i i s  o |  S e tt  inn VI. M esuhs

a. M e ch a n ic a l In te g r i ty

G enera l adequacy o! tin M K  I fu e l fnmdie f ro m  a p r e s s u r e  t h e m a l  c y c l in g .  and te m p e ra tu re  

s tandpo in t \y ith  a •fes true tiv* e x a m in a t io n  it com pon en ts  tollou 114? the tes ts .

E v a lu a t io n  ot des ign of tum pe i m a te r ia ls  and ease ot a s s e m t i lv  and disass# m b lv  a f te r  h igh- 

t e m p e ra tu r e  ope ra t  101*.

b. B 1 iwoul

F low s  and t im e s  fo r  c le a r in g  and m a in ta in in g  bundle t r e e  of w a fe r 

C. F low  D is t r ib u t io n  among the niti< tubes c o m p r is in g  the  bundle .

d. Heat T r a n s f e r  ra te s  between hot s te a m  in tin r i s e r  tu fte  and the c o o le r  s team  in th#' ini«*t

annulus

e. P re s s u re  D ro p  ot the e n t i r e  s y s te m

4-1 4-2
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SECTION V

h LOW DATA RFDI C'TION

O r i f i c e  p l a t e s .  0. 710 and 2. 450 inches  thick,  w e r e  u s e d  in the v e r t i . a l l y - o r i e n t e d  flange. 
M e r c u ry ,  a n d  M e r r i a m  Blue and Red  o i l s  (nominal s p e c i f i c  g rav i ty  of i . 7 5  and  2 .9 5 .  r e s p e c t iv e ly )  
w ere  u sed  in a h i g h - p r e s s u r e  6 0 - m c h  m a n o m e te r  La th e  flow r a n g e s  c o v e r e d

The b a s i c  equat ion r e c o m m e n d e d  l»v the ASMF F lu i d  M e te r s '*  was u s e d  to  c a lc u la t e  m a c s  
flow, in the  v e r t i c a l  o r i f ice  F2 i n s t a l l a t i o n  sliovui on F i g u r e s  » and 2, to r  al l ol the  runs .  The 
(•quatioti u s e d  fo r  runs  through M .n  2J .  1962. was

W 45. 47 V K f 2 1
i >

1
. i

- 2 . 38 ( 1 )

N o m e n c la tu r e  is  as follows 

W lb h. m a s s  flov.

V F x p a n s io n  fac to r ,  r e f e r e n c e  1;

K O r i f i c e  coef fic ient,  r e f e r e n c e  1:

1) I n c h e s .  ID >i o r i f i ce  at 75 » o

T F ,  s t e a m  t e m p e r a t u r e  at o r i t u u  ;

3
v ft '  If), s t e a m  at o r i l i v e  T e m p e r a !  a re  T . and P r e s s u r e  P^;

M I n c h e s ,  m a n o m e te r  l e a d i n g :

3
/) j lb ft . w a te r  dens ity at r o o m  t e m p e r a t u r e  and P ^ :

,i>2 g m s  cc .  densi ty  of m a n o m e t e r  fluid, and w a te i  r e s p e c t iv e ly ,  at r o o m  t e m p e r a t u r e  and 
p r e s s u r e ;  and

NOTE The spet ifu  g r a v i t \  ■>! tin m a n o m e t e r  fluid was r e a d  f r o m  r e l e r e m  e 2 
at room  t e m p e r a t u r e  and p r e s s u r e  and  the a s su m p t io n  w as  made that 
c o m p r e s s i b i l i t i e s  of fluid and w a t e r  w e r e  about tne s a m e .

3
p|  lb ft . s a tu r a te d  w a te r  at P^ o r  I ^ q

5-1
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The 2 38- inch  d i m e n s i o n  m Equation ( l i  is  a vor t ica l  w a te r  let; c o r r e c t io n  m a in t a in e d  until 
May 23, 1962. The o r i f i c e  lei’s were  r e a d j u s t e d  on that date  a n d  a new d im ens ion .  2. 50  inches ,  
w as  main ta ined  t h e r e a f t e r .

Thus,  a f t e r  May 23. 1962. Equat ion (2; below was used  fo r  c a lc u l a t i o n  of flow

W 45.47  Y K D  2 1 4 20 (T - 7 5 1 1 . M " ! - 1 1o 6 sL i o °  J • "  \ _ " 2
-2. 50 (p j -  v) (2>

F ig u r e s  6 and 7 w e r e  made up for q u i c k  e s t im a t io n  of the  flow, with the va r io u s  o r i f i c e s  and 
m a n o m e t e r  f lu ids.  d u r in g  opera tion.  The c h a r t s  a r e  quite  a ccu i  a t e  if used ca re fu l ly  W(P*)  on 
F ig u r e  6 is  the s a t u r a t e d  flow for the o r i f i c e s  and m a n o m e te r  r e  id .n g s  shown, with Y a s s u m e d  as 
1 which was within 1 2 pe rcen t  for the r u n s  m ade .  The 1.000-psi c u n *  on F ig u r e  7 is  t h e n  e n te r ed  
at  the Cp _ .  for the  a c tu a l  t e m p e r a t u r e  at the  o r i f i c e ,  to obta in  a c o r r e c t i o n  fac to r .  F Then 
ac tua l  flow at c o n d i t io n s

(31

C u rv es ,  s i m i l a r  to  F ig u r e  6 . but fo r  o t h e r  opera t ing  p r e s s u r e s ,  w e re  availab le .  T h e s e ,  
t o g e th e r  with F i g u r e  7. with in te rpo la t ion  at odd p r e s s u r e s  a s  n e c e s s a r y ,  provided  a d e q u a te  s e t ­
t ing  o r  e s t i m a t e s  of t h e  flow ra t e s .

P r o p e r t i e s  of s t e a m ,  except t h e r m a l  conduct iv i ty ,  and w a t e r  w e r e  taken from r e f e r e n c e  3. 
T h e r m a l  conduct iv ity  oi s t e a m  was taken f r o m  the data  of r e f e r e n c e  4.

5 -2
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SECTION VI

RESULTS AND DISCUSSIONS

A. Summary of Runs

Table I is a sum m ary of all the ru n s  showing date, flow’, p re s su re ,  and s team  inlet tem ­
perature, and type of data taken during each run.

Due to the la rg e  amount of data availab le, it was not n e c e ssa ry  to reduce all of it to obtain 
adequate re su l ts .  Thus, indication of ce r ta in  type data under a run does not mean that resu lts  
for that p a r t icu la r  run will be found reduced  in following sec tions .

B. Mechanical Integrity_of Test Loop

The test loop was operated in term itten tly  during a 5 - month period from April to  September. 
1962. Tests w ere  scheduled in cooperation with the Mechanical Development unit of Development 
Engineering (which also perform ed te s t s  during this period) and the PG&E operating group. Opera 
tion of the tes t loop is explained in Appendix A.

A sum m ary of vessel operation w as as follows:

1. The v esse l  was heated from room  tem perature  to p r e s s u r e  and tem p era tu re  a total of 
31 tim es.

Steam Flow Through Fuel Bundle lb h • Hours
Flow in norm al direction 2000 33
Flow in norm al direction 2000 to 3000 20
Flow in norm al direction 3000 to 4000 25
F!ow in norm al direction 4000 to 5000 21
Flow in norm al direction 5000 to 6000 5-1 2
Flow in norm al direction 7000 to dOOO 9-1 2
Flow in normal direction 10. 000 to 11,000 9
Flow in normal direction 12.000 1 2
Flow in norm al direction 15. 000 2-3 4
Flow in norm al direction 20. 000 1 2
Flow in normal direction 25 .000 2 3
Flow in norm al direction 26 .600 2 3
Flow in r e v e r s e  direction 2000 7-2 3

(650 to 825 F)



6-2 TABLF. I

SUMMARY OF RUNS. FLOWS, AND TYPE DATA TAKEN

Date
(1962)

Run
Number

P20
Heise
(psia)

O rifice Steam 
T em pera tu re

Ts T 10
( F) W lb h • 1 0 '3

Type Data Taken

B
low

out

-3
z’J>
Xr.
z
□
~s

f .

Flow
 D

istribution

H
eat T

ransfer

C
ondensation 

Flood ini'

4 24 101 1040 578 5.62
4 25 103 975 560 10. 72 »

4 26 106 127 338 2 72
4 27 108 1003 570 8. 47 *

4 27 109 926 589 13. 37 .

4 27 110 125 357- t

• cf to 106 367 /
5 7 204 975 604 3. 45
5 7 205 995 est. by T7 3. 61

560
5 7 206 990 540 3. 75 V

Sat,
5 9 308 982 549 3.66 v'

A
5 10 209 B 971 547 0. 64 V

C
5 10 210 985 587 1 53 V

5 10 211 B 1003 555 1. 18 J
5 11 212B 1008 575 1. 27
5 11 213A 995 580 3. 98
5 21 214A 518 505 2 69 V

B
C

■

G
EA

P-4560
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TABLE I (Continued)

Date
(1962)

Run
N um ber

P 20
Heise
(psial

O r i f i c e  Steam 
T e m p e r a t u r e

T s T 10 
( F) W lb h • 1 0 ' 3

Type  Data Taken

5
c*
?■
1

T3
<-iC
X
Xc
3
o

•5

2
0
*
g
X

*1
t  <—*■
o'

Io

H
t i

|
C“S

n

2 |  
X X.

S r .  
f ;  1

5 21 215A 520 505 3. 90
h es t .  by T7-214

5 21 216 A 520 475 0. 42
B

5 21 217 A 520 515 2. 03
B

5 22 21 BA 1020 568 1.31
B 1008 580 1. 30
C 1015 560 1 31

5 22 219A 1000 550 2. 79
B 1005 580 2 79
C 1013 585 2. 68 -

5 24 220 1012 583 9. 88
5 24 221 1012 580 . 5. 49
5 25 222A 1010 550 0. 47

B 1000 540 0. 46
C 1000 540 0. 44
D 1000 545 0. 43 '
E 1005 550 0. 46

5 25 225A 1010 605 1 .6 2
B 1010 545 1 .6 4

f a i r l v  wet
C 1010 545 -

s a t .  x ? 0. 75
6 4 226 970 590 1. 08

970 590 1. 40 \
6 4 227 995 550 2. 12
6 5 228 981 548 0. 81
5 5 229 985 596 0. 50 •
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TABLE I (Continued)

Type Data Taken

Grit ice Steam 
Tempera ture1 20 

Heise 
(psia)

Date
( 1962 ) • (  F )

0 . 70

5 . 20
6 . 1 1

2 . 10

2. 14

Flow
 D

istributio



TABLE I (Continued)

Date
(1962)

Run
Num ber

P 20
Heise
(psia)

Orifice Steam 
Tem perature

Ts = T 10 
( JF)

t

W lb h ■ 1 0 '3

Type Data Taken

B
low

out

P
ressure D

rop 

*____________________

Flow
 D

istribution

H
eat T

ransfer

C
ondensat ion 

Flooding

9 11 252 1015 770 2. 94 V
9 11 253 10T5 765 2. 98 i
9 12 254 1015 775 •

255 1016 775 4. 79
9 12 256 1015 775 4. 85 | *

9 12 257 1016 775 4. 84 V

9 12 258
«

9 12 259 1016 794 5.61 v

9 12 260 1015 800 6. 75
9 12 261 fc

9 12 262 Iol5 790 6. 76 t
9 12 263 1012 658 7. 39
9 12 264 1012 663 6. 13 v .

9 12 265 ro i l 655 5. 19 %

9 13 266 foT? 665 4. 25 i
9 13 267 1011 654 5. 10 V

9 13 268 ION 653 6. 19 *
HIGH FLOWS FOR MECHANICAL INTEGRITY

9 14 269 1006 650 13. 37
est.

270 fo il 655 13. 37
est.

GF A
P-4560
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TABLE I (Continued)

HIGH FLOWS FOR MECHANICAL INTEGRITY (Continued)

Date
(1962)

Run
Number

P 20
H eise
(psia)

Orifice Steam  
T em pera tu re

Ts T 10 
( F) W lb h • 103

Type Data Taken

B
low

out

P
ressure D

rop

Flow
 D

istribution

H
eat T

ransfer

C
ondensation

Flooding

9 14 271 T o n 660 18. 41
• est.

9 14 272 1015 645 23. 03
est.

9 14 273 T o n 628 23. 91
est.

#

f

G
E

A
P-4560



GEAP-4560

lb h Hours

Flow in reverse  d irection 3000 1-1 4
(650 to 825 F)

Flow in reverse  direction 4000 7-1 2
(650 to 825 F)

Flow in reverse  direction 5000 lb h (650 to 825 F) 2-1 2

Flow in reverse  d irection 6000 lb h (650 to 825 F) 2-3 4

Total hours s te am  flow through Fuel Bundle 149

3. During operation there w ere  a number of p rob lem s  which occurred  which can be correc ted  
by an improvement in design. These are  enum era ted  below.

a. The feedwater supply line which supplies makeup water to the vesse l  should be 
lagged and a bypass line should be instal led which will permit draining this line 
pr ior  to usage. At present  about 100 to 150 feet of this line a re  unlagged, which 
permits  the feedwater temperature  to range  from 50 to 380 F.

b. The connection between the feedwater supply header (carbon s tee l  pipe) and the 
stainless steel line to the vessel should be changed from the p resen t  union to a 
flange-type joint. The union has s ta r ted  to  leak and probably will continue to do so.
It probably should not have been used for th is  service.

c. The tubing to the sea l  pots should be 300 s e r i e s  stainless steel r a th e r  than ihe carbon 
steel currently in use. The carbon steel co rrodes  quite rapidly in the atmosphere at 
Moss Landing.

d. The 3-inch steam supply line from the building to the F-2  orif ice  should be covered 
with more insulation if a temperature h igher  than 825 F is desi red .  Temperature of 
the steam from the boi ler  may vary from 875 to 950 F (1350 psig) and will depend on 
the operation of the s team  plant.

e. The structure  supporting the vessel should be painted.

f. The 6-inch thermal nozzle should be rem oved  and the 6-1 3-inch reducer  replaced to 
increase  the ove r-a l l  p r e s s u re - te m p e ra 'u re  rating of the vessel .

4. Bolts  used to fasten the blind flanges of *he v e sse l  together were wrapped with Teflon 
tape to minimize galling of the threaded joints. Threaded Conax fitt ings wrapped on the 
th readed  end with Teflon tape did not develop a single leak during operat ion of the loop.
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5. There w e re  a number of instrument  equipment fa i lu res  during the operation of the test
loop: these  a re  listed below:

a. T hree  metal sheathed (Type 304A stainless steel)  thermocouples (6A. B, C) s tar ted 
to weep water on September 14. 1962. which indicated a sheath break had occurred. 
The point at which this b reakage  occurred was not determined.

b. S tra in  gauges, which were  spot welded to the fuel bundle and to the the rm al  nozzle 
outlet line, s tar ted  to leak s team  after a few hours  operation at t em p era tu re  and 
p r e s s u r e .  All st ra in  gauge leads leaked steam before test loop was shut down.
Leaks were plugged by pinching ends shut and then si lver  soldering.

c. P r e s s u r e  tap number 18 broke  off and was lost in system during the e a r ly  test runs. 
This p re s su re  tap, which was attached to the ju m p er ,  was replaced, but during the 
f i rs t  tes t  erroneous readings  were being obtained. Upon removal of the jumper at 
the conclusion of the tes ts  it was noted that tne 1 8-inch OD by 0. 015-inch wall 
s t a in le s s  steel tube had spli t .  The stainless s tee l  tubing appeared to be quite brittle.

d. P r e s s u r e  tap number 11A inside the vessel had a small  pin-hole leak in the tubing 
when the fuel bundle was being removed from the vessel

e. Vibrom eter  assemblies leaked steam during the f i r s t  days of operation. It was 
believed this leakage o c c u r re d  at a screwed pipe joint.

6. Destruct ive  examination of the fuel bundle was pe rfo rm ed  in the following manner:

a. The r i s e r  downcomer sec t ion  was cutoff about 14 inches above the outside reducer 
sect ion. *

b. The 14-inch section of the r i s e r  downcomer was removed from the r e d u c e r  section. 
This  section contained the P i to t-s ta t ic  tubes.

c. The outside reducer sect ion was cutoff.

d. The inside reducer  sect ion was cutoff and the therm al  sleeve removed.

e. The lower tube sheet and support  frame were removed.

f. The upper tube sheet was sawed so that individual fuel rods could be separa ted  from 
each other.
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g. The n o s e - p i e c e  rem oved .

h. The p r o c e s s  t u b e  end plugs w ere  cu tof t  and rem oved ,  ' m e  veloci ty  b o o s t e r s  and  
fuel ro d s  A. D, and -C w e re  r e m o v e d  with p r o c e s s  tube e n d  plug.

i. The individual fue l  rods  w e re  r e m o v e d  f rom  the p r o c e s s  tu b e s .

j. The fuel rod  o u t s i d e  c ladding was cut longitudinally  on a m i l t i n g  machine.  The fue l  
rod  lower end  p lug  was cutoff and the  upper  end plug was  s e p a r a t e d  f rom  the o u t e r  
clad. The u p p e r  end plug and ins ide  c l a d  w e re  r e m o v e d  f r o m  the s i l v e r  a n n u la r  
pellet  co lumn.  The  s i l v e r  a nnu la r  p e l l e t s  w e re  r e m o v e d  a n d  r e tu r n e d  to fuel m a n u ­
fac tu r ing  o p e r a t io n .

k. The lower tube  sh ee t  was saw ed  so  tha t  individual p r o c e s s  tu b e s ,  as  well as  p r o c e s s  
tubes in two b a n k s  of th ree  each,  w e r e  removed.

7. R esu l ts  of the d e s t r u c t i v e  examinat ion  of th e  fuel bundle a r e  l i s t e d  below: 

a. Fuel ro d  o r i e n t a t i o n  is shown in F i g u r e  8:

(Looking  at Bottom)

F ig u r e  8. Fuel Hod L e t t e r  D es ig n a t io n  and O r i e n t a t i o n  

Two of the t h r e e  fins  w e re  lost f ro m  P i t o t - s t a t i c  tubes  A an d  B. 

One of the t h r e e  f ins  was lost  f ro m  P i t o t - s t a t i c  tube  C.

One of the f ins  w a s  located between th e  velocity  b o o s te r  and  the  ins ide  c lad n e a r  t h e  
bottom of the  c o r n e r  fuel rod  ad jacen t  to B. The r e m a in in g  f ins  w e re  never  lo c a t e d  
and it was  a s s u m e d  they w e re  blown out into the blow down tank.

b. The U n i -C la m p  u s e d  to hold the i n s t r u m e n t a t i o n  aga ins t  th e  r i s e r - d o w n c o m e r  
a s se m b ly  a p p e a r e d  to work  s a t i s f a c t o r i l y .
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c. The m e t a l  c l a m p s  spot welded  to  the p r o c e s s  tube o r  d o w n c o m er  and u s e d  to  fa s ten  
the i n s t r u m e n t a t i o n  in p lace  a p p e a r e d  to work s a t i s f a c t o r i l y .

d The u s e  of E - Z  flow 46 s i l v e r  s o l d e r  b ra z e  for f a s t e n i n g  in s t ru m en ta t io n  to  t h e  fuel 
h-i idle a p p e a r e d  to work s a t i s f a c t o r i l y .  Some of t h e s e  jo in ts  did not take  m u c h  
p hys ica l  a b u s e  before  they f a i l e d  a t  the b ra z e d  s e c t io n .

e. The p r o c e s s  tube s p a c e r s  w hich  c o n s i s t e d  of two l a y e r s  of w i r e  g r id s  w e ld ed  to an
ou te r  s t a i n l e s s  s tee l  shee t m e t a l  band appea red  to  p e r f o r m  the design  func t ion .  Con­
tact m a r k s  w e re  noted on the  o u t e r  band w here  the p r o c e s s  tube was in c o n t a c t  with 
the s p a c e r .  Tour 1 8 - i n c h - d i a m e t e r  ro d s  fa s ten ed  the  s p a c e r s  toge ther .

1 The in s id e  r e d u c e r  (5-3 16 i n c h e s  s q u a r e  by 1 8 inch th ick) was  d ished  i n w a r d  a 
m a x i m u m  of 1 8 inch. The t a p e r e d  sec t ion  of th is  r e d u c e r  was  d ished  i n w a r d  a 
m a x im u m  of 3 16 inch. Th is  c o l l a p s in g  of the r e d u c e r  w as  the  r e s u l t  of an  e x t e r n a l  
p r e s s u r e  of about 630 psig w hich  o c c u r r e d  during r u n  n u m b e r  273 which s i m u l a t e d  
an o u t l e t - p i p e - b r e a k - t y p e  a c c i d e n t .  The th ickness  of t h i s  sec t ion  was  p u r p o s e l y  left 
at 1 8 inch  th ick  to see  what w'ould o c cu r  during the p i p e - b r e a k - t y p e  a c c id e n t .

g. P r . , c e » s  t u b e  end caps  w e re  cut oif  and in spec ted  fo r  po ten t ia l  metal  p a r t i c l e s ,  etc.  , 
which m a y  h ave  dropped into th e  s y s t e m  during m a n u f a c t u r e .  Nothing w a s  no ted  in 
any of th e  p r o c e s s  tube end

8. P r o c e s s  l u b e  Examina t ion .

a P r o c e s s  T u b e s  A. F.  and H l o o k e d  very  good on the  o u t s id e  su r face .  R usty  s p o t s  
were  no ted  on the tube w h e re  it w a s  touching the s h e e t - m e t a l  band on the  f i r s t  s p a c e r  
lie low the  fuel  bundle suppor t  f r a m e .

b P r o c e s s  T u b e  R had a d e p r e s s i o n  1 2 inch in d i a m e t e r  by 1 32 inch deep lo c a t e d
10 in c h e s  f r o m  the lower end of t h e  tube. This d e p r e s s i o n  was the r e s u l t  of d a m a g e  
i n c u r r e d  d u r i n g  m anufac tu re  of th e  fuel bundle. An a t t e m p t  was made to r e m o v e  the 
d e p r e s s i o n  but with no s u c c e s s .  A burned  a r e a  about 1 4 inch in d i a m e t e r  by 5 to 
10 m i l s  d e e p  (20 inches  f ro m  l o w e r  end) r e s u l t ed  f r o m  i m p r o p e r  g rounding  of e l e c ­
t ro d e s  d u r i n g  welding o p e r a t io n s .

c. P r o c e s s  t u b e s  C and G looked g o o d  on the e x te r io r .

d P r o c e s s  t u b e s  D and E both had  b u r n e d  a r e a s .  1 4 inch  in d ia m e te r  by 1 to  10 m i l s  
deep,  on the  e x t e r i o r  s u r f a c e  (19 to  20 inches  f rom  l o w e r  end of p r o c e s s  tu b e )  which 
r e s u l t e d  f r o m  im p r o p e r  g ro u n d in g  of e l e c t ro d e s  d u r in g  weld ing op e ra t io n s .  T h e  
r e m a i n d e r  of the  tub'? looked good.
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e. P r o c e s s  tube I w a s  sp l i t  into two h a lv es  to al low an e x am in a t io n  of the  p r o c e s s  tube  
ins ide su r face .  S p i r a l  w i re  contact  p o in t s  w e r e  noted along t h e  leng th  of the tube.
The width of th is  c o n ta c t  r anged  f ro m  1 32 to 5 32 inch. No a p p r e c i a b l e  w e a r ,  if 
any, was  noted. T h e  s p i r a l  w i re s  on the  fuel  rod  w e re  welded  only  to the lower and 
upper  end plugs.

9. T h e  velocity b o o s te r  t u b e s , u s e d  in fuel ro d s  A. B. &.• C. were  the only  ones  examined .
T h e  tubes  looked v e ry  good. No broken fus ion  w e ld s  w e re  noted. T h e  b ra z in g  of p r e s ­
s u r e  tap tubes  on v e loc i ty  b o o s t e r  ap p ea re d  to  s u r v i v e  the test .

10 F u e l  Rod Examina t ion

a.  Fue l  rods  A, B, a n d  C. with full p r e s s u r e  t a p  in s t ru m e n ta t io n ,  w'ere rem o v ed  f rom  
the  p r o c e s s  tube ' thou t  b reakage  of any w i r e s .  The w i r e s  w e r e  spot  welded to the 
ou ts ide  clad.  Upon cu t t in g  these  fuel r o d s  open  to re m o v e  the s i l v e r ,  it was  noted 
that w a te r  had l e a k e d  into the fuel rod  w hich  w'as the re su l t  of b u r n - t h r o u g h  of the 
c lad  when spot w e ld ing  the  wire  to it. It is  a p p a ren t  that a s a t i s f a e t o i y  p r o c e s s  for 
spot welding the w i r e s  to the clad  has  not been  developed.

b. Fuel ro d s  D th rough  I. p a r a g r a p h  8. a. a b o v e ,  had s p i r a l  w i r e s  w e lded  to the bottom 
and upper end p lu g s .  When the fuel r o d s  w e r e  r e m o v e d  f r o m  t h e i r  r e s p e c t iv e  p r o c e s s  
tu b e s ,  it was  noted  tha t  the following w i r e s  b ro k e  at the weld a f f e c t e d  zones .

(1) One w i r e  b r o k e n  at upper  end p lu g  on fuel rods  H. F.  and  I.

(2) Two w i r e s  b ro k en  at lower end plug  on fuel rod  E.

(3) Two w i r e s  b r o k e n  at upper end plug on fuel rod G.

(4) T h r e e  w i r e s  b roken  at upper (Mid plug on fuel rod D.

c. S p i r a l  w ire  contac t  p o in t s  on fuel ro d s  D th r o u g h  I w ere  noted a lo n g  the length of the
tube .  The width of t h e s e  con tac ts  r an g ed  f r o m  1 16 to 1 8 inch.  No app rec iab le  
w e ^ r ,  if any. was  not* d. „

d. Upon removing  s i l v e r  f r o m  the fuel r o d s ,  it w a s  noted that the  s i l v e r  pe l le ts  were
f r e e  to s l ide  in fuel  r o d s  D through I win n they  w ere  tu rned  u p s id e  down. It was
no ted  that a m a x im u m  longitudinal gap b e tw e e n  p e l le t s  of 5 32 inch  could have e x i s t ed

, in so m e  fuel rods .

e. It a p p e a r e d  as though m o s t  of tin' w i r e s  w h ic h  w e r e  welded to e i t h e r  the top o r  bottom 
end  plugs  w ere  c r a c k e d  n e a r  the-weld a f f e c t e d  zone.
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11. J u m p e r  Evaluation

The jumper used at Moss Landing was supposed to  be the prototype for  the EVESR 
r e a c to r ,  but late in the design phase of the p ro jec t  it was decided to incorporate  
” Marman"-tvpe conoseal joints  rather than the metal-enclosed asb es to s  type gasket.
The jumper was removed on four different occasions.  All bolts were  tightened to a 
to rque  of 30 ft-lb at instal lat ion, and were ins ta l led  with no lubrication on the threads. 
On each occasion the bol ts  were checked to see  if they had loosened during operation.
F o r  resu l ts  see Table II. The jumper bolt d e ta i l s  a re  shown in F igu re  9.

F r o m  the limited tes ts  pe rfo rm ed  at Moss Landing, all threaded a sse m b l ie s  appeared to 
o p e ra te  satisfactorily with no galling on the t h re a d s  which would p e rm i t  seizing of the 
two mating surfaces.

Bolt Number and Mater ia l

1 - Electrolized G. E. Specification FA 231911

2 - Nitrided G. E. Specification FA 231909 /

3 - Type 304 Stainless Steel
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4 - Type 304 S ta in l e s s  Steel

5 - Type 304 S t a i n l e s s  Steel

6 - E l e c t r o l i z e d  G. E. Spec if ica t ion  FA 231911

7 - N i t r ided  G. E. Specificat ion FA 231909

8 - Type 304 S ta in l e s s  Steel

T A B L E  II

TORQUE REQUIRED TO LOOSEN J U M P E R  BOLTS

TO RQ U E - "T -L B S

R em o v ed  J u m p e r  
(Date)

Bolt No.
1 2 3 4 5 6 '! 7 8 R e m a r k s

A p r i l  28. 1962 10 F. r . 10 F. T. F. T. 10 F . T . 10 See Note  1

May 16. 1962 F. T. * F. T. F. T. 10 F. T. F. T. 10 F. T. See Note  2

J u n e  9, 1962 F. T. F. T. F. T. F T. F. T. F. T. F. T. F. T. See Note  3

S e p t e m b e r  15, 1962 25 20 13 15 20 F. T. . 27 23 See Note  4

*F.  T. - F inge r  Tight

Notes:

1. L oosened  b o l t s  num bered  1. 3.  6,  and 8; all o t h e r s  a p p e a r e d  to be f inger  t igh t .  Bolts 
n u m b e r e d  2. 6.  and 8 had a t e n d e n c y  to gall.

2. L oosened  b o l t s  num bered  3 and  7; all o th e r s  a p p e a r e d  to  be l inger  t ight.  N i t r i d e d  
th re a d  on bolt  n um ber  7 a p p e a r s  to  lie s c r a t c h e d .  S t a i n l e s s  s tee l  t h r e a d s  on b o l t s  
n u m b e r e d  3.  4, 5. and 8 a p p e a r  to beguil ing .

I
3. All bo l t s  a p p e a r  to be loose.

4. Ins ta l led  f o u r  ca rb o n  s tee l  " B e l l e v i l l e ” w a s h e r s  u n d e r  h e ad  of bolt s  n u m b e r e d  1. 4,
5. and 6 in p a t t e r n s  shown in s k e t c h .  Bolts w e re  l o o s e n e d  in following s e q u e n c e  
1 - 4 - 2 - 3 - 5 - 8 - 7 - 6 .

\

12. Vibra tion

No s e r io u s  v i b r a t i o n s ,  o r  th e i r  e f f e c t s ,  w e re  noted d u r ing  th e  n o rm a l  o p e ra t io n  of the
loop up to 1000 lb  h.
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C. Blowout

The purpose  of the blowout t e s t s  was to determine the suddenly-admitted flows, and times, 
necessary to c le a r  the tubes of w a te r ,  and also the minimum flows necessary to maintain the 
tul>es free  of water  after blowout.

1. Description

m manom eter  was connected with its rese rv o i r  at the bottom of the tubes  and the top
connected to taps / l \  A. B. or  C at the bottom of the process tubes. As water was
blown out of the tube, the manometer reading decreased .  The m anom ete r  readings then •
s e rv e d  as indicators for the  level of liquid in the  th ree  unique tubes of the bundle.

A given tlow was set in the  system with flow bypassing the bundle to the blowdown tank.
The inlet valve to the bundle and valve to blow down were then opened and closed s imul­
taneously to admit flow through the bundle. T im e of valving and m anom ete r  readings 
were  recorded during the c o u rse  of blowout to give a history of the liquid level in the tubes.

After blowout, the flows w ere  shut off and m anom ete r - t im e  readings again recorded to 
de te rm ine  rates  of water  filling or reflooding. Because of the vessel heat losses,  
condensation of the steam in the dome was a so u rc e  of moisture causing reflooding, in 
addit ion to that still remaining somewhere within the bundle.

2. Resu l ts  and Discussion

Shown in the following g rap h s  arc  the principal r e s u l t s  plotted as m anom ete r - t im e  curves: 
the deg ree  of water level in the tubes is indicated. Minimum flow to blow out the fuel 
bundle was established at 1250 lb h with sa tu ra ted  s team flowing into the fuel bundle.
Shown in Figure 10 (run number 229) a re  the manom eter  readings as a function of time as •
the flow rate was increased.  Figure 11 is a plot of the same data, and that of run number 
226. in which only one tul»e was monitored. At low flow, only one tube c leared,  and as 
the flow was increased,  the other tubes were a lso  cleared.  (This a s s u m e s  all tubes be­
haved as  the three ins t rumented  tubes because of s y m m e t r y . ) The data does not indicate 

/  what occu rs  transiently except  that a surge lasting up to about 30 seconds was observed
as w a te r  was forced out.

It is apparent  that one tube c l e a r s  f irst ,  and that the others remain par t ia l ly  flooded until
sufficient flow is establ ished to give enough p r e s s u r e  drop across  the para l le l  tubes to
blow them out also. This flow rate  is less than that which gives a p r e s s u r e  drop equal
to the static head of the pa ra l le l  elements when all a re  cleared. This is probably because
the blowing out process  is inherently a transient phenomenon and it o c c u r s  as a step
while some tubes are  still  part ial ly  flooded. Thus,  at the instant when all the tubes f
c l e a r e d  the actual AP. exis ting momentarily a c r o s s  the parallel e lem ents ,  may have
indeed exceeded the static  head for a brief moment.  The response t im e  of the manometer
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s y s t e m  w a s  too slow to study m u  li t i . i n s i e n t s  P r e s s u r e  s u r g e s  durim. tlu blowout 
p r o c e s s  w e r e  under  15()psig l o r  .ill the  flows te s t ed .

Shown m F i g u r e  12 a r e  the blowout condit ions  dur ing  r u n s  n u m b e r s  226 and  2 ' 9  (F igu re  10) 
plotted m i e '  '*»ov flow '• t s  no ted  that p r o c e s s  tu lw  A c l e a r s  In st at t . ' o v s  .is low 
as 570 lb h.  and addit ional ones  c l e a r  as  flow is i n c r e a s e d

Hun n u m b e r  233. F inu re  13. s h o w s  r e s u l t s  ol i test  in which  .he bundle w as  blown out. 
the flow r e d u c e d  to the m in im u m  blowout flow ol 125b lb h. and the pe rcen t  m o i s t u r e  
i n c r e a s e d  to  l*etween 10 and 20 »»*'•*; mit.

i

T h e se  c o n d i t i o n s  w e re  m a in ta in ed  to r  45 minu tes  ,»dn th e n  al l  How was shut o t t .  It t o o k  

in e x c e s s  of 15 m inu tes  to r e l l o o d  the  tubes ,  t n d u . i t inn tha t  even very wet s t e a m  at 
1250 lb h will  keep the bundle e l e a r  ot w a te r ,  and that w a t e r  bui ld up is  p r e v e n t e d .

F’m u r e  14 i s  a s i m i l a r  run in a im  h. a l t e r  blow inn ou t .  the  flow was r e d u c e d  to  the 
m in im u m  r e q u i r e d  (700 lb hi to k e e p  the bundle c l e a r  T h e  wetness  ol the s t e a m  was 
i n c r e a s e d  to  about 20 pe rcen t .  It is s ee d  that while l l s w  e x i s t e d ,  the bundle w a s  kept 
c l e a r ,  but upon stopping the How out ol the th re e  t n s t r u m e - i t e d  tubes im m e d i a t e l y  
fl(«)ded. ( O th e r s  may a lso  have  Hooded,  but th is  is not known s ince  only t h r e e  w e r e  i n ­
s t r u m e n te d .  ) In any event, i n s t a n t a n e o u s  flooding of th e  e n t i r e  bundle did not o c c u r  s ince  
two of the  t h r e e  in s t ru m e n te d  t id ies  took s e v e r a l  m i n u t e s  to flood. Thus ,  it c a n  lie c o n ­
cluded th a t  w ith  700 lb h flowing in a unflooded bundle ,  th e  am unit of w a te r  bu i ldup  which 
can o c c u r  i s  not enough to c a u s e  sudden  Hooding of ail the  tubes  upon lo s s  ol flow

D. Flow D is t r ib u t io n

Flow d i s t r i b u t io n  was m e a s u r e d  in t h e  t h r e e  types ot bundle  t u b e s  (A. B. and C on F igure  1) 
by t h r e e  Pitot  t u b e s  moun ted  in the ou t le t  end  ol the fuel up p a s s

1. Impact  T u b e  C a l ib ra t io n

The im p a c t  tut>es w e r j  t e s t ed  in an  a i r  s y s t e m ,  p r i o r  to  in s ta l l a t io n ,  to a s c e r t a i n  then- 
r e l a t iv e  c h a r a c t e r i s t i c s .  It is  sh o w n  in F ig u re  15 tha t  the  t h r e e  Pitot tubes  a g r e e .  within 
l - l  2 p e r c e n t ,  up to a i r  v e lo c i t i e s  of 300 ft sec .  and a r e  p robab ly  within 1 p e r c e n t  when 
a l lowance  i s  m ad e  for  the ch an g e  in flow d is t r ibu t ion  a c r o s s  the test  pi pi o u t l e t  This  
acc u ra cy  w a s  suff ic ient for the p u r p o s e  of c o m p ar in g  f lo w s  in the fuel bundle  tubes .

2. Analys is

The eq u a t io n  fo r  the Pitot tu b e s  i s

R K ( > v . (4)
2g* c

w here  R i s  t h e  d i f fe ren t ia l  r e a d i n g  of s ta t ic  and im p ac t  p r e s s u r e s .
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With K the same for the three Pitot tubes, and p the  same for the th ree  fuel tubes.

W

Wc

A
(5)

where  subscripts r e f e r  to the fuel process  tubes.

Then

( 6 )

where W^, is the known total flow. From Equations (5 ) and (6 ) the flows in the three 
tubes may be calculated. The lat ter  may then be compared to an equal flow distribution

3. Tes t  Description

Impact tube readings, taps  12 and 13. were  taken when a riven steady flow of steam was 
establ ished through the en t i re  system. These  were taken during ru n s  with superheated 
s team  throughout the fuel circuit to ensure  re l iab le  head correc t ions ,  on the sensing lines 
of the Pitot tube, inside the vessel.  The sens ing  lines outside the vesse l  were filled 
with pressur ized  water  at room temperature .

4. Data Reduction

The physical a rrangem ent  of p ressure  tap l ines  12 and 13. F igures  1 and 5. resulted in 
the following equations for  reduction of Pitot tube readings.

of WT 9.

Fue l  Tubes A, B, and C:

R^ =• 1728 *^Pj 2-13 21. 25 + . A -20. 25

( 8 )

(7)

( 9 )
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R = 1728 (psi), differential reading at sensing location;
3p - lb /f t  , steam density at Pitot tubes;

n . 3
Pw = lb ft , water in lines outside  vessel;

M = Inches, manometer; and

p /p  - Specific gravity of m anom eter  oil from re fe re n c e  (2).
i l l  w

4. Results and Discussion

Results of the four runs which yielded reliable data a r e  shown in the last th re e  columns 
of Table III Tube B, the side tube of the bundle, was consistently above the average 
equally d is tr ibu ted  flow. Tubes A (corner) and C (cen ter) were consistently  low, with 
about the sam e  flow in each. The spread in the flow variation among tubes is  not suffi­
cient to indicate  a trend with flow, and the average values shown should be indicative 
for the flow range of 4000 to 10. 000 lb h.

Only four runs were reduced a s  the data after August 28 was very e r ra t ic  and indicated 
some troub le  in the system. Disassem bly showed that the fins which held the Pitot lubes 
centered  in the fuel tube outlet, had broken. This apparently  caused som e of the tubes 
to warp to the side of the fuel tubes and read much low er velocities than the  peak intended.

E. Heat T ran sfe r

As described  in Section IV, the pu rpose  of the heat t r a n s fe r  te s ts  is to obtain data  on the ef­
fective heat conductance across the gap in the r i s e r .  F igures 1 and 16.

1. Test Description

Steam was direc ted  through the fuel in the " re v e rse ” d irec tion , as shown in F igure  2. to 
sim ulate a positive tem pera tu re  gradient radially outw ard  through the gap. as  obtained 
in the norm al operating flow- d irec tion . The vessel was brought up to tem p e ra tu re  and 
p re s su re  with a low flow of about 2000 to 3000 lb h at 1000 psi. The d e s ired  test flow, 
and full w a te r  level of 18 to 19 ft. was established and tem pera tu res  allowed to stabilize. 
The la t te r  was ascertained on a Brown Recorder, which showed all therm ocouples, and 
stao iliza tion  of tem peratures o c c u r re d  in a few mini te s .

The tem p e ra tu re  reco rd er  c h a r ts  were marked at the s ta r t  and end of runs. As the run 
p ro g re s se d  the water level dropped, very rapidly at high flows when heat t r a n s fe r  was 
high, and w ater level readings reco rded  on the te m p e ra tu re  charts. Flow- conditions and 
p re s s u re s  w ere  recorded to com plete  the run.

The w ater level was then ra ised ,  flow rese t,  and a new run started  when conditions were 
stable.
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TABLE in

RELATIVE FLOWS IN THREE UNIQUE FUEL BUNDLE TUBES

Date
(1962)

Run
Number

Date

W lb h 
Total
* 10"3

P 20
psia

F
Steam

j  •
Pitot
Tubes

M anometer and 
Specific Gravity of F luid 

(Red Oil) R. psi Wc

lb h 
1 0 '3

Ratio M easured  FLw
to

Equal Flow Distribution

A B C A B C
A

O r n e r BSide
C

Center
5 24 220 10 17 1012 588 33. 1 29. 7 26 8 2. 958 2827 3637 306? 1. 105 0. 94 1 .07 0. 98

8 27 234 5 .68 1015 653 15. 92 9. 7 9. 17 2. 962 724 1191 906. 1 0 618 0. 88 1. 12 0. 98

8 28 235 6. 51 1013 665 22. 70 14. 01 13. 17 2 951 1537 1707 1385 0.675 0. 98 1.03 0. 93

8 28 236 4. 78 1014 658 12. 40 6. 50 6. 27 2. 967 295. 9 800. 8 552. 3 0. 511 0. 95 1 .05 0.96
14. 40 5. 34 541.8 658. 2 --- ----

Averaj [e s_ 0. 94 1. 04 0.96

i
i r
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2. Analysis

The heat t r a n s f e r  through the s team  gap. Figures 17 and 18. is calculated on the basis that 
the gap conta ins steam only. This will bo compared to the measured heat t r a n s f e r  through 
the gap which contains spiral wire wrapping. In addition, expansion gaps pe rm it  steam 
circulation along the length of the gap.

The radial heat  t ransfer  from the r i s e r  to the annulus, is given by

For the d imensions shown

qL rO. 0816
2- [ kj

0.0867

k3

0. 0997
+ ----------

(10)

( 11 )

The tem p era tu re  drops through .he s teel  walls a re  very sm al l  compared to that 
through the s te a m  gap (kj g '  10. and ks " 0. 03).

The tem p era tu re  drop through the s tee l  walls can be neglected with little e r r o r  - about 
0. 016 in 3 or  l e s s  than 1 percent - and

C  = <*9 = *!!!>_ < V  T0>- 62 9 ks (TiT„). (12)
L dL 0.0997

The thermal  conductivity of the s team  in the range tes ted (600 to 800°F) is

k = 0. 0241 + °: 00373 (T - 400).
S  n  S

10^

(13)

The calculation of the total q along the enti re  length in Equation (12) is s implif ied by a s ­
suming l inear ,  radial,  and longitudinal temperature  varia t ions.  This is not s t r i c t ly  true 
but is justified for  the comparison of heat transfer  with and without wire in the gap. It 
will be seen l a t e r  that the wire wrap inc reases  the heat t r a n s fe r  on the order  of 10 to 20 
times. Then

(14)
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where

Also,

AT i - AT 2
Ti - T o  ̂ ATr l  '  — ----------- —  L -

Lt

ATrl " T lw " T6* and

ATr2 ' T2w " T5 ‘

T5 = T 1 +

(15)

(16)

Then in Equation (12)

k = 0 .0092 t s
0. 00373 

100

with

( 1 7 )

and

i A T r = i T rl  - ATr2 = Tlw * T6 ' IT2w ' T5 >•

Substituting Equations (15) and (17) into Equation (12). integrating and simplifying r e s u l t s  
in the average heat loss  per foot for a stagnant  steam annulus.

® - (
Tlw n „on ATLw0. 289 + 0. 117 — -  - 0. 039 ----+ 0. 0392
100 100 100 (ATr l + i T r2>

0.039 — ri -  (AT « - AT. ). (18)
100 1 L

The heat t ransfer  coefficient in the r i s e r  was taken constant along the length and calculated  
from the Dit tus-Boelter  equation.
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{

h 3 «, 0. 8 /c  UvO. 33
25. 7 k (19)

where

1 - s team  at TCI conditions,

w - lb /h ,

M = lb /h - f t .

Total heat t r a n s fe r r e d  was

q -  W(Hj - H2); ( 20 )

H~ B tu /lb  enthalpies at TCI and 2.

3. Effect of Wire  W rap on Gap Conductivity

The steam gap. F ig u re  16. contains 128 w rap s  of 0. 087-inch s ta in le s s  wire or a full 
length of 11. 14 inches  of round wire.

If p is the length of w ire  in "solid contact" in the annulus of length L, so there a re  two 
paths in para lle l, then the effective conductivity of the gap may be estim ated as

The value of q is  calcu lated  as above [ Equation (18)] for a s tagnant steam annulus, s

4. Data Reduction

Heat loss in the r i s e r  was calculated by Equation (20) and an a v e rag e  film drop in the r i s e r  
calculated using the h from Equation (19). This was used to ca lcu la te  the inner r i s e r  wall

( 2 1 )

and approximately fo r  the entire annulus

q ACTUAL = keff V ( 22 )

where

k - Btu h -f t-  F, for steel wrapping, and 

k = B tu /h - f t - ° F ,  for steam .
b
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te m p e ra tu re s ,  T j w and T2 A, and AT^W- The total heat loss for a stagnant steam 
annulus was then calculated by Equation (18) for compar ison  to the actual annulus with 
wire wrapping and openings which allow steam circula t ion.

Allowance was made for p r e s s u r e  drops in obtaining the enthalpy at TC2. The thermo­
couple calibrat ions showed them to be so close, that the deviations cancel  (or there is 
negligible e r ro r )  for tem pera te  re  differences. Thus,  the tem pera tures  shown in Table IV 
a re  uncorrected.

5. Resul ts  and Discussion

The principal  resul ts  a re  shown in Tables IV and V. The tlows and va r ious  tempera ture  
read ings  a re  shown in Table IV: the calculated r e s u l t s  for film coefficient in the r i s e r ,  
total heat  t ransfer ,  radical and longitudinal t em p era tu re  differences, and the rat io of 
m easu red  to calculated [Equation (18)] average heat t rans fe r  per foot a r e  shown in 
Table V.

The rad ia l  temperature  d if ferences  are  plotted v e r s u s  flow on Figure 19. The trend of 
d ecreas ing  radial tem pera tu re  differences, with increas ing  flow, is fair ly  well es tab­
lished. This is consistent with the higher ra tes  of heat t ransfer  expected at higher flows, 
at lower radial  tempera ture  differences.  Two c u rv e s  at two different r a n g e s  of inlet 
steam tem pera tu re  a re  shown in Figure 24. The ord inate  may be r e a r r a n g e d  to give 
(T j-Tg)  - (Tg-T^). so ihe c u rv e s  reflect a t em p era tu re  difference that is  approximately 
proportional  to the t em pera tu re  loss of ihe incoming s team and the t em p e ra tu re  r i se  
of the exit steam. This d ifference should become sm a l l e r  as flow increases .

The in c re a s e  of heat t ran s fe r  a c ro s s  the gap with flow’ is plotted on F igure  20.

The average  increase  from 2000 to 8000 lb h is about 2 1 2. which is roughly comparable • 
to a value of 3 that would be predic ted by the 0. 8 power of the flow ratio.

There  i s  considerable sc a t te r  in the data and no definite  trend apparent with change in 
vessel  w a te r  level or the t e m p era tu re  level of the inlet steam.

A mean line is drawn through the data which is a good representation to about -30 percent 
if two o r  th ree  of the ex trem e points a re  ignored. P a r t  of the scatter  is probably due to 
different degrees  of contact re s i s tan c e ,  due to expansion and contraction between the 
wire w rap  and the steam, to which the heat t r an s fe r  r a te  is quite sensi t ive  (see below).

A mean l ine through most of the data is

^MEASURED______5 ,  , 69 WJb _h (23)
q STAGNANT STEAM 103

»
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TABLE IV

•  %

1

TEMPERATURE DATA FOR HEAT TRANSFER RUNS

Run
Number

W

103 
lb h

P 20
psia

Liquid Level 
LL 

ft - in.
TCI**  ̂

Average
TC2

Average

TC3
Bottom Fuel 

STM

TC4
E nter

Annulus Bottom 
STM

TC5
Average

TC6
Average

TC7
Out Annulus 
Top Vessel

250 2. 14 1012 18-10 749. 5 722.5 676 607. 5 597. 5 591 585. 5
1 Oi 5 17-8 749. 5 722 675 598. 5 595. 5 590. 5 585
1017 16-6 750. 5 722. 5 676. 5 600 596. 5 591.5 585
1018 15-4 750. 5 723. 5 677. 5 599 593 591.3 585 5

249 2. 10

251 2 14 18-10 673 600 585

252 2 94 18-10 679. 5 602. 5 585

253 2. 96 1014 18-10 736 717 677. 5 616 597. 5 590 5 585. 5
1013 17-8 736 3 719 678. 5 605 597. 5 591 5 585 5
1015 16-6 737. 8 719. 2 680 616 600 595 590. 5
1010 15-4 737. 8 718. 3 680 610. 5 599. 3 595 592

254 4 79

255 4. 86 1015 18-10 769. 5 752. 2 691 622. 5 622. 5 613. 8 614
17-8 775. 3 756 2 697 626 622. 5 615.5 612

1017 15-11 778. 5 754. 7 697 625 622. 5 619 617
15-4 778 759. 5 696 5 625 622. 5 618 7 617

256 4. 85

257 4. 84 1016 18-10 770. 8 753 690 627 622 614 615
1017 17-8 771.2 753. 6 689 622. 5 620. 3 616. 5 618
1017 16-6 771.2 753. 8 693 627 620. 3 617. 3 617. 5
1016 15-4 771.7 754 688 621 619. 5 613 625

258

259 5.61 18-10 754. 5 731. 7 683 606 5 623. 8 612 610
1015 16-6 781 764. 2 707 631 618. 5 608 607
1016 17-8 764 751. 5 714. 5 624 622.3 614. 3 614 5

15-4 788 768 723 636 628. 5 624. 3 621. 3

260 6 75 18-10 776. 8 760. 8 704 618 618.3 616 607
1015 17-8 781.5 764. 5 714. 5 617. 5 618 615 609. 5

1'AH Tem peratures are F

i

t
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32
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TABLE IV (Continued)

Run
Num ber

W

103 
lb h

P 20
psia

Liquid Level 
LL 

ft-in.
T C l ^ ’

Average
TC2

Average

TC3
Bottom Fuel 

STM

TC4
Enter

Annulus Bottom 
STM

TC5
Average

TC6
Average

TC7
Out Annulus 
Top Vessel

260 6, 75 15-11 787. 5 772 2 726 628 628. 8 622 618
(Cont’d) 15-4 791. 2 774 727 628 627. 7 .625. 7 620

261

262 6.76 *

263 7 39 1011 18-K 693 5 683. 2 659 620. 5 615 608. 7 609
1013 17-8 684 678. 7 661 610 5 610 606 5 611
1012 15-11 677. 2 672 5 650 616 5 610. 5 606 609 5
1010 15-4 672. 7 666. 7 647. 5 609. 5 602 3 602 610 5

264 6 13

265 5. 19 1015 18-10 678. 7 673. 5 657 616 609. 8 604 7 595 5
1013 17-8 679. 2 673 657 6 1 1 5 605. 7 603 8 596

16-6 684 673. 5 657 617 608 605. 5 596. 5
15-4 688 5 680. 5 663. 5 621. 5 612 5 611. 5 601 5

247

248

( 1 ) All Tem peratures are F
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TABLE V

TEMPERATURES AND HEAT TRANSFER DATA

Run
Number

Liquid Level 
in V essel 

ft
Btu h-ft2 F 
R iser Film

q 1G3 
Total 
Btu h

T ransferred T lw T 2 w

»*

ATrl ATr2

q
L

Calculated

q

L
Measured 
Btu h-ft

q M easured  
q Calculated

250 188 37. 6b 703. 5 676. 1 112. 4 80. 5 222. 7 3500 15. 8

253 244 36. 06 702. 6 684. 1 109. 6 85. 5 226. 2 3350 14. 8

255 lS ’-lO " 362 54. 43 730. 5 713. 2 116. 7 90. 7 247. 6 5060 20. 4
ir-8" 58. 81 736. 3 717. 2 120. 8 94. 7 259. 9 5460 21. 1
16 ’ - 6 ' * 73. 39 739. 5 715. 7 120. 5 93. 2 257. 5 6810 26. 4
15’-4 " , 56. 86 739 720. 5 120. 3 98 261.4 5280 20. 2

257 362 54. 21 736 5 719. 0 121. 3 98. 5 265. 6 5040 19. 0

259 (1) 406 f 180. 5 7670
309. 2 5490« 276. 0 4230

82. 47 707. 5 684. 7 95. 5 60. 9 270. 5 6630 37. 1
45. 44 738. 1 725. 6 123. 3 103. 3 245. 5 5230 17. 2
58. 91 747 . 3 130. 5 139. 3 112. 0 300. 2 5490 18. 3
71. 25 747. 3 727. 3 123 0 98. 8 281.8 6630 23. 5

260 (1) 47c 67. 00 743. 8 727. 8 127. 8 109. 5 290. 2 6220 21. 4
748,5 731. 5 133. 5 113. 5 303. 9 6470 21.3
754. 5 939. 2 132. 5 110. 4 300. 4 5780 19. 3

61 758. 2 741. 0 132. 5 113. 3 305. 1 7470 21. 2

263 (1) 523 51. 73 679. 0 668. 7 70. 3 53. 7 138. 4 4810 34. 7
25. 87 669. 5 664. 2 63. 0 54. 2 129. 6 2410 18. 6
23. 65 662. 7 658. 0 56. 7 47 5 114. 1 2200 19. 3
29. 56 658. 2 652. 2 56. 2 49. 9 115. 5 2750 23. 8

265 ' (1) 396 26 47 663. 2 658. 0 58. 5 58. 2 116. 9 1545 13. 2
663. 7 657. 5 59. 9 51. 8 122. 6 2120 17. 3
668. 5 658. 0 63. 0 50. 0 124. 4 3570 28. 7
673. 0 665. 0 61. 5 52. 5 126. 3 2710 21. 4

(1) Liquid levels sam e as Run 255 in o rd e r  shown
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This  lino is extrapola ted to a value of about 12 at zero  flow. This  value makes possible  
an est imate of the effect of wire wrapping on the effective conductivity of the stagnant 
annulus.

Figure  21 shows a line for fractional length of wire wrapping in ' sol id" contact with the 
walls  of a r i s e r  length L. The* conductivity increases  very rapidly for small fractions 
of steel length. Fo r  the rat io of 12 obtained above, measured calculated stagnant 
annulus, 4 percent of the r i s e r  length is e s t im ated  as steel in sol id  or perfect contact. 
This  is 0. 04 (11.75 feet of r i se r  length) or  5. 6 inches 11.1 inches wire, which equals 
about 50 percent of the wire  diameter in good contact with the gap walls.  This appears  
to be a reasonable value.

If the value of 50 percen t  wire contact is accepted,  the increased calculated heat t r a n s fe r  
r a t e s  on Figure 20 may be attributed to flow As shown above, th is  is also a reasonable  
check with the 0. 8 power of the flow. The mean line shown v a r ie s  a s  the 0. 67 power of 
the flow. ,

F. P r e s s u r e  Drop

1. Test  Description

The fuel bundle and r i s e r  were extensively instrumented with p r e s s u r e  taps to allow 
measurement  of the p r e s s u r e  losses through the various components.  Some of the 
passages  are of e labora te  design and experimenta l  values are  r e q u i r e d  for reliable data 
and for bases in future designs and modifications.

Steady-sta te  flow of superheated  steam, with various inlet t em p era tu re s ,  was established 
in the normal flow direc t ion ,  and p res su re  differences were m easu re d  from selected 
re fe rence  taps (see F igure  22) to various o th e r  points in the sys tem .  A high-pressure  
manometer, with m e rc u ry  or red or blue M e r r ia m  fluid, was used  for most of the runs. 
When the manometer leg of 60 inches of m erc u ry  was exceeded for  high flow runs, the 
Heise  gage, P20, was used to measure s ta t ic  p re s su re s  directly. In some cas^s, two 
o r  three  reference tap s  were used with the manometer  to cover all  of the taps along the 
flow circuit.

Usually, the t e m p e ra tu re s  at vessel inlet, fuel inlet, bottom of fuel,  fuel exit, and vesse l  
exit were read. F ro m  these,  a mean t e m p era tu re  in each of the p assag es  of the c ircuit  
could be calculated for  evaluation of mean densi ty in the passage.

It was physically im prac t ica l  to locat? seal  pots right at the exit f ro m  the vessel.  Thus, 
it was necessary to e x e r c i s e  care to ensure  that p ressu re  taps, ex te r io r  to the vessel ,  
w e re  at ambient t e m p e ra tu re  so static head correc t ions  could be evaluated properly.
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Occasionally a full manometer swing would warm up pa r t  of a line leading to the seal  pots, 
and it was necessa ry  to allow the line to cool to ambient temperature.

2. Data Reduction

Figure 22 shows the pressure  tap numbers and their  location in the flow c ircui t .  The left 
side of F igu re  5 shows the elevation dimensions for the sensing element of a p r e s s u r e  
tap, and the right  side *he elevat ion at which the tap ex i ts  fr^m the vessel and thereafter  
is at sys tem  p re s su re  and ambient temperature .

3. Static P r e s s u r e s

Static p r e s s u r e s  in the circuit w ere  obtained from a p r e s s u r e  balance ir, the manometer.  
A typical c a se ,  for tap SA in h ig u re  22 is

Pj + (139 + M)PW - p5A - 21. 03 ps + Mpm , and

P1 - P5A p 1728
1\ - U 9 - 0. 0122 p g, with (24)

p - psi, static p re s su re ;

Pw lb ft^. density, water  at ambient t em p era tu re  and system p r e s s u r e ;
3

p g lb ft , steam at tempera ture  of inlet s team  which surrounds the lines 
in the vessel,  and estimated p re s su re  at the tap;

M = Inches, manometer ;  and

Specific gravity of manometer fluid at ambient tempera ture

NOTE Com press ib i l i t ies  of the manom eter  fluid and water  a re  
assum ed the same and will cancel .

Static p r e s s u r e  differences between various taps were then obtained by differences from 
Equation (24). e. g. ,

P5A ’ P7A (pl ’ P7A* " (pl ‘ P5A '̂ (25)

4. Frictional  L o ss  in Fuel Passes

The standard mechanical energy balance was used for f r ict ional  p ressure  losses

P1 U1 + ----  + z 1 '' p 2l 2 z2 ♦ Apfo + Apce0, (26)
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o f»3 lb;

/ 1 ft. height above datum;
2p lb tt . p ressu ie .

L ft. length; and

irie t ion loss with commonly used nomenclature is

A„, ' M L ,w2 ,). 
' 2B,.DhA2

Contraction or expansion losses were calculated from

APC P K 2 
C • ‘ 2 ^ (.a 2

(27)

(28)

5. Correla t ion of Total P r e s s u r e  Drops for Runs at High Variation of Temperature ,  
P r e s s u r e  and Specific Volume

It was desirable to reduce  all ot the total f r ict ional  pressure  drops,  made at various 
tem pera tu res  and p r e s s u r e s ,  to a common tem pera tu re  for comparison  and check on

3
consistency Then the mean tt lb could be determined at that “b a s e ” temperature  and 
the mean pressure  in iltr particular- component. For most runs up to 10.000 lb h,

3
variation of ft lb in a pass  w.»s relatively sm a l l  so the average, v. calue was usuallv 
within a few percent. The following method was used for normalizing total frictional 
p r e s s u r e  drop:

a. Assuming L . ------- .
M (Re)m

cr e w2- m r a (29)

For the tem pera ture  range of 550 to 800 F tested at 1000 psi .  a maximum variation 
0 25of p is +4 -3 jiereent so effect of v iscosi ty  was neglected. This  would cause 

an e r r o r  on the o r d e r  of only *1 percent at the lower tem pera tu re  variations tested.

b. Constant T em pera tu re  Runs.

From several runs ,  at almost constant tem pera tu re ,  the percentage pressure  drop 
in each of the main flow segments was found to remain essent ia l ly  constant as in­
dicated in Table VI.
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TABLE VI

AVERAGE Ap. ps i ,  DATA FR O M  FSSFNT! ALLY CONSTANT T E M P E R A T U R E  RUNS

Run
w lh h 

-3• 10 J

Inlet A nnulus  
T a p s  1 -5

F u e l  P a s s  
T a p s  5-14

R i s e r  and Outlet 
T a p s  14-19

Ap
P e r c e n t  

Tot al Ap
P e rc e n t

Total Ap
Percen t  

i otui

246 3. 19 1 04 12 6. 48 75 1 12 13
239 5 68 2. 98 14 16 33 76 2 31 10
236 4 21 1 60 12 10 46 76 1 64 12
235 6. 51 3 90 13 22 81 77 3. 02 10
270 13 37 13. 6 10 108 77 18 0 13

A v e r a g e  Perj •ent 12 76 12

c. Bv Equat ion (29), foi c o n s ta n t  t e m p e r a t u r e

ApT w 2 ' m  i y  (  , (30)
p a s s e s

(w h e re  C is dependent  on g e o m e t ry  ol the  p a s s  only) for a con s tan t  t e m p e r a t u r e  run. 
At the s a m e  m a s s  flow, fo r  va r iab le  t e m p e r a t u r e

ApT v w [ CD r D 4 CF v F * C R l' R]* (3n

w h e r e  ihe s u b s c r i p t s  s t a n d  lo r  dow ncom er ,  fue l ,  and r i s e r .

Also ,  if r  is the f r a c t i o n a l  p r e s s u r e  d»op in e a c h  pa ss

1 DC
w 2' m C c * ^ I ) l c v D 

I C
(32)

i ■■ r '  « and i . . .,r v. ,■ ̂ . itL  C (32»

T h e n  f ro m  Equations  (30) through (32).

^ P T -
t c r C

T C
1 C [ r D ° D  + r F ° F  * rR ° r ]

T V (33)
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Substituting | Ik * a v e r a g e V I  O'. < >1 r Irom  Tabb VI. Factual ion (33/ reduces to

I C 0 1 2 (r 1 o» • 0. 76 c pi T V . ( 3 «f

d. Conditions ol 65f‘ F and 1000 psi w ere  chosen lor the re le ren ce  specific vo lum e  

\ f o r  u o r m a l i / a t im .  and com parison  ol the various data. The ^  ̂ art* 

evaluated fo r  the runs at va r iab le  tem perature  and the total pressure drop at a eon 

slant te m p e ra tu re  nt 650 F ca lcu la ted  by Fquation (34

6. Results and D iscussion
1

The component f r ic t io n a l pressure drops , at actual run conditions, were calcu lated  by 

Fquatiotis (25) through (2Hj. and are  l is ted  in Table VII. The  total fr ictional p re s s u re  

drops were n o r m a i i /e d  In Fquation ( 3 4 1, and results a re  shown in Table V III

The data in T ab les  VII and VII! has been plotted toi 
circuit shown in F igure  22

the p r in c ip a l components of the flow

Figure 23 is a typ ical static pressure p ro f ile ,  along the flow c ircu it ,  which shown re la t ive  

drops in the d if fe re n t  components

3 2The various f r ic t io n a l  pressure losses plotted versus flow or <w 10 1 c are shown in 

the balance of the figures (24 through 32).

. The frictional losses have been ca lcu la ted  In Fquations (25/ through <28!.

In one cast (F ig u re  32) the riser -ex it  loss is shown as .1 s ta tic  drop However, the 

velocity head change is so sm all, com para tive ly , that the f r ic t io n a l  and static p re s s u ie  

drops are p ra c t ic a l ly  the same.

It should lx» re c a l le d  that the total p re s s u re  drop in F igure 24 has been norm alized  to 

a constant steam  tem perature  of 650 F at 1000 psi through the flow circu it.  This allowed  

comparison of the various runs tor consistency. A> may I * '  noted on Figure 24. the  

various runs c o r r e la te  within 15 p ercen t,  with the o v e r -a l l  loss proportional to a lm o s t  the 

square of the ve loc ity . This is com patib le  with the high t ra c t io n  of expansion- and 

contraction-type losses in the total c irc u i t  (24 percent of total loss)
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Run
Number Tap

W lb h /7  * \ 2 
• 10*7 v 103 '

Static
-*p5-7

235 A 0.11 37.33 0. 051
B 6.11 37.33 0. 002
C 6.11 37.33 i . ;  os

108 A 8.47 71.74 2. 078
B 8.47 71.74 2 C76
(. 8.47 71.14 *■.. 078

220 A 9.88 97.61 1. 533
B 9.88 97.61 1. 5 23
C 9.88 97.61 2 539

103 A 10. 72 114. 92 2. 775
FV 10 72 114. 92 2. 310
c 10. 72 114. 92 3. 191

269 A 13. 37 178. '6
B 13.37 178 76
C 13.37 17“ . 76

270 A 13. 37 1/8 7»> 5. 300
B 13 37 1 <8. 76 3. 800
C 13. 37 1 /8. 76 5 700

109 A 13.37 178 76 4. 285
B 13.37 178. 76 4. 285
C 13. 37 178. 76 4. 285

271 A 18. 41 338. 93 9 700
B 18.41 338 93 8. 200
C 18.41 336.93 7. l OO

272 ' A 23. 03 530. 4 11 500
B 23. 03 530. 4 9 800
C 23. 03 530. 4 15. 700

V

0 570 
0. 570 
0. 570

0. 530 
u. 530 
0. 530

0. 510 
0. 511; 
0. 510

0. 485 
0. 485 
0. 485

0. 550 
0. 550 
0. 550

0. 550 
0. 550 
0. 550

0. 565 
0. 565 
0. 565

0 . 540 
0. 540 
0. 540

0. 540 
0. 540 
0. 540

t

GEAP-4560

TABLE VI.
■N

COMPONENT PRESSURE LOSSES (All Ap are in psi)

Fuel Downpass 
F ric tio n
Ap7-8 0

Fuel Bottom 
T urn v ric tion

Ap8-10 r

F uel Uppass 
Fr ictf.on

1 Ap’0 - l l V

Exit F uel—►Star* R iser 
Fric tion
Apl 1-14

3. 669 0. 580 1. 421 0 582 14. 889 0. 590 1 319
3 868 0. 580 0. 658 0. 582 15. 665 0. 590 1. 256
3. 805 0. 580 0. 921 0. 582 | 15.376 0. 590 0. 852

7. 278 0. 520 4. 7U 0. 535 30. 790 0. 530 2. 616
7. 278 0. 520 4. 76. 0. 535 30. 790 0. 550 2 616
7. 278 0. 520 4. 76. 0. 535 30. 790 0. 550 2 616

6. 631 0. 520 18 116 0. 535 29. 728 0. 550 3. 500
6. 664 0. 520 1C.799 0. 535 32 2?c 0. 550 2. 297
6. 556 0. 520 17. 321 0. 535 29. 224 0. 550 3. 868

11.272 0. 485 6. 009 0. 500 41. 170 0 510 8. 163
11. 237 0. 485 3. 413 0. 500 44. 665 0. 510 7. 764
11. 355 0. 486 4. 5U 0. 500 42. 668 0. 510 7. 664

0. 545 o. 764 0. 575 72. 943 0. 6G5
0. 545 9. 76 \ 0. 575 W  943 0. 605
0. 545 9 764 0. 573 .3. 943 0. 605

16. 162 0. 555 1. 595 0. 580 75. 943 0. 605 6. 603
15 662 0. 555 0. 595 0. 58u 73 943 0. 605 11.603
15. 762 0. 555 4. 595 0 580 70. 943 0. 605 8. 603

19. 083 0. 575 7 467 0. 585 21 323 0. 590 11 281
1 9. 083 0. 575 7. 467 0 585 21 323 0. 590 11. 281
19. 083 0. 575 7. 467 0. 585 21.323 0 590 11.281

-6 .837 0. 555 57.168 0. 645 161. 949 0. 720 9. 171
-1 337 0 55f 39. 168 0. 645 i 73.949 0 720 11 171
34 763 G. 555 18. Ib8 0. 645 161.949 0. 720 9. 171

53. 163 0. 570 40. 340 0. 805 381.949 1. 2 38 801
51 663 0. 570 21.340 0. 805 390 959 1. 2 51.801
57. 763 0. 570 29.340 0. 805 376.959 1. 2 45 801

6 -4 5 /6 -4 6
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TABLE VII (Continued)

Run
Number Tap

W lb h / (  -  A 2
^ io-y

Static
AP5-7 u

Fuel Downpass 
F ric tion
Ap7-8 0

Fuel Bottom 
Turn Friction

Ap8-10 0
Fuel Uppass 

Friction
Apl 0-11 V

Exit Fuel S tart Riser
F riction
A>>11-14

245 A 2. 04/ 4 16 0. 099 0. 545 0. 388 0. 535 0. 427 0. 540
I

1.681 0. 550 0. 145
B 2. 04/ 4. 16 0. 032 0. 545 0. 505 0. 535 0. 241 0. 540 1.908 0. 550 0. 054
C 2. 04/ 4. 16 0. 016 0. 545 0. 583 0. 535 0. 186 0. 540 1.958 0. 550 0. 005

246 A 3. 11/ 9. 67 0. 392 0. 550 1. 091 0. 535 0.473 0. 545 4. 283 0. 555 0. 254
B 3. 11/ 9. 67 0. 344 0. 550 1. 148 0. 535 0. 328 0. 545. 4. 451 0. 555 0. 222
C 3.11 9.67 0. 354 0. 550 1. 174 0. 535 0. 283 0. 545 4. 460 0. 555 0. 222

237 A 3. 34 11. 16 0. 776 0. 535 0. 005 0. 535 0. 211 0. 535 3. 923 0. 535 0. 724
B 3.34 11.16 0. 333 0. 535 0. 392 0. 535 . 0. 048 0. 535 4. 064 0. 535 0. 792
C 3.34 11.16 0. 392 0. 535 0. 429 0. 535 0. 179 0. 535 3. 892 0. 535 0. 737

213A A 3. 98 15. 84 0. 861 C. 500 0. 003 0. 475 0. 446 0. 485 4. 677 0. 495 1. 133
B 3. 98 15. 84 0. 501 0. 500 0. 348 0. 475 0. 183 0. 485 4. 949 0. 495 1. 133
C 3. 98/15. 84 0. 596 0. 500 0. 398

u-
0. 475 0. 265 0. 485 4. 722 0. 495 1. 133

236 A 4. 21/17. 72 0. 690 0. 560 1.606 0. 560 0. 460 0. 570 6. 815 0. 570 0. 642
B 4. 21/17. 72 0. 582 0. 560 1.651 0. 560 0. 205 0. 570 7. 246 0. 570 0. 529
C 4. 21/17. 72 0. 759 0. 560 1.537 0. 560 0. 301 0. 570 7. 087 0. 570 0. 529

234 A 5. 20 27.04 0. 664 0. 550 2. 646 0. 550 1. 134 0. 555 10. 286 0. 555
B 5. 20/27. 04 0. 584 0. 550 2. 672 0. 550 0. 802 0. 555 10. 672 C. 555
C 5. 20/27. 04 0. 888 0. 550 2. 695 0. 550 0. 816 0. 555 9. 831 0. 555

239 A 5. 21 27.14 0. 882 0. 550 2. 259 0. 550 1.072 0. 555 11. 134 0. 560 0. 914
B 5. 21/27. 14 0. 550 0. 550 2. 296 0. 550 0.417 0. 555 10. 749 0. 560 2. 113
C 5. 21/27. 14 0. 882 0. 550 2. 259 0. 550 0.666 0. 555 10. 740 0. 560 1. 578

221 A 5. 49/30. 14
B 5. 49 30. 14
C 5.49 /30 .14 -

101 A 5.62 /31 .58 1. 226 0. 465 2. 798 0. 465 1.610 0. 470 . 13.508 0. 470
B 5. 62/31. 58 1. 266 0. 465 2. 254 0. 465 1.110 0.470 14. 012 0. 470
C 5.62 /31 .58 1. 148 0. 465 2. 876 0 465 1.610 0. 470 13.008 0. 470

6 -4 7 /6 -4 ?
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TABLE VIII

TOTAL FRICTIONAL PRESSURE LOSS NORMALIZED TO 650°F, 1000 psia. (Equation 34)

P 20
psia

Run
Number

W ——
h

x 10-3

Average P re s s u re s , T em peratures, Specific Volumes

Zro<3>

APy
Total psi 
Measured 
Tops 1-9

Essentially 
u Constant 

Runs

Eq (34)
ApT= C ^  

psi Calculated 
at Constant
u1000 psi 

650°F
W ater Level 
in V essel

Taps 1-5 
Downcomer

Taps 5-14 
Fuel

Taps 14-19 
R iser and Exit u

of
E n tire  Bundle aPt = c0>P T °D P /T °F P /T °R

1014 246 3. 11 1014, 660 0. 570 1011/645 0. 555 1006/648 0. 560 0. 557 8.04 0. 562 8. 67 8. 75 None
1011 239 5. 21 1009/645 0. 555 998/635 0. 550 991/635 0. 5j 5 0. 551 21.62 0. 552 22. 1 22. 1 None
1014 236 4. 21 1014/664 0. 570 1007/658 0. 565 1001/653 0. 565 0. 566 13. 70 0. 567 13. 7 13. 7 None
1013 235 6. 11 1011668 0. 575 998 '665 0. 580 984 661 0. 585 0. 580 29. 73 0. 580 29. 0 29. 0 None
1012 270 13. 37 1005/643 0. 555 944 606 0. 565 882 596 0.600 0. 568 139.6 0. 573 137. 5 139. 0 17 ’ - 4”
995 213 A 3. 98 994/595 0. 515 985 585 0. 500 974/575 0. 505 0. 502 20. 99 0. 507 23. 4 23.6 None
903 108 8. 47 900/572 0. 552 875 545 0. 540 849 535 0. 550 0. 543 57.3 0. 547 59. 2 59.6 13'
980 103 10. 72 975/560 0. 485 938/547 0. 485 901/540 0. 510 0. 488 84. 2 0.493 96. 5 97. 5 15 ’ -16 ’
926 109 13. 37 921 593 0. 565 876 578 0. 585 839/563 0.600 0. 584 87. 7 84. 8 <^13'

1011 271 18. 41 991, 626 0. 545 851 587 0.615 703/569 0. 750 0. 623 318. 8 289. 5 17'
1015 272 23. 03 971/608 0. 545 665/541 0. 765 361/501 1.44 0. 820 697. 8 482. 0 1 8 '-6 ”
1006 269 13. 37 997 622 0. 535 934 599 0. 560 870/585 0. 595 0. 561 144. 8 145. 8 18'
1021 245 2. 04 1021 663 0. 565 1 Cl9 638 0. 545 1017/648 0. 550 0. 548 3.91 4. 03 None
1017 237 3. 34 1017/630 0. 535 1013/627 0. 535 1009/623 0. 530 7. 98 0. 533 8. 46 None
1000 101 5. 62 998/565 0. 470 987 555 0. 470 975/550 0. 470 25. 80 0. 470 31. 0 15 ’ -18 ’
1015 234 5. 20 1014 640 0. 545 1003 640 0. 555 992/640 0. 555 0. 554 24. 80 0. 552 25. 30 25.3 None
1012 220 9. 88 1006/600 0. 510 974/595 0. 525 941 /593 0. 545 0. 526 76. 87 82. 6 None
1012 221 5. 49 1011/593 0. 500 1003/590 0. 500 996/590 0. 500 17. 68 0. 500 20. 0 None

( 1 )  u c

ApT - C = ApTy

-  1000 psia
l C 650°F

w ru

x (ApT ) 0. 565 
S(ru)

APy

by Equation 34
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BEST LINF FOR ALL D A TA

Dh 2(0 .075) 0.150 IN .
A 0.312 IN 2 
L 59.1 IN.

AT 1000 psi, 65(7 F. 
f (MOODY) 0.0218

CONTINUED
36 - - - - - 54 —

34 — 5? —

50 —

28 —
MEAN L IN E  UP T O  

10.000 LB  HR
f (MOODY) 0 .0196 1000 psi 

650°F
REYNOLDS NO. (10 .000  LB  HR) 

122 x 103
44 —

24 ----

150
W = TO TA L L B  H R  iN 9 TUBES Finure_26. Annular Frictional Pressure Loss 

in Fuel Down-Pass
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ACTUAL DATA AT W L B  HR TOTAL FLOW

C A L C U L A T E D  P O I N T S  WITH W S  C O R R E C T E D  
TO ACTUAL VALUE IN E A C H  O F  TUBES A. B & C. 
R E L A TI VE  FLOW FROM I M P AC T  TUBE READINGS 
USF P:

AC TUAL 0 877 i f  T O T A L  9) 

f £v  " 1 133 (” ** )

------- O

DECREASE OF P R F S S U R E  DROP 
C O E F F I C I E N T  I N D I C A T E D  AT 
VERY HIGH R E Y N O L D S  NUMBERS

I---  ---- ^4.
LU O  LU

BEST MEAN L I N E S  FOR ALL 3 T U B E S  B A S E D  ON «  . WITH 
(W T O T A L  9) L B  HR IN FACH T U B E .  W I 0 - 1 5 . 0 0 0  LB HR)

L B  HR T O T A L  IN A L L  9 TUBESRUN 2 7 0 Figure 30. Friction Pressure Loss in
Expansion. Fuel Exit-Bottom 
Riser (0-13.000 lb/h)
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i RUN 2201

13.370 L B  HR 
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6110 L B /H R  
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f i g u r e  31. Expansion L o s s .  Km i Exit
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ENTIRE FLOW RANGE 
2 0 0 0 - 2 3 0 0 0  LB HR

LB HR RUN
4210 (236) 16110 (235) 9880 (220)

SEE INSET FOR 
LOWER FLOW RANGE

/*y
\  107*10-14 W L B / H R  TOTAL IN 9 TUBE:. 1742-27

Figure 32. Static Pressure Drop, Riser-Exit 
Flange
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The balance -of figures, a r e  on the wnole. self-explanatory. Most of the various losses
2c o r re la ted  well as a straight line with w o, indicating the coefficient was essentially 

constant  over the Reynolds num bers  tested. Three  of the component p r e s s u r e  losses 
indicated a decrease of p r e s s u r e  loss coefficient with flow. These were  the loss in the 
turn at the bottom of the fuel p a ss  (Figure 27): the fu e l - r i s e r  expansion (Figure  30); and 
the l i s e r  and exit pipe loss  (F'igure 32).

It may be noted that the g enera l  trend of relative p r e s s u r e  loss between tubes A, B, and 
C in the two fuel pass (F igures  26 and 28) shows a s trong trend of high-low in the 
sequence B, C. A. This a g r e e s  with the high-low sequence, obtained with the Pitot 
tubes, in Section VI

The lo s se s  for each of the unique tubes, in Figure 30 for example, a re  plotted versus 
the total flow in all nine tubes Thus, more sc a t te r  is obtained in the data as plotted, 
than is inherent, due to m ass  flow distribution among the tubes. That is ,  it will correlate  
somewhat better if allowance is  made for flow variation. This was done for a few 
points as  shown on Figure 30, and the correction d raw s  most of ihe points within 
+ 20 pe rcen t  of the mean s t ra igh t  line drawn.
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SECTION VII

DISCUSSION OF RESULTS

For a discussion of resu l ts ,  r e fe r  to the specific headings under Section VI. Results 
and Discussions.
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