
AIR VELOCITY PROFILES 
NEAR SLEEVE BLOCKAGES 
I N  AN UNHEATED 7 X 7 
ROD BUNDLE 

J. M. Creer 
J. M. Bates 

Apr i  1 1979 

Submitted f o r  presentat ion t o  the 
American Society o f  Mechanical Engineers 
Symposium on F l u i d  Flow and 
Heat Transfer  over Rod o r  Tube Bundles 

Work Supported by 
the U.S. Nuclear Regulatory Commission 
under a Related Ser-vices Agreement w i t h  
the U. S. Department o f  Energy 
under Contract EY -76-C-06-1830 

P a c i f i c  Northwest Laboratory 
, . -Richland, Washington 99352 

I I  , . 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



AIR VELOCITY PROFILES 
NEAR SLEEVE BLOCKAGES 
I N  AN UNHEATED 7 x 7 
ROD BUNDLE 

J. M. CREER 
J .  M. BATES 

P a c i f i c  Northwest Labora tory  
Rich1 and, Nashington 



ABSTRACT INTRODUCTION 

Local air velocity measurements were obtained 
with a laser Doppler anemometer near flow blockages 
in an unheated 7x7 rod bundle. Sleeve blockages 
were positioned on the center nine rods to create an 
area reduction of 90% in the center four subchannels 
of the bundle. Experimental results indicated that 
severe flow disturbances occurred downstream from 
the blockage cluster but showed only minor flow 
disturbances upstream from the blockage. Flow 
reversals were detected downstream from the blockage 
and persisted for approximately five subchannel 
hydraulic diameters. The air velocity profiles were 
in excellent agreement with water velocity data 
previously obtained at essentially t.he same Peynolds 
number. Subchannel average velocity predictions 
obtained with the COBRA computer program were in 
good agreement with subchannel average velocities 
estimated using the measured local velocity data. 

NOMENCLATURE 

English 
B L ~  - blockage axial centerline 
DP - designates data plane 
Eu - Euler number, U~(p/2g A P ) ~ / ~  
f - friction factor 

fi - frequency of incident laser beam 
f~ - Doppler frequency 

fsl,fs2 - frequency shift 
ft - turbulent momentum factor 

Kjj - crossflow resistance 
Ksl - subchannel spacer loss coefficient 
Ks2 - subchannel blockage loss coefficient 
AP - pressure loss 
Re3 - Sundle Reynolds number 
s/t - transverse. momentum 

t - time 
T - temperature - 
II - local mean axial velocity 

UB,UB - bundle average velocity 
U - subchannel average velocity 
x - x coordinate 
Y - Y coord ina te  
z - z coordinate 

Az - calculational increment 

Greek 
B - turbulent mixing 
X - wavelength 
p - density 
a - angle between incident laser beams. 

In the event of a loss-of-coolant accident 
(LOCA) in a pressurized water reactor (PIIR), fuel 
rod overheating may occur. As clad temperatures 
increase during a LOCA, internal fuel rod pressures 
may cause clad "swelling" or "ballooning," which 
could lead to coolant blockages. It is important 
that flow and heat transfer phenomena near such 
blockages are well understood to permit detailed 
safety analyses to be performed for postulated 
LOCAs. Consequently, as a first step in gaining 
such an understanding, a program was initiated tc 
study the effects of blockages on flow distributions 
in rod bundles. The program objectives Owere: 1) to 
 valuate, develop, and appjy :asei- Ccpp:ei- 
anemonetry (LDA) methods for measuring flow and 
turbulence in the vicinity of blockages and 2) tc. 
improve the data base for evaluating subchanr~el 
(core) codes such as COBRA (1,2). The intent of the 
program was to perform a logical sequence of flcw 
blockage experiments using water, air, air-water, 
and steam-water in model nuclear fuel rod bundles. 
Such information was limited for relatively large 
rod bundles in any of the above-mentioned flowing 
media. In addition to providing basic subchannel 
velocity and turbulence data that could be related 
to blockages under flowing steam conditions in 
reactor accident environments, it was anticipated 
that the LDA experiments using single-phase water 
and air could aid in developing state-of-the-art 
two-phase flow instrumentation. Such 
instrumentation could subsequently be used in 
studies using air-water and, finally, using steam- 
water flow typical of that expected during a LOCA. 

Tie current study, using air as the flowing 
medium, was a follow-on to the study reported in 
References ( 3 )  and (4) where water was used as the 
working fluid and two blockage severities plus two 
blockage locations were investigated. The 
abbreviated study reported herein iacorporated the 
same experimental method used in the water test, but 
only one blockage severity (90%) at one axial 
location within the bundle was investigated. The 
ail- conditions, Reg = 1 x lo4, approximated 
those of steam at a point in time during a 
postulated LOCA at which all of the flooding water 
(1.27 cm/sec, 0.5 in./sec) would be converted to 
high quality steam. 

This paper presents air velocity profiles 
obtained near a partial flow blockage. Comparisons 
of the air velocity profiles with water velocity 
profiles obtained in a previous experiment and 
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comparisons o f  t he  exper imenta l  v e l o c i t y  d a t a  w i t h  
p r e d i c t i o n s  o f  t he  COBRA code are  prov ided.  

EQUIPMENT 

The b a s i c  equipment used t o  pe r fo rm t h e  f l o w  
blockage exper iment cons i s ted  o f  an a i r  loop, a  t e s t  
assembly made up o f  a  f l o w  hous ing and an unheated 
7x7 r o d  bundle, a  l a s e r  Doppler anemometer, and 
s i g n a l  p rocess ing  i ns t rumen ta t i on .  The f o l l o w i n g  
sec t i ons  b r i e f l y  d iscuss the equipment used i n  t h?  
s tudy.  

A i r  Loop 
The f l o w  blockage exper i lnent was pel-formed i n  

t he  a i r   loo^ shown schemat i ca l l y  i n  F iq .  1. A 
blower r a t e d  a t  366 L/sec (775 i f m )  at-124 KPA 
(18 p s i g )  was used t o  produce t h e  d e s i r e d  a i r  f l o w  
r a t e  through the  t e s t  assembly. An a f t e r - c o o l e r  was 
p rov ided  t o  a t t a i n  an a i r  o p e r a t i n g  temperature o f  
270C (800F).  Three f l o w  c o n t r o l  dev ices- -a  
damper, J c o n t r o l  valve,  and a bypass valve--were 
used t o  o b t a i n  the  t e s t  f l o w  r a t e  as measured w i t h  
an o r i f i c e  meter /pressure  t ransducer  combinat ion.  
Temperatures and abso lu te  pressures  were measured , 

j u s t  upstream o f  the  o r i f i c e  meter and a t ,  t he  t e s t  
assembly i n l e t .  A f t ec  t he  a i r  passed through the  
t e s t  assembly, i t  was exhausted t o  t he  atmosphere 
th rough a  l a r g e  0.3-m (12- in . )  duc t .  

Ammonia c h l o r i d e  l i g h t - s c a t t e r i n g  p a r t i c l e s  
xe re  i n j e c t e d  i n t o  t he  p i p i n g  system j u s t  upstream 
o f  the  t e s t  sec t i on .  A i r  was used t o  a g i t a t e  
h y d r o c h l o r i c  a c i d  and am,oni:, hyd rcx idc  t o  p c r m i t  
m i x i n g  t h e i r  vapors i n  a  t ube  t o  fo rm s t a b l e  ammonia 
c h l o r i d e  p a r t i c l e s .  Contr.01 va lves  on t h e  supp ly  
l i n e s  t o  t h e  m i x i n g  tube were p rov ided  t o  pe rm i t  
p roper  m i x t u r e  r a t i o s  and seeding f l o w  r a t e s .  

Test Assembly 
The t e s t  assembly used i n  t h e  a i r  s tudy  i s  

shown i n  F i g .  2. ~ i F e n t e r e d  t h e  bot tom o f - t h e  f l o w  . 
housing,.  f.lowed v e r t i c a l l y  upward through t h e  
bundle,  emerged a t  the t o p  o f  t he  f i o n  housing, and 
entered the  exhaust duct .  A  0.2-m ( 8 - i n . )  l ong  f l o w  
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F i g .  2  Test assembly arrangement 
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i n l e t .  The f l o w  c o n d i t i o n e r  cons i s ted  o f  f o u r  
e c c e n t r i c  p e r f o r a t e d  p l a t e s  i n  a  t r i a n g u l a r  a r ray ,  
f o l l o w e d  by a  bank of tubes 8.25 cm (3.25 i n . )  
long. The p l a t e s  d i s t r i b u t e d  t h e  f l o w  u n i f o r m l y  
across t h e  t e s t  assembly c ross  sec t i on ;  t h e  tubes 
served as f l o w  s t r a i g h t e n e r s  t o  l i m i t  t h e  s c a l e  o f  
t u rbu lence .  

A c r o s s - s e c t i o n a l  v iew o f  t he  assembly a t  t h e  
blockage a x i a l  c e n t e r l i n e  i s  presented i n  F i g .  3. 
Tne f l o w  hous ing body cons i s ted  o f  f r o n t  and back 
p l a t e s  c o n t a i n i n g  n ine  windows and s o l i d  s t z i n l e s s  
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F ig .  3. Test assembly c ross  s e c t i o n  a t  t h e  
blockage a x i a l  c e n t e r l i n e  

s t e e l  s i de  p l a t e s  c o n t a i n i n g  pressure  taps .  The 
windows were 5.1 cm ( 2  i n . )  h i g h  by 10.2 cm ( 4  i n . )  
wide, an3 us re  l oca ted  on 15.2-cc ( 6 - i n . )  axi:? 
i n t e r v a l s .  The o p t i c a l l y  f l a t  and p a r a l l e l  windows 
were f a b r i c a t e d  f rom b o r o s i l i c a t e  crown glass,  
sea led w i t h  O-r ings,  and h e l d  i n  p lace by t h i c k  
cover p l a t e s .  

The model f u e l  bund le  was an unheated square 
7x7 r o d  ar ray .  Model unheated rods were f a b r i c a t e d  
from 0.318-cm (1 /8 - i n . )  Sch 10s s t a i n l e s s  s t e e l  p i p e  
[OD = 1 cm (0.392 in . ) ]  1.45 m (57 i n . )  long. Lower 
and uppcr Srass t i e  p l a t e s  p o s i t i o n e d  t h e  49 rods t o  
form the  bundle. Flow channels i n  t h e  t i e  p l a t e s  
were s i z e d  t o  assure un i f o rm  v e l o c i t y  d i s t r i b u t i o n s  
over the  c ross  s e c t i o n  o f  t he  bundle.  A  r o d  p i t c h  
o f  1.37 cm (0.539 i n . )  was main ta ined w i t h  t h r e e  
s imple  "egg c r a t e "  spacers f a b r i c a t e d  f r o m  brass.  

Brass s leeves were p laced  on t h e  c e n t e r  n i n e  
rods  t o  model a  blockage c l u s t e r  as shown i n  
F ig .  4. The blockages were 7.623 cm ( 3  i n . )  l ong  
w i t h  2.54-cm (1 - i n . )  t ape rs  a t  each end. A f l o w  
area r e d u c t i o n  o f  90% was a t t a i n e d  i n  t h e  center  
f o u r  subchannels o f  t he  bundle.  The 90% s e v e r i t y  
corresponded t o  an area r e d u c t i o n  o f  45% i n  t he  
subchannels ad jacent  t o  t he  s ides  o f  t he  c l u s t e r  and 
22% i n  the  subchannels nex t  t o  t he  co rne rs  o f  t he  
blockage. The shape, l o c a t i o n ,  and e x t e n t  o f  area 
r e d u c t i o n  of the  blockage c l u s t e r  used i n  t h i s  
exper iment were no t  necessar i 1 y in tended  t o  d e f i n e  
those t h a t  would a c t u a l l y  e x i s t  d u r i n g  a  LOCA. The 
shape o f  the  blockage sleeves was fo rmu la ted  a f t e r  
c o n s i d e r i n g  Hardy 's  exper imenta l  r e s u l t s  o f  h i gh  
temperature expansion and r u p t u r e  behav ior  o f  
Z i r c a l o y  t u b i n g  ( 5 ) .  Area r e d u c t i o n s  o f  70% and 90% 
were chosen t o  c r e a t e  gross f l o w  d i s tu rbances  i n  t he  
r o d  bundle.  Gross f l o w  d i s tu rbances  were r e q u i r e d  
t o  adequate ly  t e s t  t he  c a p a b i l i t y  o f  t he  COBRA 
computer program f o r  p r e d i c t i n g  such m a l d i s t r i b u t e d  
f l ow  p r o f i l e s .  Determinat ion  o f  more r e a l i s t i c  
b lockage l oca t i ons ,  shapes and s e v e r i t i e s  must awa i t  
r e s u l t s  o f  exper iments designed co o b t a i n  such 
i n f  orrnat i on, 

BLOCKACE CLUSTER 

CORNER SLEEVE S I D E  SLEEVE CENTER SLEEVE 

F i g .  4  Flow b lockage sleeves 

A movable suppor t  was p rov ided  a t  t h e  t o p  o f  
t h e  bund le  t o  p o s i t i o n  t h e  r o d  bund le  i n  t h e  f l o w  
housing. A v e r t i c a l  t r a v e l  o f  17.8 cm ( 7  i n . )  was 
p o s s i b l e  and, because t h e  windows were on 15.21-cm 
(6 - i n . )  c e n t e r l i n e s ,  d a t a  a t  any a x i a l  l o c a t i o n  
w i t h i n  t he  bund le  c o u l d  be obta ined.  

Laser Doppler Anemometer 
Tu rbu len t  f l o w  measurements were performed w i t h  

a  l a s e r  Doppler anemometer (LDA), a  h i g h l y  advanced 
system used f o r  o b t a i n i n g  measurements o f  l o c a l  mean 
v e l o c i t y  and i n t e n s i t y  o f  turbulence'. The most 
n o t a b l e  advantage o f  an LDA system i s  t h a t  t h e  
noncontac t  p rob ing  does no t  d i s t u r b  t h e  f l ow .  An 
impor tan t  f e a t u r e  o f  a l l  LDA systems i s  t h a t  t h e  
ou tpu t  s i g n a l  i s  a  c a l i b r a t i o n - f r e e  f requency 
l i n e a r l y  r e l a t e d  t o  f l o w  v e l o c i t y .  S i n g l e  known 
components o f  f l o w  v e l o c . i t y  can be measured 
independent ly  o f  o t h e r  v e l o c i t y  components; 
fu r thermore,  v e l o c i t y  measurements, i n  r e v e r s i n g  
f l o w s  a re  poss ib le .  

The LDA system used i n  t h i s  exper iment i s  shown 
schemat i ca l l y  i n  F ig .  5; t h e  t h e o r e t i c a l  aspects o f  
t h e  method a re  d iscussed i n  d e t a i l  by Bray ton and 
Geother t  ( 6 ) .  The d i f f e r e n t i a l  Doppler mode w i t h  
f requency s h i f t i n g  was used throughout  t h e  
exper iment.  The system i s  e a s i l y  a l i g n e d  and 
opera tes  e f f e c t i v e l y  where the  I n t e n s i t y  o f  
s c a t t e r e d  l i g h t  i s  low. Frequency s h i f t i n g  removed 
the  d i r e c t i o n a l  ambigu i ty ,  a l l o w i n g  measurements i n  
reg ions  o f  r eve rse  f l o w .  Amon ia  c h l o r i d e  p a r t i c l e s  
i n j e c t e d  i n  t h e  l oop  a i r  were used as l i g h t -  
s c a t t e r i n g  p a r t i c l e s  i n  t h i s  exper iment.  

The measuring, o r  i n t e r s e c t i c n ,  volume was 
l oca ted  i n  t he  f i o w  channel w i t h  a  h y d r a u l i c  
l i f t / t r a v e r s i n g  t a b l e  capable o f  p o s i t i o n i n g  t h e  
l a s e r  and o p t i c s  as an i n t e g r a l  u n i t .  The motor 
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F ig .  5 D i f f e r e n t i a l  dopp ler  l a s e r  Doppler anemometry system 

speed c o n t r o l  and p o s i t i o n  c o n t r o l  i nhe ren t  i n  t h e  
LdtJle made i t  p o s s i b l e  t o  l o c a t e  t h e  beam 
i n t e r s e c t i o n  volume t o  w i t h i n  0.03254 cm (0.001 i n . )  
i n  bo th  t he  x  and y  coo rd ina tes  i n  a  h o r i z o n t a l  
p lane. The h y d r a u l i c  l i f t i n g  c a p a b i l i t y  o f  the  
t a b l e  p e r m i t t e d  the l a s e r  and o p t i c s  t o  be 
p o s i t i o n e d  a t  des i red  a x i a l  l o c a t i o n s .  

S iqna l  Process inq I n s t r u m e n t a t i o n  
The s i g n a l  p rocess ing  i ns t rumen ta t i on  used t o  

c o n d i t i o n ,  i n t e r p r e t ,  and o b t a i n  t he  a x i a l  v e l o c i t y  
da ta  from the Doppler s i g n a l  h a s i c a l l y  cons i s ted  o f  
a s i jec i rur i~  d i ~ a l y z e r  wSEh a  t rTdcki i ty yenerdtor., d  
f requency t r a c k e r ,  and an o s c i l l o s c o p e .  

The spectrum ana l yze r / t r ack  i n g  genera tor  
combinat ion  was used as t h e  p r imary  d a t a  a c q u i s i t i o n  
dev i ce  because the  f requency t r a c k e r  d i d  no t  opera te  
s a t i s f a c t o r i l y  i n  reg ions  o f  h i g h l y  t u r b u l e n t  a i r  
f low.  The spectrum ana lyzer  rece i ved  a  s i g n a l  f rom 
t i l e  p h o t o m u l t i p l i e r  t ube  and a  f requency spectrum 
( s i g n a l  ampl i tude versus f requency)  was d i sp layed  on 
t h e  CRT. The t r a c k i n g  genera tor ,  a  spec ia l  s igns1 
source whose rf ou tpu t  f requency t r a c k s  ( f o l l o w s )  
o t h e r  s i g n a l s  i n  t h e  f requency domain, was then used 
t o  a c c u r a t e l y  read t h e  Doppler f requency 
cor respond ing t o  t he  peak ampl i tude as measured by 
t he  spectrum ana lyzer .  

The f requency t r a c k e r  was used as a  back-up 
u n i t  t o  the  spectrum ana lyzer  because i t  would n o t  
" h o l d  t r a c k "  i n  reg ions  o f  h i g h l y  t u r b u l e n t  a i r  
f l ow .  When i n  use, t h e  f requency t r a c k e r  improved 
the  s i g n a l - t o - n o i s e  r a t i o  o f  t he  Uoppler s i g n a l  and 
conver ted the  Doppler f requency i n t o  an analog 
vo l t age  t h a t  was . l i n e a r l y  r e l a t e d  t o  l o c a l  mean 
a x i a l  f l o w  v e l o c i t y .  The t r a c k e r  had f requency 
t r a c k i n g  c a p a b i l i t i e s  i n  t h a t ,  once i t  was 
" locked-on" t o  t h e  Doppler f requency, it f o l l o w e d  
frequency f l u c t u a t i o n s  about t he  mean w i t h i n  each 
a v a i l a b l e  f requency range. An LED readout  was 
supp l i ed  on the  t r a c k e r ;  however, a  d i g i t a l  
vo l tme te r  was used t o  measure t r a c k e r  analog v o l t a g e  
ou tpu t  t o  o b t a i n  more accura te  determinat. ions o f  
Dopp 1  er  f requenc ies  . 
EXPERIMENTAL PROCEDURE 

Loop f l o w  and temperature were s e t  a t  des i red  
values. The LDA o p t i c a l  system was ad jus ted  t o  
produce an op t ima l  Doppler s i g n a l  as observed on an 
oscillosco~e. Data a c q u i s i t i o n  was s t a r t e d  
approx imate ly  0.254 cm (0.100 i n . )  f rom a  window and 
cont inued i nc remen ta l l y ,  u s u a l l y  eve ry  0.254 cm 
(0.100 i n . ) ,  a long s e l e c t e d  t rave rses  across t he  r o d  

bund le  as shown i n  F ig .  6. On ly  da ta  ob ta ined  a long 
t h e  t r a v e r q e  a t  y  = 4.48 cm (1.763 i n . )  a r e  
presented i n  t h i s  paper. Data ob ta ined  a long each 
t r a v e r s e  a re  presented by Creer e t  a1 ( 7 ) .  

A t  each da ta  l o c a t i o n  t he  spectrum ana lyzer  and 
f requency t r a c k e r  were checked t o  assure proper  
adjustment.  The spectrum ana lyzer  f requency, 
t r a c k e r  vo l tage,  x  and y  l o c a t i o n s ,  and o t h e r  
p e r t i n e n t  l oop  i n f o r m a t i o n  were then recorded.  The - 
l i f t / t r a v e r s i n g  t a b l e  was then used t o  r e p o s i t j ~ n  
t h e  measur ing volume t o  o t h e r  a x i a l  l o c a t i o n s  and 
t h e  above procedure was repeated. 

DATA ACCURACY 

An e r r o r  a n a l y s i s  u s i n g  the e r r o r  and 
u n c e r t a i n t y  methods of Schenk (8)  was performed t o  
es t ima te  da ta  accuracy. The method and a n a l y s i s  are  
presented and descr ibed i n  d e t a i l  i n  ( 7 ) .  Loca l  
mean a x i a l  v e l o c i t y  measurements (G) were es t imated 
t o  have u n c e r t a i n t i e s  o f 5  i6%. Data p o i n t  
l o c a t i o n s  ad jacent  t o  t h e  windows were l o c a t e d  
w i t h i n  21.27 mm ('0.05 i n . )  o f  t he  window. Data 
t r a v e r s e s  ad jacent  t o  a  r o d  row were l o c a t e d  
r e l a t i v e  t o  t h e  rods w i t h i n  '0.25 mm (0.01 i n . ) .  
Each measurement l o c a t i o n  was p o s i t i o n e d  w i t h i n  

2 c z . 2 8  ca 
2.53: i n . )  ( i . ; 5 3  f n . 1  

F i g .  6 Data t r a v e r s e  l o c z t i o n s  
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i0 .025 mm (0.001 i n . )  o f  i t s  ne ighbors  i n  t he  x  and A x i a l  v e l o c i t y  peak-to-average r a t i o s  o f  1.1.2 were 
y  d i r e c t i o n s .  A x i a l  da ta  p lanes were es t ima ted  t o  measured which a re  i n  good agreement w i t h  those 
be l oca ted  w i t h i n  21.27 mm (0.05 i n . )  o f  t he  known t o  e x i s t  f o r  w e l l  developed t u r b u l e n t  p i p e  
blockage a x i a l  c e n t e r l i n e .  f l o w  and e x i s t i n g  r o d  bund le  da ta  (3,4,9,10,11). 

The v e l o c i t y  p r o f i l e  i n d i c a t e s  t h a t  t he  f l o w  
EXPERIMENTAL RESULTS AND DISCUSSION c o n d i t i o n i n g  s e c t i o n  a t  t h e  t e s t  assembly entrance 

d i s t r i b u t e d  t h e  f l o w  u n i f o r m l y  across t h e  bundle 
V e l o c i t y  Reduct ion  and Recovery 

V e l o c i t y  p r o f i l e s  obta ined a t  s p e c i f i c  a x i a l  
d i s tances  (da ta  p lanes)  upstream o f  t he  90% blockage 
c l u s t e r  are  presented i n  F i g .  7. Each o f  t he  p l o t s  
i n  F ig .  7 p resen ts  l o c a l  mean a x i a l  v e l o c i t i e s  
normal ized r e l a t i v e  t o  bund le  average v e l o c i t y  as 
f u n c t i o n s  o f  d i s tance  f rom the  w a l l  ( x  = 0  
corresponds t o  t he  w a l l ) .  Each data  t r a v e r s e  was 
ob ta ined  a t  y = 4.48 cm (1.763 i n . )  as i n d i c a t e d  i n  
t h e  c r o s s - s e c t i o n a l  v iew o f  the  bundle. D is tances 
accompanying t h e  d a t a  p lane des igna t i ons  i n d i c a t e  
upstream l o c a t i o n s  (nega t i ve  s i g n )  r e l a t i v e  t o  t h e  
blockage a x i a l  c e n t e r l i n e .  

A t  a  l o c a t i o n  21.6 cm (8.5 i n . )  upstream o f  t he  
blockage c e n t e r l i n e ,  C1.9 cm (0.75 i n . )  downstream 
o f  Spacer 1, the  v e l o c i t y  p r o f i l e  shows the  e f f ec t s  
o f  the  spacer by i t s  "ragged" appearance and a  
peak-to-average v e l o c i t y  r a t i o  o f  1.1.1. At  an a x i a l  
l o c a t i o n  12.2 cm (4.8 i n . )  upstream o f  t he  blockage 
c l u s t e r ,  t h e  v e l o c i t y  p r o f i l e  shows c o n s i s t e n t  peaks 
a t  subchannel cen te rs  and v a l l e y s  a t  r o d  gaps. 

c ross  sec t i on .  
I n  t h e  tapered r e g i o n  o f  t he  blockage, 3.3 and 

4.3 cm (1.3 and 1.7 i n . )  upstream o f  t he  c e n t e r l i n e ,  
t he  i n f l u e n c e  o f  t he  blockage c l u s t e r  was present ,  
as i n d i c a t e d  by t h e  r e l a t i v e l y  low v e l o c i t i e s  i n  t h e  
i n n e r  subchannels and t h e  h i g h e r  v e l o c i t i e s  i n  t he  
o u t e r  subchannels. V e l o c i t y  r a t i o s  i n  t h e  innermost 
subchannel, Subchannel 1 ( S C  I ) ,  decreased f rom 1.1.2 
t o  1.0.15. Low v e l o c i t i e s  a re  r e a l i z a b l e  because 
SC 1 had an area r e d u c t i o n  o f  90% and f l o w  was 
f o r c e d  around t h e  blockage c l u s t e r .  Peak-to-average 
v e l o c i t y  r a t i o s  i n  t h e  o u t e r  subchannels increased 
f rom 1.1.2 t o  4 . 3 ,  which a l s o  i n d i c a t e s  t h a t  f l o w  
was be ing  d i v e r t e d  around t h e  blockage. 

V e l o c i t y  p r o f i l e s  ob ta ined  immedia te ly  
downstream o f  t he  blockage c l u s t e r  a re  presented i n  
F i g .  8. Note t h a t  downstream l o c a t i o n s  a r e  
des ignated by t he  p l u s  s i g n  preced ing t h e  da ta  p lane 
d i s tance  values. V e l o c i t y  d i s t r i b u t i o n s  obta ined 
3.30, 3.81, and 6.35 cm (1.3, 1.5, and 2.5 i n . )  
downstream o f  t he  blockage c e n t e r l i n e  i n d i c a t e  t h a t  

il 
i n . )  

F i g .  7 V e l o c i t y  p r o f i l e s  upstream o f  a  90% b lockage l o c a t e d  midway between 
two spacers, Ug = 11.6 m/sec (38 f t / s e c )  (Reg = 1 x 1 0 ~ )  
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F.ig. 8 V e l o c i t y  p r o f i l e s  immedia te ly  dow'nstream o f  t he  90% blockage l o c a t e d  midway between 
two spacers, Ug = 11.6 m/sec (38 f t / s e c )  (Reg = 1 x 1 0 ~ )  

zero and nega t i ve  f l ows  were measured. The f l o w  l o s t  a t  t h e  ent rance t o  SC 1, b u t  was rega ined near 
r e v e r s a l  d e f i n e s  a  r e c i r c u l a t i o n  zone con f i ned  t o  t h e  r o d  gap cor respond ing t o  t h e  bund le  c e n t e r l i n e .  
SC 1 i n  t he  l a t e r a l  d i r e c t i o n .  The low i n n e r  
subchannel v e l o c i t i e s  were accompanied by r e l a t i v e l y  V e l o c i t y  P r o f i l e s  a t  One A x i a l  Loca t i on  
h i g h  o u t e r  subchannel v e l o c i t i e s ,  as i n d i c a t e d  by V e l o c i t y  p r o f i l e s  measured a long a l l  da ta  
t h e  h i g h  peak-to-average v e l o c i t y  r a t i o s  o f  4 . 4 .  t r a v e r s e s  ob ta ined  a t  a  s i n g l e  c ross  sec t i on ,  Data 
A x i a l l y ,  t h e  r e c i r c u l a t i o n  zone p e r s i s t e d  f o r  a t  ? lane 10, a re  presented i n  F ig .  9 t o  i n d i c a t e  t h e ,  
l e a s t  6.35 cm (2.5' in . ,  ~5  subchannel h y d r a u l i c  l o c a l  c h a r a c t e r i s t i c  o f  t h e  r e c i r c u l a t i o n  zone i n  
d iameters)  downstream o f  the  blockage c e n t e r l i n e .  t h e  l a t e r a l  d i r e c t i o n .  The lower p l o t  con ta ins  
Flnw r ~ v ~ r q a l z  ware net detected 8.64 cm (3.4 in., v e l o c i t y  p r o f i l e s  ob ta ined  a t  y = 4.48 and 3.11 cm 
%7 d iameters)  downstream o f  t he  blockage c l u s t e r ,  (1. /b3 and 1.224 in . ) .  V e l o c i t y  ntayrll l udeb  d1.t. 

and f l o w  recove ry  was s i g n i f i c a n t  19.05 cm (7.5 i n . )  r e l a t i v e l y  h i g h  i n  t h e  o u t e r  subchannels a long each 
downstream o f  the  biockage c e n t e r l i n e .  t r ave rse .  V e l o c i t y  p r o f i l e s  i n  t h e  i n n e r  

The data  p o i n t s  not  i nc luded  i n  t h e  v e l o c i t y  subchannels a t  y = 4.48 cm (1.763 i n . )  i n d i c a t e  t h a t  
p r o f i l e s  a t  Data Planes 9  and 13 are  m i s s i n g  because zero and n e g a t i v e  v e l o c i t i e s  e x i s t e d ,  i . e . ,  a  
t h e  f l o w  was v e r y  t u r b u l e n t ,  making i t  imposs ib le  t o  r e c i r c u l a t i o n  zone was detec ted.  V e l o c i t i e s  
o b t a i n  Doppler s i gna l s .  The f requency spectrum ob ta ined  i n  i n n e r  subchannels a t  y  = 3.11 cm 
a c t i l a l l y  d isappeared f rom the  spectrum ana lyzer  CRT (1.224 i n . )  were no t  nega t i ve ,  i n d i c a t i n g  t h a t  the  
screen and the  f requency t r a c k e r  cou ld  no t  f o l l o w  r e c i r c u l a t i o n  zone was r e s t r i c t e d  t o  t h e  90% b locked 
the  Doppler f requency. Note t h a t  t h e  s i g n a l  was subchamel  (SC 1 )  i n  t h e  l a t e r a l  d i r e c t i o n .  
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V e l o c i t i e s  presented i n  the  upper p l o t  of 
F ig .  9  were ob ta ined  i n  t he  ou te r  subchannels of t h e  
bund le  a t  y = 1.74 and 2.79 cm (0.685 and 
0.110 i n . ) .  The ou te r  subchannel v e l o c i t i e s  are 
r e 1  a t i v e l y  h igh ,  because f l o w  was d i v e r t e d  around 
t h e  blockage c l u s t e r .  

Comparison o f  A i r  and Water Ve l 'oc i ty  Data 

V e l o c i t y  Reduct ion  and Recovery. I n  F ig .  10, 
a i r  v e l o c i t y  da ta  ob ta ined  i n  t h i s  exper imenta l  
s tudy  are  compared t o  water v e l o c i t y  d a t a  r e p o r t e d  
i n  References ( 3 )  and ( 4 ) .  The Reynolds nd Eu le r  P numbers o f  the  f l o w i n g  a i r  (ReB41.0  x  10 , 
Eu%0.42) were appr.oximately equal  t o  those o f  t he  
water (ReB%l .4  x  lo4,  EuS0.44).  I n  t h e  upstream 
tapered r e g i o n  o f  t he  blockage c l u s t e r  -3.3 cm 
(-1.3 i n . ) ,  t he  a i r  and water v e l o c i t y  p r o f i l e s  
ob ta ined  a long  an x  t r a v e r s e  a t  y = 4.48 un 
(1.763 i n . )  e s s e n t i a l l y  co inc ide .  I n  t he  downstream 
tapered reg ion,  +3.3 cm (+1.3 i n . ) ,  t h e  two v e l o c i t y  
p r o f i  l c s  are  i n  good agreement; h n w p v ~ r ,  t . h ~  water 
p r o f i l e  con ta ins  some s c a t t e r e d  v e l o c i t y  da ta  
p o i n t s .  Fa r the r  dowostream f rom the  blockage a x i a l  
c e n t e r l i n e ,  t h e  a i r  and ,:later p r o f i l e s  compare 
w e l l .  

It can be seen t h a t ,  i n  o u t e r  subchannels, 
x  < 2  cm (0.8 i n . ) ,  normal ized a i r  v e l o c i t i e s  were 
c o n s i s t e n t l y  h ighe r  than normal ized water 

0 6 0.6 1 .2  ! . 5  2.0 2 . L  
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v e l o c i t i e s .  No f i n a l  conc lus ion  has been fo rmu la ted  
as t o  t h e  cause o f  t he  h ighe r  a i r  v e l o c i t i e s .  A  
p o s s i b l e  exp lana t i on  f o r  t h i s  d i f f e r e n c e  cou ld  be 
t h a t  ammonia c h l o r i d e  p a r t i c l e s  c o l l e c t e d  on t h e  
windows d u r i n g  t h e  a i r  exper iment and, due t o  
extraneous s c a t t e r e d  l i g h t ,  may have a f f e c t e d  
measurements i n  t h e  w a l l  subchannels. The 
d i f f e r e n c e  i s  o f  minor s i g n i f i c a n c e  and does n o t  
a f f e c t  t h e  major r e s u l t s  o f  t he  s tudy.  

Perhaps a  b e t t e r  mental  p i c t u r e  o f  what t h e  
v e l o c i t y  r e d u c t i o n  and recove ry  p r o f i l e s  a long t h e  
l e n g t h  o f  t he  bund le  a c t u a l l y  were can be conveyed 
hy examining F ig .  11. Normal ized Subchannel 1 
cen te r  v e l o c i t i e s  are  presented a long t h e  l e n g t h  o f  
t h e  bund le  f o r  b o t h  a i r  da ta  and e x i s t i n g  water 
data  (3,4).  For t h e  most p a r t ,  t h e  a x i a l  - 4 e l o c i t y  
p r o f i l e s  are  i n  exce l  l e n t  agreement. The upstream 
and downstream minimum v e l o c i t y  magnitudes and 
l o c a t i o n s  c o i n c i d e  w i t h  one another.  

V e l o c i t y  P r o f i l e s  a t  a  Se lec ted A x i a l  
Locat ion .  F i g u r e  12 p resen ts  v e l o c i t y  p r o f i l e s  
ob ta ined  i n  a i r  and those ob ta ined  i n  water ( 3 , 4 )  at 
an a x i a l  d i s tance  6.35 cm (2.5 i n . )  downstream from 
t h e  blockage a x i a l  c e n t e r l i n e .  As shown, t h e  
v e l o c i t y  p r o f i l e s  are i n  good agreement w i t h  t h e  
excep t i on  o f  those ob ta ined  a t  y  = 3.1 cm 
(1.224 i n . )  where same da ta  s c a t t e r  was 
encountered. The t r a v e r s e s  a t  y  = 3.1 cm 
(1.224 i n . )  were midway between a r o d  row i n  which 
i n n e r  rods conta ined blockage s leeves and a  row 
w i t h o u t  blockages. The nonsymmetr ical  d i s tu rbances  
c rea ted  i n  the  i ~ e r  subchannelc ? re  t k q k t  t o  be 
t h e  cause o f  t h o  da ta  s c a t t e r .  

COMPARISONS WITH COBRA PREDICTIONS 

Comparisons o f  t h e  measured v e l o c i t y  d a t a  b l i t h  
p r e d i c t i o n s  ob ta ined  u s i n g  t h e  COBRA code are  
presented i n  t h i s  sec t i on .  Tlie comparisons a re  o f  
major  importance i n  t h e  c o n t i n u i n g  development o f  
t h e  COBRA code f n r  subchannel ( c o r e )  analyses a t  
p o s t u l a t e d  nuc lea r  r e a c t o r  acc ident  c o n d i t i o n s .  
Simi l a r  measured and p r e d i c t e d  v e l o c i t y  comparisons 
were performed u s i n g  water i n  a  p rev ious  
i n v e s t i g a t i o n  (3,4) and i t  was conf i rmed t h a t  COBRA 
c o u l d  p r e d i c t  water v e l o c i t i e s  s a t i s f a c t o r i l y  w i t h  a  
blockage l o c a t e d  midway between two spacers. Such a  
c o n f i r m a t i o n  i s  r e q u i r e d  f o r  low d e n s i t y  a i r  f l o w  t o  
add t o  t h e  da ta  base r e q u i r e d  f o r  f u t u r e  analyses o f  
two-phase steam-water f l o w s  expected t o  e x i s t  d u r l n g  
a c t u a l  LOCAs. 

COSRA Vers ion and I n p u t  Plodel 
The l o c a l  a i r  v e l o c i t y  da ta  c o u l d  n o t  be 

p r e d i c t e d  w i t h  COBRA-IIIC 1 1 )  u s i n g  s tandard  
s teady -s ta te  techn iques because i n s t a b i l i t i e s  i n  t h e  
numer ica l  s o l u t i o n  were encountered. There fore ,  
p r e d i c t i o n s  o f  t h e  v e l o c i t y  da ta  were performed w i t h  
a  m o d i f i e d  v e r s i o n  o f  COBRA-IIIC u s i n g  a  " two-step" 
approach as f o l l o w s :  

1. Steady-s ta te  p r e d i c r l o n s  w l t h  a 70% 
blockage were performed. 

c.0  0.6 0.8 i . 2  1.5 ? . G  i . :  
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F ig .  4 V e l o c i t y  p r o f i l e s  a t  Data Plane 10 (6.35 cm, 
+2.5 i n . )  w i t h  a  90% blockage, 
11.6 m/sec (38 f t / s e c )  (Reg = 

2. A  t r a n s i e n t  s o l u t i o n ,  which sxtended t h e  
70% b lockage s o l u t i o n  t o  a  90% blockage 
s o l u t i o n ,  vas then performed. Du r i ng  each 
t r a n s i e n t  t i m e  i n c r e m m t ,  a  s l i g h t l y  
g r e a t e r  blockage s e v e r i t y  was i n t roduced  
i n t o  t i le  i n p u t  geometry. A f t e r  a  90% 
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Comparisons o f  a i r  v e l o c i t y  da ta  w i t h  water  v e l o c i t y  d a t a  near a  90% b lockage 
l o c a t e d  midway between two spacers 

s e v e r i t y  had been obta ined,  s u f f i c i e n t  t ime 
s teps were completed t o  assure convergence t o  
t h e  c o r r e c t  s o l u t i o n .  It i s  impor tan t  t o  no te  
t h a t  t he  s o l u t i o n  was t r a n s i e n t  w i t h  respec t  t o  
blockage s e v e r i t y  on l y ,  and t h a t  a l l  o the r  
i n p u t  parameters remained cons tan t  w i t h  t ime.  

The i n p u t  parameters used t.n p r e d i c t  t h e  a x i a l  
v e l o c i t y  data  are  summarized i n  Table 1. As 
i n d i c a t e d ,  t h e  va lues of the  parameters are  t y p i c a l  
o f  those commonly usee i n  nonheated bund le  
p r e d i c t i o n s .  The blockage l o s s  c o e f f i c i e n t s  were 
those determined i n  ( 3 )  and ( 4 ) .  They were v a r i e d  
f rom subchannel t o  subchannel and ranged f rom 0  t o  
0.5, depending on subchannel l o c a t i o n  r e l a t i v e  t c  
t h e  blockage c l u s t e r .  The spacer l o s s  c o e f f i c i e n t s  
as w e l l  as the  f r i c t i o n  f a c t o r  r e l a t i o n s h i p  were 
a l s o  obta ined f r o h  References ( 3 )  and ( 4 ) .  

The geometry model presented i n  F i g .  13 
i d e n t i f i e s  t h e  l o c a t i o n  o f  t he  subchannels. The 
model was a  one-e ighth  sec to r  o f  t h e  t o t a l  bund le  
c ross  s e c t i o n  and was j u s t i f i a b l e  based on geometr ic 
symmetry as p r e v i o u s l y  v e r i f i e d  ( 3 )  and ( 4 ) .  
Dimensions o f  t he  model were a s - b u i l t  d imensions 
measured d u r i n g  and a f t e r  bund le  assembly. The r o d  
d iameters  were measured t o  be 1 cm (0.392 i n . ) .  The 
r o d  p i t c h  was 1.37 cm (0.539 i n . )  and t h e  
rod - to -wa l l  spac7ng was 0.56 cm (0.220 i n . ) .  The 
s leeve blockages were modeled as f l o w  area 
reduc t i ons .  The area r e d u c t i o n s  i n  t h e  t ape red  
r e g i o n  o f  t h e  blockage sleeves were assumed t o  va ry  
l i n e a r l y  a long t h e  l e n g t h  o f  t h e  tapers .  

B ~ f o r e  comparing the  measured a x i a l  ~ i e l i c i t y  
p r o f i l e s  w i t h  COBRA p r e d i c t i o n s ,  t h e  l o c a l  measured 
v e l o c i t y  data  were used t o  c a l c u l a t e  s u b c h a n ~ ~ e i  
average v e l o c i t i e s .  Subchannel average v e l o c i t i e s  
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were r e q u i r e d  because t h e  COBRA code computes 
average values on l y .  For Subchannels 1, 2, and 3, 
an area-weight ing  approach i n  c o n j u n c t i o n  w i t h  t h e  
assumption o f  h i g h l y  t u r b u l e n t  f l o w  wa's used t o  
es t ima te  subchannel average v e l o c i t i e s  f rom 
exper imenta l  l o c a l  v e l o c i t y  da ta  as descr ibed i n  
d e t a i l  by Creer e t  a t .  ( 7 ) .  Average v e l o c i t i e s  f o r  
Subchannels 4 th rough 10 were determined by 
i n s p e c t i n g  t h e  v e l o c i t y  p r o f i l e s  a t  n o n d i s t u r b f d  
da ta  planes, e.g., DP 12, and e s t i m a t i n g  t h e  r a t i o  
o f  t he  average subchannel v e l o c i t y  t o  t h e  subchannel 
c e n t r o i d  v e l o c i t y .  Average subchannel v e l o c i t i e s  a t  
und i s tu rbed  data  p lanes were known t o  be 
approx imate ly  equal  t o  t h e  average bund le  v e l o c i t y .  
Th is  approach was a l s o  used f o r  Subchannels 1, 2, 
and 3 a t  l o c a t i o n s  no t  i n f l u e n c e d  by t h e  blockage 
c l u s t e r .  

COBRA P r e d i c t i o n s  
COBRA o r e d i c t i o n s  o f  the  measured a i r  v e l o c i t y  

d a t a  are  i n  F igs .  14 and 15. I n  each, t h e  
r a t i o  of  average subct~annel  v e l o c i  t y  l u  l r u r~d le  
average v e l o c i t y  i s  presented as a f u n c t i o n  o f  a x i a l  
d i s tance  a long t h e  l e n g t h  o f  t he  bundle.  The 
measured da ta  p o i n t s  a re  a c t u a l l y  subchannel average 

OlSiONCE 30% ';ALL. X i n .  

Fig .  12 Comparisons o f  a i r  and water  v e l o c i t y  p r o f i l e s  a t  a s e l e c t e d  a x i a l  l o c a t i o n  



Table 1. COBRA Input Parameters 

Parameter COBRA Symbol 

Cross flow resistance K.. 
1 J 

Transve,rse momentum s / 2  

Turbulent momentum factor, c 
I L 

Bare rod friction factor f 

Subchannel spacer loss coefficient KS1 
Subchannel blockage loss coefficient KS2 

For Subchannel 1 
For Subchannel 2 
Other subchannels 

Model length 

Calculation increment 

Total transient time 
Turbulent mixing 

Temperature 

velocities estimated using measured local axial 
velocities as discussed in the previous section. 

Predictions of Subchannel 1, 2, and 3 average 
velocities are shown in Fig. 14. COBRA predicted 
Subchannel 1 average velocities extremely well. The 
predicted normalized minimum velocity magnitude 
upstream o f  the h!cckage cluster #;:as higher, O.d5 
versus 0.32, than the measured value; however, the 
predicted minimum velocity location coincided with 
the measured location. Jetting predicted at the 
entrance to the blockage cluster was not detected 
expsrimentally. Jetting may not have been measured 
because the LDA measucing volume could not be 
positioned close enough to the blockage axial 
centerline. This geometrical restriction was 
encountered because the exterior sleeve blockages 
"blocked out" the incident laser beams due to the . 
angle a between beams. 

The predicted recovery profile in Subchannel 1 
downstream of t.he blockage was in excellent 
agreement with the measured profile. Again, jetting 
predicted at the exit of the blockage was not 

Value 

0.02 

0.25 

1.0 

0.34 ~ e - ~ ' ~ ~  
1.14 

1.02 m (40.0 in.). 

a z 1.27 cm (0.5 in.) 

t ?.O sec 
8 0.02 
T 27OC (80.0OF) 

experimentally measured for the possible reason 
cited above. COBRA predictions of Subchannel 2 and 
3 velocities agree satisfactorily with measured 
values ('10%). 

Figure 15 presents COBRA predictions of average 
velocities in Subchannels 4, 5, and 6. The 
predicted v3:ccity profilss a g r w  %el: with the 
measured profiles. Note that estimates of measured 
subchannel average velocity values are slightly 
higher than predicted values. This trend would 
indicate that the predictions are low or the 
estimates of subchannel average velocities are 
high. Comparisons of COBRA predictions and 
experimental data obtained in Subchanne:~ 7, 9 ,  9, 
and 10, not presented herein, were essentially the 
same as those for Subchannels 4, 5, and 6. In any 
event, COBRA can be used to satisfactorily predict 
average subchannel velocity values near the blockzge 
cluster. 
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F i g .  15 CUYKA v e l o c i t y  p r e d i c t i o n s  i n  unblocked 
Subchannels 4, 5 ,  and 6  w i t h  a  90% 
blockage, UB = 11.6 m/sec (38 f t / s e c )  

SUPIMARY AND CONCLUSIONS 

Th is  exper imenta l  s tudy p rov ides  i n f o r m a t i o n  
r e g a r d i n g  t u r b u l e n t  a i r  f l o w  near p o s t u l a t e d  s leeve 
blockages i n  an unheated 7x7 r o d  model nuc lea r  f u e l  
bundle.  Loca l  mean a x i a l  v e l o c i t y  measurements were 
ob ta ined  w i t h  a  l a s e r  Doppler anemometer a t  se lec ted  
a x i a l  l o c a t i o n s  i n  t he  bundle.  

The exper imenta l  r e s u l t s  i n d i c a t e d  t h a t  a  90% 
blockage l oca ted  midway between two g r i d  spacers 
c r e a t e d  a  severe f l o w  d is turbance.  A x i a l  v e l o c i t i e s  
measured immedia te ly  upstream o f  t he  blockage 
c l u s t e r  were ex t remely  low and f l o w  r e v e r s a l s  were 
de tec ted  downstream o f  the  blockage. The 
r e c i r c u l a t i o n  zone e x i s t e d  f o r  approx imate ly  f i v e  
subchannel h y d r a u l i c  diameters downstream o f  the  
b lockage a x i a l  c e n t e r l i n e .  Flow recove ry  was 
completed approx imate ly  50 subchannel h y d r a u l i c  
d i  aineters downstream o f  t he  blockage. The gross 
i n f l u e n c e  o f  the  blockage i n  t he  l a t e r a l  d i r e c t i o n  
was con f i ned  t o  those subchannels c o n t a i n i n g  s leeve 
blockages. Flow increases were de tec ted  i n  t h e  
subchannels ad jacent  t o  t h e  blockage c l u s t e r  because 
f l o w  was d i v e r t e d  around t h e  c l u s t e r .  The, a i r  
v e l o c i t y  p r o f i l e s  were i n  e x c e l l e n t  agreement w i t h  
p r i o r  water v e l o c i t y  da ta  ob ta ined  a t  approx imate ly  
t h e  same 'Reynolds number. 

Subchannel average v e l o c i t y  p r e d i c t i o n s  o f  t h e  
COBRA computer program were i n  good agreement w i t h  
subchannel average v e l o c i t i e s  es t imated u s i n g  t h e  
measured l o c a l  v e l o c i t y  data.  There fore ,  COBRA can 
be used t o  es t ima te  t h e  e f f e c t s  o f  b lockages on 
s ing le-phase f l o w  d i s t r i b u t i o n s  i n  r o d  bundles.  
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