




INVESTIGATION OF COMBINED FREE AXD 
FORCED CONVECTION I N  A 2 x 6 ROD BUNDLE 

by 
M.  S, Quigley 
C. A. McMonagle 
2 .  M .  Bates 

I-. ------ 
APPROVED BY 

/i@ 
,4kL4 +!~d&~* 

A. b!. Sritey, Manager 
Energy  stems Engi newi ng Section 

APPROVED BY , '1 L -  : 
D .  5. Trent, Manager 
Fluid & Thermal Engineerins Section 

July 1977 

BATTELLE 
Pacific Northwest Laboratories 
Ri chl and, Washington 99352 





SUMMARY 

An experimental study was performed to obtain developing f lu id  temp- 
erature and detai  1  ed velocity measurements in combined f r ee  and forced 

convection fiods within an e lec t r ica l  ly  heated rod bundle containing steep 

radial power d is t r ibut ions .  Mixed convection flows and steep radial power 

gradients a re  expected in the radial blanket of a  Liquid Metal Fast Breeder 

Reactor ( L M F B R ) ,  and i t  i s  important to  predict thermal-hydraulic phenomena 

under these conditions. The objective of t h i s  study was to provide a  data 

base for  ver if icat ion of thermal hydraulic computer codes. To meet t h i s  

objective i t  was not necessary for  t h i s  experiment to  be completely pro- 

totypic of an assembly in the LMFBR radial blanket. Instead, a  re la t ive ly  

simple rectangular rod bundle geometry without wire wraps was used. In 

addition, water was used rather  than sodium so tha t  measurements of the 

detail  required f o r  code verif icat ion could more eas i ly  be obtained in a  

flow having the basic buoyancy-dominated character of in te res t .  

The experimental rod bundl e  contained twel ve e lec t r ica l  l y heated rods 
in a  2 x  6 rectangular array. The rods were 0.475 i n .  i n  diameter with a  

4- f t  uniformly heated length and were spaced on a  0.575-in. pitch.  The 
1 2  rods were divided into two groups of s i x ,  each forming a  2 x 3 array 

which were connected t o  d i f fe rent ,  independently controlled power supplies. 
In th i s  manner, radial  power dis t r ibut ions of in t e re s t  were established 

by set t ing the two power supplies a t  the desired vaiues. The rod bundle 
was contained withfn a  s ta in less  s teel  flow housing having nine equally 
spaced windows located along i t s  length. A t  these axial positions, 
detail  ed velocity profi les  were nieasured w i t h  a  one-dimensional l a se r  

Doppler anemometer (LDA) and f lu id  temperatures of the central subchannel s  
were taken. This experiment was the f i r s t  known attempt to apply the LDA 

velocity measurement technique to mixed f r e e  and forced convection in rod 

bundle flows. 

Experiments were performed a t  bundle average temperatures from 60°F 

to  75OF with bundle average Reynolds numbers between 500 and 1500 and 

radial power dis t r ibut ions of 0:0, 1 : O  and 2 : l .  These conditions spanned 

a range of buoyancy importance from isothermal flow (no buoyancy e f fec t s )  



to  buoyancy-dominated flow. Under isothermal conditions, velocity profi les  
a t  a given axial location were general ly  symmetrical , with peaking in sub- 

channel centers.  When the radial power dis t r ibut ion was appl ied,  flow 
redistributed from the cold s ide of the bundle to the hot s ide.  The 

d is tor t ion  in the velocity and temperature profi les  was a d i r ec t  r e su l t  of 
the increased buoyancy forces and was dependent on the Reynolds number and 

radial power d is t r ibut ion .  A t  a  given Reynolds number, the velocity and 
temperature profi les  were more uniform a t  lower values of power skew, 

indicating l e s s  s igni f icant  buoyancy ef fec ts .  Likewise, for  a selected 

power skew the profi les  were more uniform a t  higher Reynolds numbers 

corresponding to  decreased buoyancy importance. These resu l t s  a re  con- 
s i s t e n t  with other studies.  A t  a l l  values of Grashof and Reynolds number 

investigated incl uding a case where recirculation occurred in the upper 

levels of the bundle, the i n l e t  flow s p l i t  was independent of downstream 

conditions. 

During heated t e s t s ,  thermal plumes were observed around the rods. 

These plumes were s tab le  a t  low heating ra tes ,  b u t  were turbulent and 
dynamic a t  high powers as evidenced both visually and by the time history 
of thermocouples 1 ocated a t  subchannel centers.  Resul t s  indicate tha t  
s igni f icant  temperature gradients may have existed between subchannel 

centers and the heater rods. However, these suspected gradients were not 
measured because temperature measurements were made only a t  subchannel 
centers.  

The magnitude and dynamic character of these density gradients caused 

considerable d i f f i cu l ty  in making the LDA velocity measurements. The 
l a se r  beams were often independently and dynamically deflected from the i r  

original courses. This caused measuring d i f f i cu l ty  near the rods. There- 

fore,  reported veloci t ies  a re  general l y  1 imi ted to  profi 1 es midway between 

rods or  midway between a heater rod and the flow housing wall where 

density gradient disturbances were a minimum. 

The COBRA computer code was used to  numerically simulate a l l  experi- 

mental cases. The code accurately predicted average subchannel veloci t ies  

in mixed convection rod bundle flows even in regions with steep velocity 

gradients. COBRA also predicted a flow recirculation tha t  was verified by 



temperature measurements. Although subchannel average temperatures com- 

C 
puted w i t h  COBRA showed the same trends as temperatures measured a t  

% subchannel centers,  the magnitudes were d i f fe rent .  A reason fo r  these 

differences could be temperature gradients within the subchannels which 
fl would cause the average and point values t c  be different .  Because COBRA 

comparisons with the velocity data were very good, i t  i s  thought tha t  the 

computed temperatures a re  reasonable; however, more detailed focal tempera- 

ture  gradient data a re  required to  fur ther  t e s t  t h i s  hypothesis. 
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INVESTIGATION OF COMBINED FREE 
AND FORCED CONVECTION IN A 2 x 6 ROD BUNDLE 

1.0 INTRODUCTION 

This report documents a study performed by the Pacific Northwest Labora- 

tory (PNL) fo r  the Energy Research and Development Administration ( E R D A )  . 
The experiment was designed to  provide velocity and temperature data in a 
rod bundle geometry with low Reynolds number flows and severe radial power 

gradients. These data were then used to  verify predictions by the COBRA 

computer program(1 ) i n  the combined f r ee  and forced convection flow regime. 

Comparable flow conditions may occur in the radial blanket of a Liquid Metal 

Fast Breeder Reactor ( L M F B R ) ,  in which radial power gradients u p  to  4:1 may 
ex i s t  across an assembly. Under low flow ra t e  conditions the power gradient 

may cause s igni f icant  buoyancy forces potentially resulting in flow redis- 

tr ibution within the radial  assemblies. Consequently, there i s  a need to 

evaluate whether available thermal-hydraulic design codes can accurately 

predict the corresponding temperature and velocity profi les .  

Previous numerical analyses have simulated buoyancy-dominated flows i n  

para1 1 el plate geometries(Z) and hexagonal wi re-wrapped rod bundles(3) sub- 

jected to  radial heat flux prof i les .  Results of these studies show tha t  the 
Reynolds number, radial power gradient and the r a t i o  of Grashof number to 

the square of Reynolds number (GR/Re2) a re  of fundamental importance in the 
development of veloci ty and temperature disti-i butions . The velocity and 
temperature profi les  fo r  most cases were shown to  skew toward the higher 
power s ide of the channel, with the skewness dependent on the Reynolds num- 
ber and the radial power d is t r ibut ion .  For a given power skew, the velocity 
dis t r ibut ion was more uniform a t  higher Reynolds nuinber, indicating l e s s  

s ignif icant  buoyancy ef fec ts .  Conversely, a t  a given Reynolds number the 

buoyancy forces became more dominant and the velocity profi 1 e more d is -  

torted a t  higher power skew values. The range of radial power dis t r ibut ion 

investigated by Khan e t  a1. ( 3 )  was not large enough to conclusively show the 

relationship between temperature profi le  and power skew in a hexagonal 



wire-wrapped rod bundle, b u t  Tsai e t  a1. ( * )  reported the i r  temperature pro- 

f i l e s  fo r  a thin rectangular channel were generally f l a t  except for  Re 
> 2000 when the temperature profi le  followed the power skew. Those authors - 
also predicted tha t  the temperature profi les  would be noticeably more dis-  

torted i f  wall shear were included i n  the analysis because the velocity 

dis t r ibut ion would be more uniform. This e f fec t  was observed by Khan 
e t  a l .  ( 3 )  who showed tha t  f r ic t iona l  drag cansiderably reduced the skewness 

in the velocity profi le .  

Another important r e su l t  of these analyses was to show the dependence 

of buoyancy ef fec ts  on the parameter GR/Re2. Buoyancy ef fec ts  became more 

noticeable as GR/Re2 increased to the mixed convection regime. Khan 

e t  a l .  ( 3 )  ut i l ized  a modified form of t h i s  term, GR*, to account fo r  the 

increased mixing caused by wire wraps and the rod bundle peak to average 
power r a t i o .  Based on the resu l t s  of tha t  study i t  was suggested tha t  

G R F  = 0.025 i s  a c r i t i c a l  value below which buoyancy ef fec ts  a re  unimpor- 

t an t .  When GR* > 0.025, the assembly i s  operating in the mixed convection 

regime and buoyancy ef fec ts  should be considered. 

A s e r i e s  of sodium experiments has been planned or completed t o  meas- 

ure temperature dis t r ibut ions in complex e lec t r ica l  ly  heated rod bundle 
simulations of LMFBR fuel and radial assemblies. These include the 

Westinghouse Advanced Reactor Division 61-pin, the Oak Ridge National 

Laboratory 19-pin, and the Hanford Engineering Development Laboratory 217- 

pin e l ec t r i ca l ly  heated rod bundle experiments. Although these experiments 
are prototypic of LMFBRs, they do not provide the detailed velocity prof i le  
measurements necessary to  fu l ly  evaluate thermal-hydrzulic code performance. 
Temperature measurements alone cannot be used with a high degree of con- 
f  idence to  calculate  the velocity dis t r ibut ions i n  the mixed convection 

flows. 

The purpose of t h i s  study was to  provide temp~rature and detailed 

velocity profi les  fo r  subchannel code comparisons. The experimental 

program was designed to produce a given combination of the parameters Re, 
QH/QL and GR/Re2 by controll ing the flow conditions in a rod bundle geometry. 

For t h i s  study, the Reynolds number, Re = UD,,/v, was based on the average 

bundle flow ra t e ,  mean temperature, and to ta l  hydraulic diameter of the 



flow housing. A modified Grashof number, GR* = [ ( ~ B A T ~ D ; ( ) / v ~ ] ( ~  - I), was 

formed by multiplying the bundle average G R  by a radial power dis t r ibut ion 

fac tor ,  (q - 1 ) .  The radial power dis t r ibut ion factor  had a range 

0 - < (q - 1 )  5 1 ,  indicating the severity of the power skew from a uniform 
- 

dis t r ibut ion ,  (q - 1 )  = 0, to an i n f i n i t e  d is t r ibut ion ,  (q - 1 )  = 1. Q was 

defined as 2QH/ ( Q ~  + QL) where Q,, i s  the hot s ide rod power and QL i s  the 

cool s ide rod power. The r a t i o  of buoyant forces to  f r ic t iona l  forces,  

GR*/Re2, was identical to  the s imi lar i ty  parameter, GR*, discussed by Khan 
e t  a l . ,  except for  the wire-wrap mixing terms. I t  was not determined in 

th i s  study whether the c r i t i c a l  value of GR*, G R F  = 0.025, proposed by 

those authors as the t rans i t ion  between pure forced convection and mixed 

convection, applies t o  rod bundles l ike  the one used fo r  th i s  study. 

Nevertheless, when GR*/Re2 i s  re lat ively large,  the buoyancy ef fec ts  are 

important and the bundle i s  operating in the mixed convection regime. 

A rectangular rod bundle without wire wraps was chosen for  t h i s  

experiment rather than the LMFBR wire-wrapped hexagonal rod array because 

geometric simp1 i c i  ty was desirable and l a se r  Doppler anemometer ( L D A )  

measurements could not be made in an e l ec t r i ca l ly  heated wire-wrapped 
bundle. Water, the modeling f lu id  for  these t e s t s ,  simulated the Reynolds 

numbers and Grashof numbers of l iquid sodium, b u t  the differences in Prandtl 

number (Pr) were large and could not be modeled. This experiment was con- 
ducted for  code verif icat ion in the mixed convection flow regime governed 

primarily by Re and G R .  Since sodfum Re and G R  can be reasonably approxi- 
mated by water, s igni f icant  data fo r  the purpose of code verif icat ion can 
be obtained. I n  addition, water has several obvious advantages over l iquid 
sodium as a model ing f luid for  t h i s  study. A few of these are: 

1 .  low temperature and pressure; 
2 .  no "exotic" materials required in the flow f a c i l i t y ;  
3 .  optical transparency fo r  LDA velocity measurement; 

4. low cost ,  ready ava i l ab i l i t y ;  

5. no special handling requirements, minimal safety hazards; 

6. well-defined properties and charac ter i s t ics .  
The conclusions and recommendations stemming from t h i s  invest igat ion 's  

resu l t s  a re  presented and discussed in Section 2.0. The equipment and 



experimental procedure are  fu l ly  described in Section 3.0. Section 4.0 

de ta i l s  the operating conditions under which the experiment was conducted. 

In Section 5.0, the accuracy of the data obtained under each t e s t  condi- 

tion i s  discussed. Results of the investigation are  presented in 

Section 6.0, with f u l l  discussions of the velocity and temperature profi les  

obtained. In Section 7.0, the experimentally-obtained velocity and tempera- 

ture  data a re  compared with COBRA computer code predictions of those param- 

e t e r s .  



2.0 CONCLUSIONS AND RECOMMENDATIONS 

This experiment provided velocity and temperature data i n  a rod 

bundle geometry with low Reynolds number flows and severe radial power 

gradients fo r  comparison with predictions by the COBRA computer program 

in the combined f ree  and forced convection flow regime. These buoyancy- 

dominated flow conditions, of the type encountered in the radial blanket 

of an LMFBR, were simulated using water and a rectangular bundle of smooth 

rods. Direct simulation of mixed convection flow in a sodium-cooled 

hexagonal wire-wrapped array was not possible since water cannot model the 

sodium Prandtl number. However, the parameters governing the f ree  and 

forced convection regime are  the Reynolds number ( f r ic t iona l  forces)  and 

the Grashof number (buoyancy e f fec t s )  which can be modeled by water. The 

rectangular array of smooth e lec t r ica l  heater rods allowed the local mean 

axial velocity to be measured using a laser  Doppler anemometer. The local 

temperature profi le  was measured a t  the same axial locations as the LDA 

measurements using a thermocouple rake. These data were compared to  COBRA 

predictions of the subchannel average velocity and temperature fo r  the 

corresponding flow and boundary conditions. These comparisons were made 
over a range of r e l a t ive  buoyancy importance indicated by the parameter 

GR*/Re2. In t h i s  case the modified Grashof number includes the e f f ec t  of 
the radial power d is t r ibut ion  on the buoyancy forces. When GR*/Re2 

increased above zero the buoyancy ef fec ts  becanie s ignif icant  compared to  
fr ic t ional  effects and the assembly operated in the mixed convection 
regime. 

The experimental and analytical data indicate that  as the r a t io  of 
buoyancy forces to f r ic t iona l  forces increased from the forced convection 
regime to the mixed convection regime, the axial flow redistributed with 

more f lu id  flowing through the heated regions. The dis tor t ion in the 

velocity and temperature profi les  was a d i r ec t  r e su l t  of the increased 

buoyancy forces and was dependent on the Reynolds number and the radial 

power d is t r ibut ion .  A t  a given Re the velocity and temperature profi les  

were more uniform a t  lower values of power skew, indicating less  s ign i f i -  

cant buoyancy ef fec ts .  Likewise, f o r  a selected power skew the profi les  



were more uniform a t  higher Re corresponding to decreased buoyancy impor- 

tance. These r e su l t s  a re  consistent with those of other s tudies .  ( 2 9 3 )  

These changes in the temperature and velocity dis t r ibut ions occurred down- 

stream of the entrance to  the heated length. For a1 1 values of GR*/Re2 

investigated, including a case where recirculation occurred in the upper 
levels of the bundle, the i n l e t  flow s p l i t  was independent of the down- 

stream conditions. 

The time-dependent nature of the temperature data produced from thermo- 

coup1 es inserted into the rod bundle central subchannel s indicates steep 

thermal gradients existed between the heater rods and the center o f  the 

subchannels. These gradients were not quantified by detailed measurements 

b u t  visual observations confirmed the presence of dynamic thermal plumes 

around each heated rod. These plumes gradually expanded in s i ze  with 

increasing elevation unti 1 they rnerged together approximately one-ha1 f to 

two-thirds the axial length from the i n l e t .  The motion of these plumes was 

analogous to  a plume of smoke in s t i l l  a i r  t ha t  makes the t ransi t ion from 

laminar to turbulent a cer tain distance from i t s  source. Until the plumes 

merged, t h e i r  motion was re la t ive ly  smooth and undisturbed. After mixing, 
the region between the rods appeared to be highly turbulent even though the 
flow Reynolds number indicated a laminar condition fo r  the bundle. These 

dynamic gradients created approximately - +5 percent uncertainty i n  the 
temperature measurement. Because a detailed profi le  was not made, the 
temperature data fo r  th i s  experiment a re  considered a qua1 i  t a t i v e  measure 

of the temperature dis t r ibut ion.  
This experiment was the f i r s t  known attempt to  apply the LDA velocity 

measurement technique to  mixed f ree  and forced convection in rod bundle 

flows. The density gradients observed were not only responsible for  the 

buoyancy ef fec ts  investigated b u t  a1 so caused considerable d i f f i cu l ty  in 

making the LDA measurements. When the two laser  beams entered the dynamic 

thermal plumes surrounding the rods, they were each randomly deflected in 

d i f fe rent  direct ions.  The amount of deflection depended on the severi ty  of 

the density gradient and the apparent turbulent intensi ty  of the plumes. 

This aften caused a large uncertainty in the location of the probe volune 

and unacceptable sca t t e r  in the velocity data.  The net r e su l t  was tha t  LDA 



velocity measurements were res t r ic ted  to a narrow region along the center- 
l ine  between the heater rods or  between the rods and the flow housing walls,  

In t h i s  region the thermal plumes were not merged together (lower elevations) 
or  were completely mixed (higher elevations) so that  the probe volume move- 

ment was minimized. Because measurements were only taken when these e f f ec t s  
were small, reasonably detailed and accurate velocity profi les  were generated 

2.1 CONCLUSIONS 

The specif ic  conclusions resul t ing from t h i s  investigation are  l i s t e d  

below by experimental condition. 

Isothermal Flow 

.The velocity profi les  show a strong dependence on Reynolds number. 

As Re increased, the r a t i o  between peak to  average velocity for  a 

given traverse decreased. 

dl 1 velocity profi les  exhibi t  regular,  orderly peak spacing indica- 

ting a uniform radial heater rod spacing. 

.For a given axial location, the velocity profi les  i n  the side channels 

exhibited some skewing, demonstrating tha t  the rod bundle was not per- 

f ec t ly  aligned with the flow housing. This e f fec t  i s  not thought to  

be s ignif icant  for  the central subchannel data reported. 

Heated Cases 

T h e  ef fec ts  of rod bundle geometry on  the velocity dis t r ibut ion were 
magnified in the mixed convection flows. 
Velocity profi les  in heated subchannels a re  more uniform than the 
isothermal d is t r ibut ion .  

*The amount of uniformity in the subchannel local velocity profi les  

corresponds to  the degree of visually observed thermal plume inter-  

action. As the apparent turbulence of the plumes increased, the r a t io  

of local maximum t o  minimum velocity within a subchannel decreased. 

.The r a t io  of hot s ide average velocity to  cold s ide average velocity 

increased with elevation, corresponding to a continuous buoyancy- 

domi nated devel opment of the vel oci ty prof i  1 e. 



.The d is tor t ion  of the isothermal velocity and temperature profi les  

increased with increasing GR*/Re2. 

C a s e  2 velocity and temperature profi les  indicate reverse flow 

occurred near the rod bundle e x i t  plane. I t  was impossible t o  
measure the velocity a t  tha t  location to  confirm t h i s  observation; 

however, the temperature data support the conclusion tha t  a flow 
reversal took place. 

.The velocity and temperature prof i les  a t  the entrance to  the hoated 

length were identical to  the corresponding isothermal profi les  for  

each case. Therefore the i n l e t  flow s p l i t  was independent of down- 
stream conditions. 

I n  every case, the temperature measured in the subchannel nearest 

the window on the hot ter  s ide of the bundle (Subchannel 8) appears 

low and cannot be explained. 

Temperatures fluctuated in time as much as - +5 percent about a mean 

value, with a period roughly equal to  the period of motion observed 

in the thermal plumes. 

Insuff icient  data ex i s t  to quantify the suspected steep temperature 

gradients across the subchannefs. 

The COBRA computer code was used successfully to  predict the velocity 
and temperature dis t r ibut ions corresponding to  the three experimental 

h2ated cases. The subchannel average veloci t ies  calculated by COBRA ccm- 
pared favorably in magnitude and trends to  the LDA point measurements. 
However, the colnputed temperatures generally did not agree well with the 
measured data except in the shape and trends of the temperature prof i le .  

The discrepancy between the analytical and experimental temperature data 

i s  probably a r e su l t  of the steep thermal gradients observed visually in 

the flow. 
Specific conclusions resulting from the COBRA analysis of the experi- 

mental data a re  l i s t e d  below. 

C O B R A  can accurately predict the velocity dis t r ibut ions in mixed con- 

vection rod bundle flows even in regions with steep velocity gradients. 
No additional or  special correlations or modjfications were necessary 

t o  provide good agrsement with the experimental measurements. 



T h e  code predicted reverse flow for  experimental case 2 in the e x i t  

plane of the rod bundle. The flow reversal was verified hy experi- 

mental measurements. 

0 Because COBRA correctly computed the velocity d is t r ibut ion ,  i t  prob- 

ably did a reasonable job of calculating the temperature profi 1 e. 
However, there a re  insuff ic ient  experimental data f o r  a complete 

' evaluation. 

2.2 RECOMMENDATIONS 

Based on evaluation of the resu l t s  of t h i s  study, i t  's recommended 

tha t  the following investigations be undertaken: 

*The temperature gradients in mixed f ree  and forced convection flcws 
suggested by the thermal plumes observed in the present experiment 

should be quantified.  Suff icient  temperature measurements should be 

made in each subchannel to  accurately characterize the temperature 

dis t r ibut ion and give a reasonable average value to  ccmpare with the 
COBRA predi ctions . 

*Although the present study i l l u s t r a t e s  COBRA'S  a b i l i t y  to  predict 

the average velocity compared to  point velocity measurements, an 

attempt should be made to  measure the local velocity a t  enough points 

in the subchannel to  p r o v i d ~  a s t a t i s t i c a l  average for  d i rec t  compari- 
son with COBRA. This may require the development of a nondisturbing 
velocity probe or measurement technique less  sensi t ive to tilema1 

gradients than the LDA described in th i s  work. 





3.0 EQUIPMENT AND EXPERIMENTAL PROCEDURE 

Th is  experiment was conducted i n  t h e  f l o w  f a c i l i t y  shown i n  F igu re  3-1. 

A d e t a i l e d  d e s c r i p t i o n  o f  t h i s  f a c i  1 i ty, i ns t rumen ta t i on ,  and experimental  

procedure i s  presented i n  t h e  f o l l o w i n g  paragraphs. 

3.1 FLOW FACILITY 

The bas i c  equipment cons i s ted  o f  a 2 x 6 e l e c t r i c a l l y  heated r o d  

bundle enclosed i n  a r e c t a n g u l a r  f l o w  housing connected t o  an open water  

f l o w  loop.  

3.1.1 Flow Loop 

A schematic o f  t h e  once-through f l o w  l oop  i s  F igu re  3-1. Dur ing oper- 

a t i o n ,  deaerated water  was drawn from a 50-gal l o n  head tank  and pumped 

through approx imate ly  100 f t  o f  c o i l e d  rubber  hose i n t o  t h e  f l o w  housing 

i n l e t  p ip ing .  The f l e x i b l e  hose helped damp o u t  v i b r a t i o n  and pump- 

induced f l o w  o s c i l l a t i o n s .  Va lv ing  a t  t h e  t e s t  s e c t i o n  i n l e t  and o u t l e t  

p rov ided a cons tan t  f l o w  r a t e  and system pressures t o  60 ps ia .  

DEAERATED WATER 

FORWARD l NG 
PUMP 

FLOWMETER 

DRAIN 

FIGURE 3-1. Flow Loop 



3.1 . 2  Rod Bundle 

Figure 3-2 shows a cross section of the 2 x 6 rod bundle used in th i s  

experiment. Three subchannel types a re  defined: cent ra l ,  s ide,  and cor- 4 

ner. As shown, these subchannels a re  interconnecting regions whose borders 

are  defined by the heater rod periphery and/or the flow housing walls. * 

I I I I 
A 1 B I I I 

I ROD-WAL 

I I I I 
I SPACINI 
I 

R E G I O N  SUI3CHANNEL DESCRIPTION 

A CORNER 

B SIDE 

C CENTRAL 

F I G U R E  3-2. Subchannel and Distence Definitions 

Subchannels were sized such that  an equal enthalpy r i s e  would be 

obtained in the s ide and adjacent central subchannels. In th i s  manner, 
major gradients remained in the long dirnefisions of the rod bundle, nini-  

mizing flow housing effects .  Pretest  computations using the COBRA code 

confirmed tha t  the 2 x 6 rod bundle would be suf f ic ien t ly  large for  th js  

study. The rod bundle dimensions and orientation w i t h  respect to  the 



reference coordinate system a re  i l l u s t r a t ed  in Figure 3-3. The nomenclature 

used fo r  t h i s  and a l l  subsequent figures i s  presented in Appendix A.  In  the 

radial direct ion,  x = 0 corresponds to  the window on the side of the bundle 

where the LDA traverses began. In Figure 3-3, t h i s  i s  the l e f t  s ide of the 

figure; the laser  beams enter the bundle from the r ight .  The x-axis, y = 0 ,  

was oriented along the center l ine between the two rows of heater rods and 

y = 5 . 5 8 6  were the center1 ines of the s ide subchannels. 

3.1.3 Flow Housing 

Figure 3-4 i l l u s t r a t e s  the flow housing used fo r  the experiment. The 

2 x 6 rod bundle was contained within a rectangular s ta in less  s tee l  flow 

housing constructed of face plates ,  s ides ,  and a top and bottom. Nine 

windows located in the face plates a t  6-in. intervals  over the 4-f t  t e s t  
section permitted visual access fo r  the LDA measurements in addition to 

access for  the thermocouple rake. The top and bottom plates of the flow 

housing contained twelve 0.25-in. diameter holes to  allow fo r  the passage 

of heater rod extensions. All joining surfaces were sealed w i t h  O-rings 

to accommodate internal pressures t o  60 psia. 

3.1.4 Heater Rods 

One of the internal resistance type heater rods used in the experiment 

i s  shown in Figure 3-5. 

The 0.475-in. diameter rods, manufactured by Rama Corporation, had a 
uniformly heated 4-f t  length rated a t  1.0 kN/ft and a total  length of 
5 f t .  They were held in position a t  f ive  places along the i r  length. 

Spacers were provided a t  the beginning, midpoint, and end of the heated 
section, and the heaters were fixed a t  one end of the housing and held i n  

tension a t  the other to  allow for  thermal expansion. Extensions, as shown, 
allowed e lec t r ica l  connections to  pass through the flow housing. 

Two 25-kVA three-phase variacs provided power fo r  the heater rods. 
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FIGURE 3-5. Heater Rod 

3.2 INSTRUMENTATION 

For each t e s t  condition, f lu id  velocity and temperature were measured 

both axial ly  and l a t e ra l ly  within the heated length of the rod bundle. 
Rod power was determined by measuring the voltage and current for  each of 

the twelve heater rods, and the bundle flow ra t e  and i n l e t  and ou t l e t  

temperatures were continuously monitored. 

3.2.1 Velocity Measurements 

A l aser  Doppler anemometer (L3A)  was used t o  measure local ve loc i t ies .  

For t h i s  experiment, the two most important advantages of the LDA approach 

were tha t  the probe volume did not dis turb the flow f i e ld  and the i n s t r u ~ e n t  
was easy to ca l ibra te .  



Figure 3-6 i s  a schematic of the LDA apparatus. A 15-mW Spectra- 

Physics H E - N E  l aser  Model 124 was the laser  beam source. A beam s p l i t t e r  

s p l i t  the incoming beam into two beams which were unequally frequency- 

shif ted by the Bragg c e l l s  and focused to a probe volume approximately 

0.009 in.  in diameter and 0.115 in.  long. This Bragg ce l l  frequency s h i f t  

provided a reference frequency o f f se t  to the LDA signal so tha t  i t  was 

possible to  measure zero or  negative velocity without ambiguity. Light- 

scattering par t ic les  moving within the water encountered the interference 

fringe pattern within the intersection probe volume and the resul t ing 

scattered 1 ight was Doppl er-frequency shif ted with respect to  the incident 

laser  l i g h t  frequency. The col lect ing optics gathered and focused th is  

scattered l i g h t  onto the photomultiplier tube, and the Doppler signal was 

processed by a DISA 55L20 Doppler Signal Processor and recorded on magnetic 

tape recorder. A complete description of the LDA measurement technique and 

the approach used in previous experiments a t  t h i s  loop i s  provided by 

Creer e t  a l .  ( 4  ) 
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FIGURE 3-6. LDA System 



The LDA optics were mounted on a traversing table  tha t  allowed posi- 

tioning of the measurement volume in three dimensions within - +0.001 i n .  

Horizontal positioning was achieved with variable speed servomotors, and 

a hydraulic l i f t  system was used to  position the table  ver t ica l ly .  

3.2.2 Temperature Measurements 

Temperature measurements were made with iron-constantan thermocouples. 

A rake of seven thermocouples, shown in Figure 3-7 ,  was mounted on an 

aluminum plate.  Measurements were made by replacing one of the nine flow 

housing windows with the thermocouple rake. During a data r u n  the rake 
was instal led in the second windcw above the elevation a t  which LDA velo- 

c i t y  measurements were being rcade. Velocity measurements with and without 

the rake showed tha t  i t  did not influence the velocity data fo r  t h i s  
spacing. The seven thermocouples located along y = 0.0 (see Figure 3-3) 

measured the temperature a t  the centers of Subchannels 8 to  14. Two 
additional thermocouples monitored the t e s t  section i n l e t  and e x i t  tempera- 

tures.  Commercial reference junctions were used. 

PACKING GLAND 
I RON-CONS TANTAN 

THERMOCOUPLE ALUM1 NUM 
W l NDOW 

REPLACEMENT 

FIGURE 3-7. Thermocouple Rake 



3.2.3 Electrical Power 

Power generation within the heater rods was determined by voltage 

and current measurements for  each of the 12 rods. Voltage measurements 
within - +0.01 volts were made w i t h  a Fluke Model 803D ac-dc voltmeter. The 
heater rod current was monitored with a Weston Industrial  Analyzer to  

+G. 25 amperes. - 
The power gradient was established in the x direction by combining 

the heater rods in paral le l  and ser ies  arrangements with the two variacs. 

Rods 1 through 6,  the high power s e t ,  were connected to  one variac and 

Rods 7 through 12, the low power s e t ,  were connected to  the other.  

Figure 3-8 shows the heater arrangement fo r  a variac to  produce the 

two-step gradient. In t h i s  combination, the power supply ran balanced 

and each phase contained two heater elements in para l le l .  The maximum 

voltage possible fo r  t h i s  arrangement was approximately 260 volts/rod, 

corresponding to a maximum individual rod power of nearly 3.6 kW. Dif- 

ferent  voltage se t t ings  on each variac produced the desired gradient. 

3.3 EXPERIMENTAL PROCEDURE 

The LDA and data acquisit ion system were checked out and adjusted in 

isothermal flow prior  to  each data run. The optical tab le  was f i r s t  

moved t o  the desired vert ical  position and then the laser  beams were 

aligned parallel  t o  the rod rows. If  necessary, the optics were adjusted 
to  optimize the signal.  The center l ine of each subchannel row, y = 0.0 
+ 0.581 i n . ,  was located by traversing the LDA probe volume in the y - 
direction until  the Doppler signal f i r s t  disappeared. The loss of signal 
indicated the position of the flow housing wall or  the row of heater rods 
and was repeatable to  - +0.002 in.,approximately 2 percent of the rod gap. 

The traverse 1 imits in the x direction ( the  windows) were determined 

by traversing the probe volume in the x direct ion until the frequency 

tracker displayed zero velocity ( the  51.1 kHz Bragg ce l l  frequency). How- 

ever, determining the window position was not as r e l i ab le  as finding the 

heater rods because the surface condition (c l  eanl i ness) of the windows 



strongly affected the DISA tracker performance. Locating the x-traverse 

l imi ts  was repeatable to  approximately +0.020 in. 
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FIGURE 3-8. Heater Arrangement for  a Two-Step Gradient 

When the optical system was positioned, the i n l e t  f l o w  and heater 

rod power were adjusted t o  the desired levels  and a f t e r  the steady s t a t e  

condition was reached data acquisit ion began. All velocity,  x-position, 

and temperature measurements were recorded simul taneausl y on seven-track 

magnetic tape and on paper tape. Heater rod voltage and current were 



recorded manually several times fo r  each data r u n  and averaged t o  provide 

the power readings presented in Appendix 3.  Data reduction was handled 

by a computer program. 





OPERATING CONDITIONS 

The operating conditions fo r  t h i s  experiment were largely dictated 

by the a b i l i t y  to  make meaningful LDA mezsurements under the influence of 

complex and interact ing thermal gradients (plumes) in the flow. Measure- 

ments reported here were made only when the e f f ec t  of thermal plumes was 

minimal. However, because t h i s  study represents one of the f i r s t  applica- 
t ions of the LDA velocity measurement technique to  flows of t h i s  type i t  

seems valuable to  report circumstances which made measurement impossible. 

The following section discusses some of the observations made during 
preliminary experiments. 

LDA MEASUREMENT CAPABILITY 

The index of refraction for  water varies only about 0.5 percent from 
75 to 160°F, the approximate temperature difference between the rod sur- 

face and the center of a subchannel a t  the bundle midpoint. For an 

optical measurement, however, t h i s  change of index i s  extremely large.  A 

typical laser  interferometer, fo r  example, may be capable of sensing 
changes of refract ive index on the order of 0.0001 to  0.001 percent. 

Moreover, in t h i s  experiment the change varied in ' t ime and was nonuniform 

throughout the heated region. The LDA laser  beams always passed through 

t h i s  zone of interference so the influence of the thermal plumes was suf- 

f i c i e n t  to  be the c r i te r ion  for  making successful velocity measurements. 
One ef fec t  of these density gradients on the laser  beams was a steady 

deflection of the probe volume away from i t s  normal cold position. For 

t h i s  study, the higher values of heat flux in the range GR > 7.5x104 
caused the laser  beams t o  def lec t  as much as 50 percent of the 0.100-in. 
rod separation. The s t a t i c  beam deflection was apparently caused by e i the r  
small i r r egu la r i t i e s  in rod alignment, - +O.C04 in. about the mean center l ine 

of the rod row, or variations in the individual rod powers of approximately 
1 percent. Laser beam deflection occuyred on a small scale  a t  the interface 

between re la t ive ly  cold water and the thermal plume r i s ing  from the rod. 

S ta t i c  displacement of several plumes re la t ive  to  each other on a larger  



scale  caused a cumulative s h i f t  i n  the laser  beam path. Likewise, each of 

the two l a se r  beams was affected d i f fe rent ly  because each entered the same 

thermal plume a t  d i f fe rent  angles. 

In addition to  the s t a t i c  deflection, the probe volume was observed 

to  dynamically occupy a spherical space as large as 0.080 in. in diam- 

e t e r .  This e f fec t  was caused by the time-varying plume position. The 

primary ef fec t  of the spat ia l  wandering was to  provide an average flow 

velocity fo r  the effect ive volume occupied. Because the severi ty  of 
the s t a t i c  and dynamic beam deflection was proportional to  the heat input 

to  the water, meaningful velocity measurements were not possible a t  heat 

flux values much higher than those used in t h i s  study. Table 4-1 shows 
the seven t e s t  conditions or iginal ly  planned fo r  this study, two of 

which had to  be aborted due t o  d i f f i c u l t i e s  in making meaningful velocity 

measurements. 
I t  i s  important to  note in the data cases reported the s t a t i c  laser  

beam deflection was negligible and the dynamic beam movement covered a 

sphere no more than 0.020-inch i n  diameter, approximately twice the s i ze  

of the probe volume in the isothermal flow case. 

4.2 EXPERIMENTAL CONDITIONS 

For the cases studied, velocity measurements were made along y = 0.0, 
y = +0.581, and y = -0.581-in. traverses,  the centerlines of the three 
subchannel rows, and any off-center l ine measurements tha t  were possible. 
In most cases veloci t ies  were measured every 0.100 i n .  i n  the x direction 
and a few were taken every 0.050 i n .  I f  the Doppler signal changed 
s ignif icant ly between readings several values were recorded t o  establ ish 
a range. 

Table 4-1 shows the three d i f fe rent  successful heated cases as  well 

as two cold cases a t  corresponding flow rates .  Also included are  two 
attempts t o  obtain information a t  higher GR* tha t  were aborted due to  

poor signal quality and/or excessive probe volume movement. Case 1 and 

Case 3 consist  of a t  l e a s t  one centerline traverse in each of the three 
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subchannel rows fo r  Windows 1 ,  3 ,  5, 7, and 9. Case 2 was terminated 

a f t e r  Window 7 due to deterioration in signal qua1 i t y .  The run matrix, 

Table 4-2, shows the actual r u n  conditions a t  each window including the 

average heater rod powers. The power skew placed the higher powered 

rods in the region x < 1.8 inches. The table  also labels the locations 

of any other traverses.  Individual current and voltage measurements for  

each rod a re  shown i n  Appendix B, Tables B-7, B-8, and B-9 for  Cases 1 ,  2, 

and 3 .  



TABLE 4-2. Experimental  Run M a t r i x  .- 

Case Power W 
No. Skew (gpm) .- - - 

Isothermal  1 2.47 

Isothermal  2 1.25 

U B W i ndow 
( f t / s e c )  Number 

0.327 1 
3 
5 
7 
9 

0.164 1 
3 
5 
7 
9 

0.327 1 
3 
5 
7 
9 

0.327 1 
3 
5 
7 
9 

0.164 1 
3 
5 
7 
9 

y l o c a t i o n ( i n . )  Other 
0.0 +0.581 -0.581 Traverse 

Average 
Rod Power 

( kW/rod) 





5.0 DATA ACCURACY 

An e r r o r  an ly s i s  using the  e r r o r  and uncer ta inty  methods of Schenck ( 5 )  

was performed t o  es t imate  data  accuracy. The methods and analys is  a r e  

presented and described i n  d e t a i l  i n  Appendix C .  Table 5-1 i s  a summary 

of the  r e s u l t s  of the  uncer ta inty  ana lys i s  t h a t  was based on the  nominal 

flow values of the  th ree  heated cases .  

Axial veloci ty  measurements were found t o  have a theoret ica l  uncer- 

t a i n t y  ranging from - "1.3 t o  - t0 .8  percent corresponding t o  ve loc i t i e s  

between 0.065 and 0.650 f t / s e c ,  respect ively .  These values do not r e f l e c t  

the  addit ional  uncer ta inty  sometimes caused by hi gh local  vel oci t y  f l  uc- 

tua t ions  t h a t  af fected the  frequency t racker  lock on the  Doppler s igna l .  

The magnitude of the  f luc tua t ion  was determined by taking several velo- 

c i t y  r e a l i z a t i ons  a t  the  x locat ion of i n t e r e s t .  Only a small percentage 

of t he  veloci ty  data presented in  t h i s  study i s  affected by uncer ta inty  

due t o  l oca l l y  high signal  f luc tua t ion .  Those points  af fected a r e  

generally within - +3 percent of the  mean value. 

Using the  technique described in the experfmental procedure, y = 0.0 

was repeatedly located t o  within - t0.002 in .  All subsequent y locat ions  

were speci f ied  r e l a t i v e  t o  this o r i g in  w i t h  accuracy of - +0.001 i n .  The 

posit ion of the window, x = 0.0, was located t o  within - t0.020 i n .  and 

a l l  o the r  x posi t ions  r e l a t i v e  t o  the  window were know within - t0.001 in .  

The axia l  data planes f c r  the  LDA t r averses  were positioned within - t0.100 

in .  r e l a t i v e  t o  the  beginning of the  heated length.  

The accuracy of the average heater  rod power measurement was p r inc i -  

pal ly  a function of t he  uncer ta inty  of measuring the  current .  The rod 

voltage was determined within - t0.01 V ,  o r  l e s s  than - i0.01 percent. Power 

i s  the  product of voltage and cur ren t ,  P = VI, so the  rod power accuracy 

was approximately the  cur ren t  accuracy, - +4.0 percent. These values a r e  

presented i n  Table 5-1 f o r  the  average rod power in each t e s t  condit ion.  

Measurement of t he  subchannel temperatures was a function of the 
thermocouple posi t ion re1 a t i v e  t o  the  thermal plumes surrounding the  

heater  rods and the  ca l i b r a t i on  accuracy of the thermocouple. Thermocouple 



TABLE 5-1 . Uncertainty Val ues 

Nominal Uncertainty 
Parameter Value Val ue Percent 

Volumetric Flow Rate, W 2.47 gpm - +0.078 gpm - +0.8 

1.25 gpm - +0.019 gprn - +1.5 

Mean Velocity,  U (Theoretical ) 0.065 f t / s e c  - +0.0008 f t / s e c  - +1.3 

0.650 f t / s e c  - +0.0052 f t / s e c  - +0.8 

Experimental Fl uctuat i  on Bounds - +3.0 

X Data Point Location, x - +0.001 i n .  

Y Data Point  Location, y 

(with respect  t o  y = 0.0) 

Axial Data Plane Location, z 

+0.001 i n .  - 

+0.100 i n .  - 

Heater Rod Voltage, V - +0.01 V - + O .  01 

Heater Rod Current, I - +0.25 A 

Case 1 High 7.8 A 

Low 5.5 A 

Case 2 7.0 A 

Case 3 10.0 A 

Heater Rod Power, P = V I  

Case 1 High 

Low 

Case 2 

Case 3 

Temperature, T - +l .O°F 

Nondimensional Temperature 

- I ' ou t  in  



position was important re la t ive  to  the unmeasured temperature gradient 
between the heater rod surface and the center of the subchannel approxi- 

mately 0.169 in. away. Each thermocouple was positioned within - +0.040 

in.  in the x and y directions i n  the cold bundle. On several occasions 
a f t e r  the f lu id  began heating, the thermocouple rake was observed to  twist  

about i t s  horizontal axis (x-axis) so tha t  the thermocouples were no 

longer parallel  with the vertical  axis of the rod bundle. The thermo- 

couples were therefore a t  some unknown location within the subchannel. 

The exact uncertainty i n  the temperature measurements caused by t h i s  

problem i s  unknown as there was no method of measuring thermocouple 

location during the heated t e s t s .  However, a reasonable estimate might 
be - +15 percent of the given value. 

The overall accuracy of each thermocouple and DAS combination was 

ce r t i f i ed  to  be - +l.O°F by cal ibrat ion before and a f t e r  the experimental 

data run ser ies .  For a nominal 30°F temperature difference across the 

i n l e t  and ou t l e t  of the bundle, the uncertainty of the nondimensional 
temperature 

for  several values i s  presented in Table 5-1. The time response of the 

temperature measurement system tended to  time average the small scale 
fluctuations of the temperature profi le  surrounding the rods. The temp- 
eratures reported represent an average of these fluctuations i l l u s t r a t ed  
by Figure 5-1. This figure i s  thought to  qua1 i t a t ive ly  demonstrate the 
amount of thermal plume movement and hence the dynamics of the tempera- 
ture  gradients surrounding the heater rods. The uncertainty caused by 
these temperature fluctuations,  approximately - +1.5"F, i s  included i n  

nondimensional form on Figures 6-20 t o  6-22 as a vertical  bar fo r  compari- 

son with the nondimensional profi les .  





6.0 EXPERIMENTAL RESULTS AND DISCUSSION 

The experimental resu l t s  fo r  two isothermal cases and three heated 

cases with the flow conditions shown i n  Tables 4-1 and 4-2 are  presented 

in the following sections.  

6.1 ISOTHERMAL VELOCITY PROFILES 

Prior to  the heated bundle data runs, velocity measurements were made 
i n  a cold bundle to  establ ish a reference fo r  the heated cases. The 

resu l t s  of these isothermal runs a re  the profi les  of the nondimensional 
axial velocity along the x coordinate, U / U B  versus x,  shown i n  Figures 6-1 
through 6-6. The data f o r  some of the axial locations a re  not available.  

The thermocouple rake was not used during the isothermal t e s t s .  In each 

figure the axial location and y-position for  each LDA traverse a re  shown 
to  the r i g h t  of the velocity prof i les .  

The local velocity,  U ,  was nondimensionalized with respect t o  the 
bundle average velocity,  U B  = W/a, where W i s  the i n l e t  flow ra t e  and a i s  

the total  flow area of the bundle. For isothermal flows the velocity 

maxima occur i n  the subchannel centers and the minima are  in the rod gaps. 

The r a t i o  of the maximum to  minimum average velocity encountered during 

the traverse,  U m a x / U m i n ,  provides a qual i ta t ive  indication of the re la t ive  
flow resistance of the subchannel centers compared to  the rod gaps. In a l l  

cases the r a t io  of the peak to  average velocity decreased from Window 1 to  

Window 3 because the laminar flow was s t i l l  developing. The flow housing 

was designed for  turbulent flow studies and i t s  entrance length i s  inadequate 
t o  establish fu l ly  developed laminar flow a t  Window 1 for  most i n l e t  conditions. 

Figures 6-1 t h r o u g h  6-3 a re  the isothermal velocity profi les  measured 
for  a 2.47-gpm i n l e t  flow. This flow corresponds t o  the heated cases 1 

and 3 .  The spacing of the velocity peaks i n  a l l  the profi les  i s  regular 
and orderly, indicating tha t  the rod spacing in the x direction was 
reasonably uniform f o r  each rod row. However, the re la t ive  maximum and 

minimum veloci t ies  changed with elevation and also with y-position a t  a 

given window. Such variation demonstrates tha t  the rod rows were not 

exactly parallel  and/or tha t  the whole rod bundle was skewed or twisted 

i n  re lat ion to  the flow housing. The apparent e f fec ts  of geometry on 

laminar flow are  very s ignif icant  according t o  these profi les  as might be 

expected. Even so, the changes observed in the velocity profi les  appear 
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reasonable considering the flow i s  laminzr and the - t0.004-in. variation in 
rod spacing was about as good as could be obtained without adding a large 
number of flow-disturbing rod spacers. Because the area of primary in t e res t  

was the central subchannels where the small bundle asymmetries had l i t t l e  

e f fec t  on the velocity d is t r ibut ion ,  the spacing influence was not consid- 
ered a serious problem. 

The other isothemai flow r a t e  investigated was W = 1.25 gpm, 

corresponding t o  heated Case 2. The resu l t s  a re  presented in Figures 6-4 

through 6-6. The profi les  display the same general trends in peak spacing 

and velocity magnitude as the higher flow ra te  b u t  have much larger  peak 

to average velocity ra t io .  This flow ra t e  dependence i s  fur ther  i l l u s t r a t ed  

by Figure 6-7, the velocity dis t r ibut ion a t  the bundle midplane (Window 5) 

for  three d i f fe rent  flow rates .  Figure 6-7a i s  for  a flow ra t e  of 1.25 

gpm, Figure 6-7b corresponds to  2.0 gpm, and the l a s t  f igure i s  fo r  a flow 
ra t e  of 3.0 gpm. These flow ra tes  were a l l  within the laminar flow regime 

and the bundle average Re in each case was 420, 672, and 1008, respectively. 

6.2 HEATED VELOCITY PROFILES 

The average run conditions for  the isothermal and heated cases a re  
described i n  Table 4-1. Both the Reynolds number and modified Grashof 
number are  based on the bundle average hydraulic diameter and properties 

evaluated a t  the mean bundle temperature. The r a t i o  GR*/Re2 indicates 

the re la t ive  importance of the buoyant and f r ic t iona l  forces. Note tha t  
Case 1 and Case 3 are identical except fo r  the steepness of the power skew 

so that  G R * / R ~ ~  f o r  Case 1 i s  much smaller than for  Case 3. Consequently, 
l e s s  s ignif icant  buoyancy ef fec ts  create  more uniform velocity and 

temperature profil  es fo r  Case 1 compared to  Case 3. L i  keuise, GR*/Re2 fo r  
Case 2 i s  re la t ive ly  large compared to  the other cases, and, as will be 

shown, the buoyancy forces were qui te  s igni f icant .  
The run matrix presented in Table 4-2 shows the velocity traverses 

made, the average rod powers, and i n l e t  and ou t l e t  temperatures fo r  each 

axial location. Note tha t  several traverses were not completed due to  
adverse thermal e f f ec t s  described earl i e r .  Whil e attempting some velocity 
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measurements, the tracker fa i led  to  provide a s table  reading. In those 

instances several velocity real izat ions were taken to mark the bounds of 

the time f luctuat ion in the average velocity. This i s  why some of the 

velocity profi les  exhibit  mu1 t i p l e  points fo r  a given x-location ( f o r  

example, see Figure 6-13 o r  6-14). 

Several velocity traverses were made near the rods a t  selected eleva- 

t ions.  In most cases, the laser  beam deflections became more severe as 

the heater rods were approached. The probe volume movement consistently 

became radical enough to  produce velocity measurements from a spherical 

volume as large as 0.080 in.  in diameter, s l igh t ly  less  than the 0.100-in. 

rod separation. Resultant veloci ty profi 1 es were nearly identical to  

prof i les  along the subchannel center l ines .  The remaining discussion of 

the heated velocity profi les  will be 1 imi ted to center1 ine traverses only. 

6.2.1 Effects of Heating on the Velocity Distribution 

Before presenting resu l t s  fo r  the three heated cases, a brief discus- 

sion i s  provided to  describe qua1 i  t a t ive ly  how heating a f fec t s  the local 

velocity. Figure 6-8 i s  the velocity dis t r ibut ion for  the central sub- 

channels of Window 5 superimposed on appropriately scaled heater rods. The 

experimental conditions fo r  each quadrant of the f igure were: 

a - Isothermal, W = 1.25 gpm 

b - Case 1 ,  2:1 power skew, W = 2.47 gpm 

c - Case 2 ,  1 : O  power skew, w = 1.25 gpm 

d - Case 3 ,  1:O power skew, w = 2.47 gpm 

The r e l a t ive  e f fec ts  of heating a t  the bundle midplane are  evidenced by the 

redis t r ibut ion of the uniform i n l e t  flow. From these f igures ,  the flow 

through the cooler regions was reduced while the flow through the hot ter  

regions increased proportionately. Note that  as the parameter GR*/Re2 

increased from zero ( the  condition for  Figure 6-8a), the d is tor t ion  in 

the velocity prof i le  increzsed. These ef fec ts  a re  described in detai l  in 

the sections that  follow. 





6 .2 .2  Case 1 

Case 1 was a 2:1 power skew with hot and cold rod powers of 1 .I40 

kW/rod and 0.570 kW/rod, respectively. For a flow ra t e  of W = 2.47 gpm, 

these power levels  gave a 30°F temperature r i s e  across the bundle. Based 

on the average flow conditions,- Re = 960 and GR* = 1 .23x104, yielding 

GR*/Re2 = 0.013. This value indicates a re la t ive ly  minor buoyancy impor- 

tance when compared to  Case 2 and Case 3. 

Figures 6-9 through 6-12 contain the velocity profi les  obtained fo r  

Case 1 .  These profi les  may be compared d i rec t ly  to the isothermal prof i les  

of Figures 6-1 through 6-3 to  determine the e f f ec t  of the 2:1 power skew 

upon the flow. A t  the beginning of the heated length very l i t t l e  difference 

from the isothermal case i s  noted. Data obtained a t  Window 3 in the hot ter  

s ide of the bundle, x < 1.8 in . ,  indicates tha t  the buoyancy forces have 

begun to a c t  on the flow f i e l d .  Individual peaks a re  l e s s  pronounced. 

Moreover, the average velocity on the h o t  s ide i s  higher than the isothermal 

case for  Windows 3 through 9.  In contrast ,  the average velocity fo r  x > 1.8 

in.  i s  less  than the isothermal case, indicating tha t  flow diverted from 

the cold regions of the bundle to  the hot ter  regions. The r a t io  of the 

average maximum velocity to  the average minimum velocity increased for  

each axial location. 

The changes noted in the velocity profi les  a t  Window 3 are  more pro- 

nounced a t  each higher axial location, corresponding to  a continuous 

buoyancy-domi na ted development of the velocity prof i  1 e .  This development 

of the velocity f i e l d  i s  plainly evident in Figure 6-9. The uniformity in 

the subchannel center l ine local veloci t ies  increased as the visual extent 

of the plume interact ion increased. (The same i s  also t rue of the tempera- 

ture  profi les  discussed l a t e r . )  Figure 6-9 shows tha t ,  as the buoyancy 

forces increased, the velocity profi les  became much smoother so tha t  

local peaks a re  no longer evident. This r e su l t  i s  similar t o  the t rans i -  

tion from a parabolic laminar velocity prof i le  to a more nearly uniform 

turbulent velocity profi le  in isothermal flows. 
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6.2.3 Case 2  

Case 2 was a  1:O power g r a d i e n t  w i t h  0.910 kW/rod on t h e  ho t  s i d e  and 

no hea t i ng  on t h e  o t h e r  and a  f l o w  r a t e  o f  W = 1.25 gpm. Th is  combinat ion 

y i e l d e d  approx imate ly  t h e  same temperature r i s e  across t h e  bundle as 

Case 1, ATB = 33OF, b u t  because o f  t h e  1:O power skew and the  low f low,  

t h e  buoyant e f f e c t s  were much more predominant. The va lue  GR*/Re2 = 0.176 

i s  i n d i c a t i v e  o f  t h e  inc reased importance o f  t h e  buoyancy fo rces  over  

Case 1  (GR*/Re2 = 0.013). The two parameters forming t h i s  r a t i o  a r e  

Re = 480 and GR* = 4.05x104. 

The v e l o c i t y  p r o f i l e s  shown i n  F i g u r e  6-13 through 6-15 correspond t o  

t h e  r u n  c o n d i t i o n s  o f  Case 2. These p r o f i l e s  r e f l e c t  t h e  same genera l  

t rends  as t h e  p r o f i l e s  f o r  t h e  f i r s t  case b u t  w i t h  more dramat ic  evidence 

o f  buoyancy-induced f l o w  changes. These buoyancy e f f e c t s  a r e  e a s i l y  

observed i n  t h e  v e l o c i t y  p r o f i  1  es i n  F igu re  6-1 3. Pronounced d i f f e r e n c e s  

i n  t h e  average v e l o c i t y  between t h e  h o t  s ide ,  x  < 1.8 i n . ,  and t h e  c o l d  

s ide ,  x  > 1.8 in . ,  a r e  seen i n  F igu re  6-13 a t  Window 7. For x  < 1.8 i n .  

t he  maximum average nondimensional v e l o c i t y  f s  g r e a t e r  than 3 .0  w h i l e  t h e  

average v e l o c i t y  o f  t h e  c o l d  p o r t i o n  o f  t h e  bundle i s  approx imate ly  0.4. 

(The c e n t r a l  subchannel nondimensional v e l o c i t i e s  need n o t  average t o  1.0 

due t o  t h e  w a l l  channel f l ows  c o n t r i b u t i o n .  ) 

The v e l o c i t y  da ta  a t  Window 7 seem t o  i n d i c a t e  t h a t  t h e  c o l d  s i d e  o f  

t h e  f l o w  was tend ing  toward zero f l o w  a l though i t  was n o t  p o s s i b l e  t o  g e t  

meaningful  v e l o c i t y  measurements a t  Nindow 9 due t o  wide s c a t t e r  i n  t h e  

v e l o c i t y  r e a l i z a t i o n s .  However, d i s t i n c t  cbserva t ions  o f  both zero f i o w  

and nega t i ve  f l o w  i n  t h e  r e g i o n  near  x  = 3.6 i n .  were made w i t h  t h e  LDA 

and v i s u a l l y  on a  d i f f e r e n t  occasion a t  Window 5  under more severe f l o w  

cond i t i ons .  T h i s  f l o w  r e d i s t r i b u t i o n  e x h i b i t e d  by Case 2  i s  f u r t h e r  

evidence o f  t h e  importance o f  buoyant f o rces  i n  these f l o w  cond i t i ons .  

6.2.4 Case 3  

Case 3  had the  same f l o w  r a t e ,  W = 2.47 gpm, and t o t a l  power as Case 1  

except t h e  power g r a d i e n t  was 1:O w i t h  1.810 kW/rod and 0 .0  kW/rod versus 

2: 1  w i t h  1.140 kW/rod and 0.570 kW/rod f o r  Case 1  . The bundle temperature 
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d i f f e r e n c e  was 31°F, b u t  because the  power g r a d i e n t  was more severe than 

the  2:1 skew o f  t h e  f i r s t  case, t h e  buoyancy e f f e c t s  were more ev ident .  Th is  

i s  po in ted  o u t  by the  d i f f e r e n c e  i n  t h e  va lue  o f  G R * / R ~ '  f o r  t he  two cases. 

For Case 3, GR*/Re2 = 0.041, GR* = 3 . 8 0 ~ 1 0 ~  and the  Reynolds number was 960. 

Compared t o  Case 2  t h e  buoyancy e f f e c t s  were n o t  mani fested as s t r o n g l y .  

F igures 6-16 through 6-18 c o n t a i n  the  r e s u l t s  o f  Case 3. As before,  

t h e  v e l o c i t y  p r o f i l e s  a t  Window 1  appear 1  i t t l e  d i f f e r e n t  than the  c o l d  

case. Also, t h e  o f f - c e n t e r l i n e  LDA t raverses  a re  l a r g e l y  i n d i s t i n g u i s h -  

ab le  f rom the  c e n t e r l i n e  runs and a r e  n o t  shown except i n  F igure  6-19. 

Compare, f o r  example, t h e  t h r e e  p r o f i l e s  shown i n  F igure  6-19 t o  the  v e l o c i t y  

p r o f i l e  a t  Window 5 i n  F igu re  6-16. The p r o f i l e s  i n  F igu re  6-19 a re  o f f -  

c e n t e r l i n e  t raverses  rang ing  from 0.020 i n .  t o  0.040 i n .  from t h e  bundle 

c e n t e r l i n e ,  y = 0.0 i n .  There a re  few d i f f e r e n c e s  between these p r o f i l e s  

and t h e  y = 0.0 i n .  t r a v e r s e  a t  Window 5, F igu re  6-16. A t  Window 3  the  

mass f l o w  r a t e s  s t a r t e d  t o  become unbalanced w i t h  more f l o w  going t o  t h e  

h o t  side. F igure  6-16 shows t h a t  t h i s  unbalancing o f  t h e  f l o w  cont inued t o  

increase w i t h  e l e v a t i o n  u n t i l  t h e  top  o f  t h e  heated l eng th .  A t  Window 9 

t h e  f l o w  through t h e  reg ions  x < 1.8 i n .  was approximate ly  50 percent  

g r e a t e r  than the  isothermal  f l ow .  This  r e i t e r a t e s  t h e  f i n d i n g s  o f  Cases 1  

and 2. Buoyancy fo rces  induced by heat ing  caused t h e  f l o w  t o  become 

unbalanced and r e d i s t r i b u t e d  across t h e  bundle w i t h  more f l u i d  f l o w i n g  up 

the  heated s ide .  

6.3 TEMPERATURE 

Temperature was measured by thermocouples i n  t he  center  o f  t h e  seven 

c e n t r a l  subchannels and a t  t h e  i n l e t  and o u t l e t  o f  t h e  t e s t  sec t i on .  A 

common s igna l  t r i g g e r e d  t h e  reco rd ing  o f  a l l  p e r t i n e n t  f l o w  and teniperature 

data so t h a t  a  temperature measurement and a  v e l o c i t y  r e a l i z a t i o n  were 

s imul taneously recorded on t h e  data a c q u i s i t i o n  system (DAS) .  The subchan- 

nel  temperature measurements were taken a t  an a x i a l  l o c a t i o n  12.0 i n .  

( 2  windows) above t h e  e l e v a t i o n  o f  t h e  LDA t raverse .  Previous t e s t s  

v e r i f i e d  t h a t  t h e  thermocouple rake  d i d  n o t  i n t e r f e r e  w i t h  the  v e l o c i t y  

measurement a t  t h i s  separat ion.  I n  a l l  cases, t h e  temperatures shown a re  

the  average o f  approximate ly  35 t o  40 temperatures recorded over  t h e  
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approximately 30 to  45 minutes necessary to  complete a velocity traverse.  

The nondimensional temperature prof i les  for  Cases 1 t h r o u g h  3 a re  

shown in Figures 6-20 through 6-22. The actual temperature of each sub- 
channel i s  recorded in Tables B-1 through 8-3 in Appendix B .  The uncer- 

ta in ty  due to  the time fluctuation of the temperature and thermocouple 
cal ibrat ion i s  shown to the r ight  of each plot as vertical  bars. The 

time f luctuat ion uncertainty was included on those figures because the 
time fluctuation of the local temperature shown by Figure 5-1 was not 

necessarily averaged out by the small number of measurements. 

The general behavior i n  temperature development was as one would 
expect, increasing in proportion to the local power r a t e .  However, in a l l  
three cases, the temperatures measured in Subchannel 8 were unusually low. 
This subchannel was on the hot s ide of the bundle b u t  i t s  temperature in 

Case 1 (Figure 6-20) was lower than Subchannel 14 in the cooler region of 
the flow. The authors have no explanation for  th i s  anomaly because the 

thermocouple cal ibrat ion was checked before and a f t e r  the heated data runs 
and i t s  proper location on the thermocouple rake was periodically ver if ied.  

Figure 6-20, Case 1 ,  shows the r a t io  of the average hot s ide tempera- 
ture  to  the average cool side temperature decreases with elevation. This 
e f fec t  i s  not readily apparent for  Cases 2 arid 3, as the 1:Q power gradient 
created a much larger  temperature d i f fe rent ia l  across the width of the 

bundle than the 2: 1 power skew of Case 1 .  The value of GR*/Re2 fo r  those 
cases was much larger  than for  Case 1 .  However, Figure 6-21, Case 2 ,  

shows the temperatures of both Subchannels 13 and 14  a t  Window 9 were 
substant ial ly  elevated above the i n l e t  temperature in Case 2 .  This must 
have been the r e su l t  of recirculation. 

The temperature data presented here helps to  explain the flow redis-  

t r ibut ions observed in the velocity profi les  and the l ink between the 
parameters GR*/Re2 and the e f fec t  of the buoyancy forces.  As the f lu id  
temperature increased in response to  heating, the density decreased, causing 

the flow to  accelerate.  This relationship i s  c lear ly demonstrated by 

comparing the velocity and temperature. profi les  presented above. The r a t io  

of the buoyancy forces caused by the heating to  the f r ic t iona l  forces 

caused by the f lu id  flowing through the bundle i s  represented by the para- 

meter GR*/Re2. A t  GR*/Re2 = 0, profi les  of temperature and velocity were 
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un i fo rm and, as GR*/Re2 increased, t h e  nondimensional v e l o c i t y  p r o f i  1  es 

became more skewed. A general  t r e n d  i s  n o t  ev iden t  f o r  t h e  temperature 

p r o f i l e  v a r i a t i o n  w i t h  GR*/Re2. 



7.0 DATA COMPARISONS WITH THE COBRA-IV COMPUTER PROGRAM 

a The primary objective of t h i s  experimental program was t o  provide data 

to quantify the a b i l i t y  of the COBRA-IV computer program to predict  velocity 
+ and temperature d is t r ibut ions  in a rod bundle geometry with flows in the 

mixed f r ee  and forced convection regime. This section documents these 

data comparisons. 

A brief discussion of the COBRA code i s  provided f i r s t  t o  introduce 

the analysis method and highlight code input requirements. Next, resu l t s  

of parametric studies a re  presented to  demonstrate the e f fec t  of f r i c t ion  
factor  and heat t ransfer  modeling. These s tudies ,  conducted for  Case 3, 

led to the selection of the analysis model subsequently used for  the 

simulatjon of a l l  three experiments. Results of the f inal  comparisons a re  
presented in Section 7.3 where i t  i s  shown tha t  COBRA-IV velocity predic- 

t ions agree quite well with the experimental data,  and computed temperatures 
compare favorably with the measured values, 

7.1 THE COBRA-IV COMPUTER PROGRAM 

COBRA-IV i s  a computer program designed to  predict the flow and 

enthalpy d is t r ibut ion  in fuel rod bundles and reactor cores. ( '  ) Geometric 

modeling considers a rod bundle t o  be divided into subchannels whose 

boundaries a re  defined by adjac2nt walls and/or rod surfaces. These flow 

channels are  then divided axia l ly  to form discrete  control volumes for  

which the conservation equations o f  mass, momentum and energy are  solved 
numerically. The solution of these equations provides the enthalpy and 
axial and la te ra l  flow rates  for  the computational c e l l .  

In addition to  geometric input requirements, boundary conditions fo r  
rod power and i n l e t  flow ra t e  and temperature, and S n p u t  correlations fo r  
f r i c t ion  fac tor  and turbulent mixing are  required to  numerically sirnul a t e  

these experiments. 



7 . 2  COBRA MODEL AND PARAMETRIC STUDIES 

The experimental geometry was modeled in COBRA with 21 subchannels and 

12 rods as shown in Figure 3-3. Experimentally determined values of rod 

power and i n l e t  temperature and flow were used for  computational boundary 

conditions. The selection of other code input was based on the resu l t s  of 
simulations fo r  Case 3.  Experimental Case 3 was a r b i t r a r i l y  selected as a 

reference t o  aid in determining an appropriate f r i c t ion  fac tor  and to  
assess the e f f ec t  of modeling heat loss from the bundle to  the atmosphere. 

Several f r i c t ion  fac tors ,  including a correlation for  mixed f ree  and 
forced convection flows , ( 6 )  were introduced into COBRA. I t  was determined 

that  allowing the code to  calculate  and use the maximum of the smooth tube 
laminar and turbulent f r i c t ion  factors  produced the best agreement between 
Case 3 and COBRA predictions. Therefore, that  f r i c t ion  factor  selection 

scheme was chosen as the standard fo r  a l l  computations. To investigate 
the significance of heat losses from the warm experimental bundle to  the 
cooler atmosphere, calculations were performed both w i t h  and without the 
inclusion of t h i s  heat t ransfer  mechanism. I t  was determined tha t  the 

inclusion of heat t ransfer  t o  the atmosphere was small and a l l  reported 
coniputations neglect heat losses from the bundle. 

Parametric s tudies  were also performed to investigate the e f fec t  of 
heat transport  by turbulent mixing between flow channels. Results of 
these calculations showed an uncertainty as t o  the benefit of including 
t h i s  transport  mechanism in the analytical model. Turbulent exchange 
improved comparisons in some regions and provided worse comparisons i n  

other areas.  However, changes were generally small and turbulent mixing 
was not used fo r  the resu l t s  presented. 

Table 7-1 summarizes what will be referred to  as  the reference COBRA 

model selected on the basis of these parametric studies fo r  data Case 3. 

I t  i s  important to  recognize that  t h i s  modeling represents standard input 
correlations generally used for  a majority of computations performed w i t h  

the COBRA code. 



7,3  COBRA PREDICTIONS 

The resu l t s  of computations performed with COBRA are  dccumented and 

compared to  experimental resu l t s  in t h i s  section. All calculations were 

made using the reference model described above with i n l e t  flow rates  and 

rod powers determined from the average of measured quant i t ies  for  a  given 
t e s t  se r ies .  Experimental values of rod power and i n l e t  flow were not 
exactly the same for every data plane within a given t e s t  se r ies  (see 

Tab1 es 8-7 through 6-9). However, differences were s l  ight , and cal cul a- 

t ions using the precise values of i n l e t  flow and power measured for  6 
given data plane showed minor differences between simulations using average 

power and flow conditions. Therefore, resu l t s  presented in t h i s  section 
are  based on the average t e s t  condition for  each t e s t  se r ies .  

Cases 1 and 3 were simulated ~ i t h  the implicit  solution algorithm in 
C O B R A .  Numerical d i f f i c u l t i e s  precl uded the use of t h i s  a1 gori t h m  fo r  

Case 2 computations; C O B R A ' S  expl ic i t  algorithm was employed here instead. 

T A B L E  7-1 . Standard COBRA- IV-I Input 

INPUT PARAMETER VALUE 

Geometry 21 subchanr~els, 12  rods 
Bundl e 1 ength - 72.0  inches 
Axial node s ize  - 3.0 inches 

Power Distribution Average values measured fo r  each 
t e s t  se r ies  

In le t  Flow and 
Temperature 
Input Correlations 

Average value measured for  
each t e s t  ser ies  
Friction factor  - maximum of 
(64/Re, 0.154 Re-.') 

7.3.1 COBRA Velocity Predictions 

Computed veloci t ies  a re  presented in Tables 8-4, B-5, and 6-6 for  

Cases 1 through 3, respectively,  and graphically compared t o  the experi- 

mental data in Figures 7-1 through 7-9. Horizontal bars represent calcu- 

lated subchannel average veloci t ies  and discrete  points are  measured data.  

Detailed velocity dis t r ibut ions were obtained along subchannel center- 
1 ines.  However, as previously s ta ted ,  thermal gradients precluded the 
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measurement of off-centerline veloci t ies  in many instances. Thus, i t  i s  

not possibl s to calculate  an exact subchannel average velocity from the 

experimental d a ~ a .  A simple numerical average of the center l ine velocity 

dis t r ibut ion does, however, provide a reasonable velocity to which com- 
parisons can b s  nade. 

In general , C3BW-cal cul ated velocity prof i 1 es  correspond qui te  we7 1 

to  the neasured profi les .  Exceptions a re  a t  y = -0.581 in.  where the 
computed ve lcc i t ies  a re  greater  than the measured values for  x < 1.8 i n .  

and l e s s  than the measured values for  x > 1.8 in. This difference i s  

at t r ibuted t o  s l i g h t  asymmetries in the bundle alignment which were not 

included in t h e  numerical simulation. 

The overa?l comparison seems to be excel lent ,  par t icular ly in the 

regions where steep velocity gradients ex i s t .  I t  was in these regions 

that  C O B R A ' S  application was uncertain because i t  does not simulate the 

intrasulchanne'l f l o w  structure.  However, the comparison a t  Window 7, 
Case 2 (Figure 7-4)  exemplifies COBRA'S a b i l i t y  to  do a good job even when 

velocity has changed by a fac tor  of approximately 6 through one subchannel. 

7.3.2 .- COBRA Teqperature Predictions 

Fluid temperatures computed by COBRA a re  tabulated in Tables 3-1, 

8-2, 2nd B-3 for  Cases 1 through 3,  respectively,  and compared to the d a t a  

graphical i y  in Figures 7-10, 7-1 1 ,  and 7-12. 

In generai, temperatures predicted by COBRA show the same trends as 

the measured profi les ;  however, computed tenperaiures a re  approximately 
25 t o  40 percent higher than the measured values. I t  i s  important to  
recognize that  COBRA computes an average subchannel temperature whereas 
the measurements represent poirrt values within a subchznnel. For the flow 
and power conditions imposed in t h i s  e x p e r i r n e n t , ~ p o s ~ ~ 8 k  that- 

a significant-temperature gradient existed within a subchannel. Thus, i t  -.--_ -- 
may be d i f f i c u l t ,  i f  not impossible, to d i rec t ly  compare the measured and I 
computed temperatures. For example, the temperature prof i le  in a verticai  I 
tube under conditions s imilar  to  those of t h i s  ex~eriment  has been shown \ 
by numerous analyses and experiments to  be parabol ic . (7y8)  If a parabolic \ 

temperature prof i le  and a 40 to  70°F temperature difference between the 
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FIGURE 7-10. Case 1 Temperature P r o f i l e s  Comparison, W = 2.47 gpm, 
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FIGURE 7-1 1 .  Case 2 Temperature Profiles Comparison, W = 1 . 2 5  gpm, 
COBRA and Experimental Data, Tout  - T i n  = 3 3 O F  
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FIGURE 7-12. Case 3 Temperature Profiles Comparison, W = 2.47 gpm, 
COBRA and Experimental Data, Tout - Tin = 31°F 



heater 
tempera 

rod wall and subchannel center were assumed, the average subchannel ,/ 
/ i 

ture  would be 20 to  60 percent higher than the center temperature. 
1 / 

Thus, point measurements may not provide suf f ic ien t  information to  quantify . 
COBRA'S abi 1 i ty to predict f lu id  temperatures under these flow conditions. 

I t  i s  important to note the large difference between the measured and 
I 

predicted temperature for  Subchannel 8, a wali subchannel. A possible 

explanation for  the difference could be a steep temperature gradient in 

that  region. As mentioned in Section 5.0,  there was some uncertainty in 

the thermocouple position, and position may have been part icular ly impor- 

t an t  near the wall. 

The computed and experimental temperature prof i le  a t  Window 9 fo r  

Case 2 shows tha t  a flow reversal existed i n  the upper regions of the cold 

s ide ~f the bundle. B o t h  the velocity measurements and CCBRA calculations 

indicated that  flow moved l a t e r a l l y  from the cold s ide of the bund!e to  

the hot. Thus, because there was no heating on the cold s ide of the bundle 

Sn Case 2 ,  flows must have reversed w i t h  warm liquid entering from above. 

The elevated temperatures in th i s  region were computed by assuming tha t ,  

when the flaw reversed, l iquid entered the bundle a t  the mixed temperature 

measured a t  the bundle ex i t .  As previously s t a t ed ,  velocity measurements 
could not be oStain3d a t  t h i s  position; however, the measured temperatures 

indicate tha t  the COBRA-predicted flow reversal did occur. 
Considering possible temperature dis t r ibut ion ef fec ts  and the f a c t  

tha t  computed vel oci t i  es were in gocd agreement with experimental v a l  ues , 
i t  seems thct  COBRA provides a reasonable estimat2 fo r  the subchannel 
average f lu id  temperature. However, t o  ful ly quantify COBRA'S capacity, 
a detailed measurement of the subchznne? temperature profi:e i s  required. 
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APPENDIX A 

NOMENCLATURE 

A = Amps 

C = Specific heat 
P 

DH = Hydraulic diameter 

FD = Doppl e r  frequency 

F = Function 

GR = Grashof number, ( g g A T B ~ i ) / v 2  

GR* = Modified Grashof number, G R ( ~  - 1 )  

GR*/Re2 = [ ( C J ~ ~ D ~ A T ~ ) / U ~ ] ( ~  - I )  

I = Rod current 

L = Rod bundle length 

P = Heater rod power, VI 

Pr = Prandtl number 

QH = Hot s ide heat flux 

QL = Cool s ide heat flux 
- 
Q = qH/[(QH + Q L ) / 2 1  
R = General r e s u l t  

Re = Reynolds number, (uDH)/v 

T = Temperature 
- 
T = Nondimensional temperature, ( T  - Tin)/(Tout - T i n )  

Ti n = In le t  temperature 

= Out1 e t  temperature 

ATB = Temperature difference across the bundle, Tout  - T i n  

U = Axial velocity 



UB = Bundle average velocity,  W/a 

"ma, = Maximum velocity 

"mi n = Minimum velocity 

V = Rod voltage 

W = Uncertainty 

W = Volumetric flow r a t e  

Xm = Measured X value 

Ym = Measured Y value 

a = Rod Sundl e flow area 

d = Rod diameter 

g = Gravitational constant 

p = Rod pitch 

x = x coordi nate 

y = y coordinate 

z = z coordinate 

= Thermal expansion coeff ic ient ,  1/"F 

0/2 = Laser beam intersection half angle 

A = Laser l i g h t  wavelength 

v = Kinematic viscosity 

p = Density 
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TABLE 8-1 . Subchannel Temperatures 

Case No. : 1 
Power Skew: 2: 1 

W: 2.47 gpm 

W i ndow Data T i n  
Number Type ( O F )  

Measured 55.6 
1 COBRA 59.62 

Measured 56.2 

COBRA 59.62 

Measured 61.7 

COBRA 59.62 

Measured 61.8 

COBRA 59.62 

Measured 60.1 

COBRA 59.62 

Subchannel Temperature ( O F )  



TABLE 8-2. Subchannel Temperatures 

Case No.: 2 
Power Skew: 1:O 

W: 1.25 gpm 

Window Data T i n  Tout  AT^ 
Number Type ( O F )  ( O F )  ( O F )  -- 

Measured 60.2 93.1 32.9 
1 COBRA 60.4 89.5 29.1 

Measured 60.6 93.1 32.5 

COBRA 60.4 89.5 29.1 

Measured 59.3 92.4 33.1 

COBRA 60.4 89.5 29.1 

Measured 59.5 92.6 33.1 

COBRA 60.4 89.5 29.1 

Measured 62.6 96.1 33.5 

COBRA 60.4 89.5 29.1 

Subchannel - Temperature ( O F )  

8 9 10 11 12 13 14 - - - - -- - - 

59.1 59.1 59.1 59.3 59.4 59.4 59.6 

60.40 60.40 60.40 60.40 60.40 60.40 60.40 

60.8 61.77 69.2 60.8 60.9 60.9 61.1 

72.65 73.17 71.67 65.79 60.40 60.40 60.40 

60.5 68.2 73.3 59.7 59.4 59.4 59.9 

81.45 81.95 78.99 69.58 60.40 60.40 60.40 

65.6 77.6 88.2 68.3 59.8 60.0 60.6 

88.06 88.85 85.39 72.67 60.40 60.40 60.40 

89.9 99.5 99.7 88.5 74.7 69.2 69.3 

93.50 94.93 90.79 76.88 67.98 68.56 67.54 



TABLE 8-3. Subchannel Temperatures 

Case No. : 3 
Power Skew: 1:O 

W: 2.47 gpm 

W i ndow Data Ti n 
Number Type ( O F )  

Measured 
1 COBRA 60.9 

Measured 61.1 

COBRA 60.9 

Measured 61.9 

COBRA 60.9 

Measured 61.8 

COBRA 60.9 

Measured 59.7 

COBRA 60.9 

Subchannel Temperature ( O F )  

8 9 10 11 12 13 14 -------- 



TABLE B-4. Case 1 COBRA Subchannel Average Ve loc i t i e s  -- 

Subchannel 
Number 

Window Mumber 

5 



TABLE B-5. Case 2 COBRA Subchannel Average V e l o c i t i e s  -- 
UB = 0.164 f t / s e c  

W i ndow Number 

Subchannel U U/UB U U/UB U U/UB U U/UB U U/UB 
Number ( f t / s e c ) -  --- -- ( f t/ sec) ( f t / s e c )  ( f t / s e c )  ( f t / s e c )  

1 0.1166 0.7110 0.1746 1.0646 0.2270 1.3841 0.2807 1.7116 0.3006 1.8329 



TABLE B-6. Case 3 COBRA Subchannel Average Ve loc i t i e s  

Window Number 

1 3 5 7 9 

Subchannel U U/UB U U/UB U U/UB U U/UB U U/UB 
Number ( f t /sec ) ( f t l s e c )  ( f t l s e c )  ( f t l s e c )  ( f t l s e c )  

T 0.2235 0.6836 0.2877 0.8798 0.3615 1 .I055 0.4409 1.3483 0.5078 1.5529 



TABLE B-7. Case 1 Heater  Rod Power Measurements 

Window 1 :  Power Skew: 2:1 
Flow Rate: 2.47 gpm y l o c a t i o n  

Bundle Ve loc i ty :  0.327 f t / s e c  0.0 

Tin = 56.2 O F  
+O .030 - 
+O. 581 

Rod Vol tage Cur ren t  P=VI 6 rod 

Number ( V )  ( A )  (kW) ' t o t a l  (kW) (kW/rod) 



TABLE B-7. ( con t i nued )  

Window 3: Power Skew: 2:1 
Flow Rate: 2.47 gpm y l o c a t i o n  
Bundle V e l o c i t y :  0.327 f t / s e c  0.0 
Tin = 61.7 O F  

+O. 581 - 

Rod Vol tage  C u r r e n t  P=VI 6 Rod 
Number ( V )  ( A >  (kw) ' t o t a l  (k!!) (kW/rod) 

1 147.9 7.8 1 . I 5 4  

2 147.9 7.9 1.168 

3 148.0 7.9 1 . I 6 9  6.925 1.154 



TABLE B-7. ( c o n t i n u e d )  

Window 5: Power Skew: 2:1 
Flow Rate:  2.47 gpm y l o c a t i o n  

Bundle \!el o c i  t y :  0.327 f t / s e c  0.0 

T i n  = 59.1 O F  
-0.030 
+O. 581 - 

Tout = 88.9 O F  

nTB = 28.9 O F  

Rod Vol t a g e  C u r r e n t  P=VI 6 Rod Pa"g 

Number (V) ( A )  (kW) ' to ta l (kW)  (kW/rod) 



TABLE B-7. (cont inued) 

Window 7: Power Skew: 2: l  
Flow Rate: 2.47 gpm y l o c a t i o n  

0 .o Bundl e Vel o c i  t y  : 0.327 f t / s e c  ,0 581 Tin = 60.1 O F  - 

Rod Vol tage Current  P=VI 6 Rod 'avg 

Number (V) ( A )  (kW) ' t o ta l  ( k ~ )  (kW/rod) 



TABLE 8-7. ( c o n t i n u e d )  

Window 9: Power Skew: 2 : l  
Flow Rate :  2.47 qpm y = 0 .0  o n l y  

- .  
Bundle Vel o c i  ty : 0.327 f t / s e c  
Tin = 61.2  O F  

Tout = 90.2 O F  

dTB = 29.0 O F  

Rod Vol t a g e  C u r r e n t  P=VI 6 Rod 'avg 

Number (V) ( A )  (kW) ' t o t a l ( k ~ )  (kW/rod) 



TABLE B-8. Case 2 Heater Rod Power Measurements 

Window 1 : Power Skew: 1 : 0 
Flow Rate: 1.25 gpm y l o c a t i o n  

Bundle V e l o c i t y :  0.164 f t / s e c  0.0 

T = 60.6 O F  
+O. 581 - 

i n  

Rod Vol tage Cur ren t  P=VI 6 Rod 

Number (V) ( A )  (kW) ' t o t a l  (kW) (kW/rod) 

Window 3: Power Skew: 1:O 
Flow Rate: 1 .25 gpm y l o c a t i o n  

Bundle V e l o c i t y :  0.164 f t / s e c  0.0 
= 59.3 OF +O. 581 

T i n  
- 

Rod Vol tage Cur ren t  P=VI 6 Rod 'avg 

Number (V) ( A )  (kW) ' t o t a l  (kW) ( kW/rod) 

1 132.1 6.9 0.911 



TABLE B-8. (cont inued  j 

Window 5: Power Skew: 1:O 
Flow Rate: 1.25 gpm y l o c a t i o n  

Bundle Veloc i ty :  0.164 f t / s e c  0.0 

Tin = 59.5 OF +O. 581 - 

Rod Voltage Cur ren t  P=V I 6 Rod 'avg 

Number ( V )  ($4) (kW) ' to ta l  (kW) (kW/rod) 

Wi ndow 7: Power Skew: 1 : 0 
Flow Rate: 1 .?5 gpm y = 0.0  only 

Bundle Veloc i ty :  0.164 f t / s e c  
T = 62.6 OF 

i n  
Tout = 96.1 O F  

ATB = 33.5 O F  

Rod Vol t a g e  Cur ren t  P=VI 6 Rod 'avg 

Number ( V )  ( A )  (kH) ' t o t a i ( k ~ )  (bW/rod) 



TABLE B-9. Case 3 Heater  Rod Power Measurements 

Window 1: Power Skew: 1:O 
Flow Rate: 2.47 gpm y l o c a t i o n  

Bundle V e l o c i t y :  0.327 f t / s e c  0.0 

= 61 .1 OF +O. 581 
T i n  

- 

Tout = 93.3 O F  

 AT^ = 32.2 OF 

Rod Vol tage Cur ren t  P=VI 6 Rod Pavg 

Number (V) ( A )  (k!4) ' t o t a l  (kW) (kW/rod) 

Window 3: 

Rod 
Number 

Power Skew: 1 : 0 
Flow Rate: 2.47 gpm 
Bundle V e l o c i t y :  0.327 f t l s e c  
Tin = 61.9 OF 

Tout = 97.5 OF 

y l o c a t i o n  
fl.0 

+0.030 - 
+O .581 - 

Vol tage Cur ren t  P=VI 6 Rod 'avg 

(V) (A) (kW) ' t o t a l  ( k ~ )  (kW/rod) 



TABLE B-9. (cont inued)  

Window 5: Power Skew: 1:O 
Flow Rate: 2.47 gpm y loca t io l :  

Bundle Veloci ty:  0.327 f t / s e c  0.0 

Tin = 61.2 O F  - +O.  +O .030 020 

Rod Voltage Current  P = V I  6 Rod 'avg 

Number (V) (A) (kW) ' t o t a l  (kN) (kW/rod) 

Window 7: Power Skew: 1 :0 
Flow Rate: 2.47 gpm y l o c a t i o n  

Bundle Veloc i ty :  0.327 f t / s e c  0 .o 
= 59.7 OF +O. 025 

T i n  - t o .  581 
Tout = 88.7 O F  

flTg = 29.0 O F  

Rod Vol t a g e  Current  P=VI 6 Rod 'avg 

Number V ( A )  (kil l)  ' t o ta l  ( k ~ )  (kW/rod) 



TABLE B-9. (continued) 

Window 9: Power Skew: 1 : 0 
Flow Rate: 2.47 gpni y locat ion 

Bundle Velocity: 0.327 f t / s e c  0.0 

T i n  = 60.2 O F  
+O ,581 

Rod Voltage Current P=VI 6 Rod 'avg 
Number ( V  ( A )  (kW) 'total ( k ~ )  ( k ~ / r o d )  
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APPENDIX C 

UNCERTAINTY ANALYSIS 

Accuracies of the resu l t s  of the combined f ree  and forced convection 
study were estimated using the uncertainty method presented by Schenck. ( 1  

Consider the general case of a r e s u l t  R ,  which i s  a function of the two 
measured variables Xm and Ym: 

R + r = F(Xm + x, Ym + y ) .  

If  t h i s  function i s  continuous and d i f fe rent iab le ,  i t  can be shown with 
95 percent confidence t h a t  the r e su l t  3 l i e s  within the uncertainty in te r -  

val W such tha t  

VELOCITY UNCERTAINTY 

For the laser  anemometer, the axial velocity i s  d i rec t ly  related to  

the Doppler frequency FD by the relationship 

I t  was assumed tha t  the uncertainty of the l a se r  l i g h t  wavelength i s  
negligible so tha t  the f i r s t  term above goes to  zero. By considering 

instrument accuracies, the Doppl e r  frequency uncertainty was estimated t o  
be WF = - +O. 05 kHz from 0 t o  150 kHz. The ha1 f angle of the laser  beam 

intergection was determined to be 6 / 2  = 4.584' - + 0.0353" by using the 
0 

above uncertainty methods, and A = 6328 A .  For the nominal Doppler 



frequency range encountered i n  t h i s  study, 5.0 kHz < FD < 50.0 kHz. 

a t  FD = 50 kHz 

TEMPERATURE UNCERTAINTY 

The accuracy o f  t h e  thermocouple temperature measurement based on 

t h e  average o f  two c a l i b r a t i o n  checks was WT = +l.O°F. For  t h e  tempera- 

t u r e  d i f f e r e n c e  between any two p o i n t s  i n  t he  f low,  AT = T2 - TI, t h e  

u n c e r t a i n t y  i s  



The nondimensional temperature for  any location was represented by 

Consider a nominal bundle teinperature r i s e ,  ATB = 30°F. When 7 = 1 .O, 

A T  = 30°F, and the uncertainty i n  the nondimensional temperature i s  

Likewise fo r  = 0 .5  and 7 = 1.5 

REFERENCE 

1 .  H .  Schenck, J r . ,  Theories of Engineering Experimentation. McGraw-Hill 
Book Company, New York, NY, 1961. 





DISTRIBUTION 

No. of 
Copies 

No. o f  
Copies 

OFFSITE 

A. A. Churn1 
ERDA Chicago P a t e n t  Group 
Chi cago Operat i  ons Off i ce 
9800 South Cass Avenue 
Argonne, IL 60439 

27 ERDA Techni ca1 Informat i  on 
Center  

2 R .  J .  Bar ibo ld i  
ERDA Chicago Opera t ions  O f f i c e  
9800 South Cass Avenue 
Argonne, IL 60439 

Act ing Di r e c t o r ,  Program 
Analys i s  & Eva1 u a t i  on 

- Divis ion  
Energy Research & Develop- 

ment Admini s t r a t i o n  
Idaho Opera t ions  O f f  i ce  
550 2nd S t r e e t  
Idaho Fa1 l s ,  ID 83401 

R. J .  Neuhold 
Energy Research and Develop- 

ment Admini s t r a t i o n  
Components Engineer ing and 

Devel opment Branch 
Div is ion  o f  Reactor  Research 

and Development 
Washi ngton , DC 20545 

Energy Research and Develop- 
ment Adminis t ra t ion  

Systems and App l i ca t i on  
S t u d i e s  Branch 

Div is ion  of  Con t ro l l ed  
Thermonuclear Research 

Washi ngton , DC 20545 

S. Fabic  
U .S. Nuclear Regulatory Comrni s s i  on 
Div is ion  of  Reactor  S a f e t y  Reseach 
Was h i  ng t o n ,  DC 20555 

W .  Hodges 
U. S. Nuclear Regulatory Commi ssi on 
Di v i s i o n  of  Techni ca l  Review 
Reactor  Systems Branch 
Washington, DC 20555 

Z .  Rostoczy 
U.S. Nuclear Regulatory Commission 
Div is ion  of  Technical  Review 
Reactor  Systems Branch 
Was hi ngton , DC 20555 

L. S. Tong 
U.S. Nuclear Regulatory Commission 
Div is ion  of  Reactor  S a f e t y  Research 
Washi ngton,  DC 20555 

M.  Fontana 
Oak Ridge Nat ional  Laboratory 
P.O.  Box Y 
Oak Ridge , TN 37830 

W. T. Sha 
Argonne Nat ional  Laboratory 
9700 South Cass Avenue 
Argonne, I i  60439 

T. Fernandez 
E l e c t r i c  Power Research I n s t i t u t e  
341 2 H i  11 view Avenue 
P.O. Box 10412 
Pa lo  A1 t o ,  CA 94304 

5.  R. Sehgal 
E l e c t r i c  Power Research I n s t i t u t e  
341 2 H i  11 view Avenue 
P.O. Box 10412 
Palo A l to ,  CA 94304 



No. of 
Copies 

No. of 
Copies 

J .  Lipps 
General Elec t r ic  Company 
Breeder Reactor Development 

Operati on 
310 Deguigne Drive 
Sunnyvale, CA 94086 

N .  E .  Todreas 
Department of Nuclear 

Engi neeri ng 
Massachusetts I n s t i t u t e  of 

Techno1 ogy 
Cambridge, MA 02139 

A. A. Bishop 
Department of Chemical 

Engi neeri ng 
University of Pi ttsburgh 
Pi ttsburgh, PA 15213 

R. A. Markley 
Westi nghouse Elec t r ic  

Corporati on . 
Waltz Mill S i t e  
P.O. 60x 158 
Madison, PA 15663 

D .  Spencer 
Westi nghouse Elec t r ic  

Corporati on 
Waltz Mill S i t e  
P.O.  Box 158 
Madison, PA 15663 

C .  L. Caso 
Westi nghouse Electr ic  

Corporati on 
P.O. Box 355 
Pittsburgh , PA 15230 

ONSITE 

ERDA Ri chl and Operations Office 

H .  E .  Ransom 

4 Westinghouse-Hanford 

J .  Hanson 
J .  Muraoka 

J. F. Wett 
J .  M.  Yatabe 

4 7  Battell  e-Northwest 

J .  M.  Cuta 
D .  E .  Fitzsimmons 
C .  R. Hann 
B. M. Johnson 
D. K .  Kreid 
W .  W .  Laity 
C. A. McMonagle 
D. E .  Olesen 
M. G .  Patrick 
L .  T .  Pedersen 
M.  S .  Quigley (25) 
C .  W .  Stewart 
A.  M .  Sutey 
D. S .  Trent 
C .  L .  Wheeler 
R. D. Widrig 
F.  R .  Zaloudek 
Technical Information ( 5 )  
Technical Pub1 icat ions 




