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FFM WATER MOCKUP STUDIES OF THE NEAR-WAKE REGION 
OF PERMEABLE now BLOCKAGES' 

John D. Sheppard 

ABSTRACT 

An experimental  s tudy  of t r a n s p o r t  i n  t h e  near-wake 

region of permeable, p l ana r  flow blockages was conducted i n  

a ve r t i ca l - f low channel w i th  a hexagonal c ros s  s e c t i o n .  

Experiments included measurements of a x i a l  p re s su re  d i s t r i -  

bu t ions  along channel w a l l s  exposed t o  t h e  f r e e  s t ream and 

wake reg ion  and p re s su re  d i f f e r e n c e s  between t h e  f r e e  s t ream 

and wake reg ions  a t  f i x e d  a x i a l  p o s i t i o n s .  Fu r the r ,  time 

cons t an t s  f o r  s c a l a r  decay i n  t h e  near-wake region were 

determined by s a l t  conduct iv i ty  t e s t s .  A s i n g l e  blockage 

geometry was used i n  a l l  t e s t s ;  t h e  blockage, which was 

a t t a c h e d  t o  t h e  channel wa l l ,  obs t ruc t ed  58% of t h e  c ros s  

s e c t i o n  when t h e  blockage was s o l i d .  For one s e r i e s  of 

t e s t s ,  d f s c r e t e  j e t s  were machined i n t o  t h e  blockage and 

water  was metered i n t o  t h e  r e c i r c u l a t i o n  zone a t  v e l o c i t i e s  

of t h e  order  of t h e  mean channel v e l o c i t y .  Increased  j e t  

v e l o c i t y  reduced t h e  res idence  time of s a l t  i n  t h e  r e c i r c u l a -  

t i o n  zone, and when t h e  j e t  v e l o c i t y  was a s  high a s ' t h e  

acce l e ra t ed  f r e e  s t ream flow a t  t he .vena  c o n t r a c t a ,  counter- 

r o t a t i n g  c e l l s  were induced i11 t h e  r e c i r c u l a r i n g  zone. In 

a second s e r i e s  of t e s t s ,  uniformly spaced h o l e s  were d r i l l e d  

i n  t h e  blockages t o  g ive  blockage p o r o s i t i e s  of 11 and 24%. 

The res idence  time of s a l t  i n  t h e  near  wake decreased s i g n i f i -  

c a n t l y  a s  t h e  blockage po ros i ty  was increased  t o  24%. 

INTRODUCTION 

S tud ie s  conducted under t h e  Fuel  F a i l u r e  Mockup (FFM) Program, which 

i s  p a r t  of t h e  ORNL Liquid-Metal Fas t  Breeder Reactor (LMFBR) Sa fe ty  and 

Core Systems Program, have comprised ex tens ive  experimental  i n v e s t i g a t i o n s  



of effects of partial flow blockages on the thermal hydraulics of simulated 

LMFBR rod bundles. l Studies have been performed in the FF'M Water Mockup 

which is a recirculating low-pressure water loop with a triple-scale 19-rod 

bundle. The mockup has been operated primarily in support of the FFM 

sodium loop (engineering-scale 19-rod electrically heated bundle). Due to 

the relative ease of operation of the water mockup, tests have covered a 

wide variety of test conditions and have included heat transfer studies 

with a single electrically heated rod, hoe-water injection tests, 

salt-tracer tests, and f low-visualization studies. 

Studies in both the FFM sodium loop and the water mockup have involved 

solid planar blockages obstructing up to 24 subchannels in the 19-rod 

bundles. The principal objective of these studies was to detefmfne whether 

convective transport in the relatively stagnant recirculation zone (near-wake 

region) downstream of a blockage would be of sufficient magnitude to main- 

tain acceptably low bundle coolant temperatures. It is notable that the FF'M 

water mockup tests3 and other analytical4 studies suggesc that a planar 

non-heat-generating blockage internal to a reactor core wvuld have to 

obstruct a large fraction of the flow area, perhaps 50%, before temperatures 

in the wake region would reach the saturation temperature for sodium. 

A first-order luixing model has been used eo describe transport in ~11e 

near wake downstream of rod bundle flow obstruction. Such a model permits 

estimation of the mean temperature rise in the recirculation zone if the time 

constant for scalar decay, blockage or recirculation zone geometry, and 

fluid properties are known. Further, it has been shown that for typical 

ranges of flows in an LMFBR rod bundle, convective transport predominates 



over conduction in the near-wake region. Since convective effects pre- 

dominate, data on mean residence time T determined by salt-tracer tests in 

the water mockup can be readily used to estimate effects of blockages with 

liquid-metal coolants. 

Mean residence time in the near wake behind solid planar blockages 

was reported2 in dimensionless form, T = rU/ec; U is the mean coolant 

velocity upstream of the blockage and llc is a characteristic length of the 

blockage. The parameter T was shown to be essentially independent of 

Reynolds number, = e U/v,  over the range 10' < NRe 
N ~ e  c 

c 5 x lo5, and when 

the characteristic length was the geometric mean of the largest blockage 

dimensions at right angles to each other, T = 10 for central channel 

blockages and T - 26 for edge blockages (no circulation past at least one 
side of the blockage). Further, it is notable that salt-tracer tests 

using blockages in the same flow channel without a rod bundle resulted 

in decreased residence time for both central and edge blockages, but the 

ratio T edgeITcentral = 3 was about the same for tests with the rod b~ndle.~ 

Although initial water mockup experiments utilized solid blockages, ' 

passage of coolant .through a permeable blockage may have significantly 

different effects on wake region transport, depending partly on whether' 

leakage is from an individual orifice discharging into the wake region or 

whether the blockage is rather uniformly permeable. 

Gregory and ~ord' cite unpublished experiments which suggested that 

flow through discrete orifices in blockages increased mixing in the near 

wake and therefore reduced the extent of temperature rise in the near 

wake. Calculations with their WAKE code6 suggest that a 12% residual 



flow through a central jet of an otherwise impermeable blockage signif- 

icantly increases the turbulence level in the near-wake region, whereas 

12% residual flow through a uniformly permeable blockage results in less 

turbulence. 

Wind-tunnel studies by castro7 have shown that uniformly distributed 

flow through a central blockage tends to force the recirculation downstream 

of the blockage. When the blockage porosity was increased to about 2 5 % ,  

the recirculation zone detached from the blockage, thus resulting in a 

significant change in character of the near wake. ~udd's* wind-tunnel 

experiments with permeable blockages in a rod bundle showed that the maxi- 

mum turbulence level was in the shear layer emanating from the edge of the 

blockage. For a blockage with 12% porosity, the recirculation in the near 

wake was sufficiently strong that the turbulence was convected into the 

region immediately downstream of the blockage. However, for a blockage 

with 33% porosity, there was essentially no recirculation zone and a marked 

decrease in turbulence intensity in the near wake was noted. Turbulence 

measured immediately downstream of the blockage was attributed to that 

generated by shear flow through the blockage, since most of the turbulence 

generated in the outer shear flow was swept downstream. 

The purpose of the study reported here was to explore some effects 

of permeable blockages. Two types of permeable blockage experiments were 

conducted in the FFM water mockup. For one series of tests, the blockages 

were fabricated so that water flow could be metered through discrete jets 

into the recirculation zone. Transport characteristics of the near-wake 

region were then studied as a function of the rate of discharge of fluid 

into the near wake. In the second series of tests, numerous uniformly 



spaced holes were drilled in the blockages, and wake region transport was 

studied as a function of the porosity of the blockage. Since previous 

studies have shown similarities in transport effects in the recirculation 

zone with or without rod bundles, these permeable blockage experiments 

were conducted with no rod bundles. 

EXPERIMENTAL EQUIPMENT 

The water mockup is a recirculating-water loop consisting of a pump, 

a nominal 10-cm (4-in.) primary piping system, a test section, holding 

tanks, and flow-measuring instruments. The test section is.a clear plastic 

flow channel with a hexagonal cross section (81 cm2) oriented vertically 

for upward flow; the total test-section length is 1.4 m. Maximum water 

flow through the system is 0.32 m2/sec (500 gpm), which corresponds to a 

maximum superficial velocity of 4 m/sec in the test section with no rod 

bundle. Instrumentation includes conductivity probes for monitoring,the 

transient salt concentration in the test section and wall pressure taps 

for determining the axial pressure distribution. 

Figure 1 shows the location of wall pressure taps in relation to a 

planar edge blockage that would obstruct 24 subchannels of the 19-rod 

triple-scale bundle2 (1.73-cm rods on 1.24 triangular pitch). Pressure 

taps were located on the wall adjacent to the recirculation zone and 

spaced 2.5 cm apart for the first 20.3 cm downstream of the blockage 

then 5.1 cm apart to the end nf the test section. Pressure taps are also 

located along the test section side opposite to the wake region taps 

Fig. 1 These are referred to as free stream taps and are spaced on 

12,7-cm centers upstream of the blockage at the same a x i a l  position as 
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Fig. 1. Location of axial pressure taps in FFM Water Mockup. 

the wake region taps downscream of che blockage. All pressures are 

differential measurements using oil and mercury manometers and are refer- 

enced to the free stream pressure 25.4 cm upstream of the blockage (Fig. 1). 

The conductivity probes were located in the walls adjacent to the near-wake 

zone 2.5 cm downstream of the center line of the blockage plate. Output 

from the conductivity circuit was monitored by a multichannel recordee at 

chart speeds which could be varied an order of magnitude (10 to 100 mmlsec), 

depending on the half-life of the salt concentration at a given flow rate. 



Channel blockages were fabricated of 1.25-cm-thick phenolic laminated 

fabric that was both water resistant and easily machined. All planar 

blockages used in this study were equivalent in size and overall geometry 

to the 24-subchannel blockages used with the 19-rod bundle (Ref. 2, Fig. 

35c). For solid blockages (no holes), approximately 58% of the channel 

cross section was blocked; the characteristic length, defined in previous 

studiesY2 was 8.15 cm. 

SOLID BLOCKAGE STUDIES 

Pressure drop measurements are particularly important, since the 

principal source of energy for transport in the recirculation zone is 

the permanent pressure loss associated with the blockage. Further, if 

the thermodynamic condition of the circulating 'fluid is near saturation, 

decreased pressure in the near wake due to flow acceleration past the 

blockage could result in boiling. Studies with the 19-rod bundle included 

pressure drop across the entire test section with and without blockages.2 

Although the data included entrance and exit effects, the pressure drop 

of the rod bundle alone was subtracted and a correlation presented for 

the effects of a planar blockage in a 19-rod bundle. 

Preliminary to permeable blockage studies, axial pressure distribu- 

tions along the test section were determined for mean channel velocities 

ranging from 0.46 to 3.05 m/sec with an equivalent 24-subchannel solid 

blockage. The blockage had the same geometry as that shown schematically 

in Fig. 1 and obstructed 58% of the channel cross sections. Typical 

axial pressure distributions are shown in Fig. 2 for velocities of 0.9 

and 3.05 m/sec (3 and 10 fps), The circles indicate data from the free 



ORNL-DWG 74-10704 

Fig. 2. Axial pressure distributions in FFM Water Mockup with a 24- 
channel edge blockage (no rods). 



stream pressure' taps, and the triangles are wake region pressures. All 

pressures are referenced to the pressure 25.4 cm upstream of the blockage 

plate. 

The structure of the curves in the figure is typical of that for all 

the flows studied. Acceleration of flow past the blockage caused the 

pressure to decrease sharply to a vena contracta located approximately 

10 cm downstream of the center plane of the blockage. Pressure recovery 

occurred in the region from about 10 to 51 cm downstream of the blockage. 

Over the range of flow studied, the-permanent pressure loss was approxi- 

mately 60% of the maximum, or the recovery factor was y = 0.4. At the 

first axial position downstream of the blockage (2.5 cm) , the pressure 

at the wall in the wake region was less than that of the free stream, and 

for a distance of 18 cm downstream of the blockage the pressure variation 

was less than about 5%. 

The unrecovered pressure loss due 'to form drag was determined as the 

difference in'unrecovered pressure and friction loss at a given axial 

position toward the end of the test section. Friction loss, which was 

relatively small compared to the total permanent loss, was estimated by 

extrapolation of upstream data into the wake region (Fig. 2). 

The pressure loss due to the blockage is shown to be a function of 

the 714 power of channel velocity in Fig. 3. If the blockage Reynolds 

number is based on the characteristic length of the blockage, NRe = PC Ulv, 

the pressure loss coefficient may he expressed a s  
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For example, when the mean channel velocity was 3 msec (10 ips), the loss 

coefficient was dpBlpu2/2 = 5, which is consistent pith the range of , 

coefficients reported, for example, by Smith. 

Figure 3 also shows the results of pressure-drop studies with a 

24-subchannel blockage plate in the 19-rod bundle.* The line indicated 

by long and short dashes represents-pressure drop with only the rod bundle 

in the test section, while the upper uniformly broken curve represents 

data with the rod bundle and the edge blockage plate. Note that the sum 

of the pressure loss of the blockage plate determined in this study with 

no rod bundle plus that of the rod bundle alone is significantly less than 

the total pressure drop across the rod bundle with the 24-channel edge 

blockage. For example, at a mean channel velocity of 1.5 m/sec, the sum 

of the pressure drop of the rod bundle and permanent loss of the blockage 

was approximately 13.8 kN/m2 (2 psi) while the pressure drop of the test 

section with the rod bundle and blockage was approximately 24.8 k ~ / m ~  

(3.6 psi). It must be emphasized that the rod bundle data were generated 

by two-point pressure-drop measurements, whereas data reported in this 

study were determined by axial pressure profiles. However, it is clear 

that the rod bundle affected the character of the wake region to the extent 

that the energy dissipation in the near wake was significantly increased. 

In conjunction with axial pressure measurements, pressure differences 

acros8 the channel at fixed axial positions (P - P- ) were measured. 
Es w 

Typical results are given in Fig. 4 for the same axial velocities as for 

the axial profiles shown in Fig. 2. When the pressure differences were 

normalized to the mean velocity head, the four sets of data were reduced 

essentially to a single curve; see Fig. 5. The pressure difference was 
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Fig.  4. D i f f e r e n c e  i n  f r e e  stream and wake r eg ion  p re s su re s  a s  a 
f u n c t i o n  of a x i a l  p o s i t i o n  downstream of a 24-ctia~lnel edge blockage (no 
rods) .  



DISTANCE DOWNSTREAM OF BLOCKAGE (in.) 

Fig. 5. Pressure difference across channel normalized to the mean 
velocity head as a function of axial position downstream of a 24-channel 
edge blockage (no rods). 

always a inaximum immediately downstream of the blockage, decreased to near 

zero at the vena contracta, and then increased to a relative maximum about 

18 cm downstream of the blockage. Since the pressure along the wall of 

the wake region was relatively constant over this 18-cm span (Fig. 2), 

most of the variation in the pressure difference resulted from the initial 

acceleration and then deceleration of the free stream flow. From the 



relative maximum, the difference decreased through zero to damped oscilla- 

tions approaching zero at the end of the test section. 

Wall pressure taps adjacent to the wake region were also utilized in 

a flow-visualization study of the length of the recirculation zone. Dye 

was injected through the pressure tap into the wake region. If the point 

of injection were clearly within the near-wake region, the dye was trans- 

ported upstream toward the blockage. If the injection point were clearly 

downstream of the recirculation zone, thc dye was rapidly swept downstream. 

The stagnation region was diffuse and variable, but the results of the test 

were quite useful. 

Figure 6 shows the length of the recirculation zone normalized to 

the characteristic blockage length SIR as a function of Reynolds number. 
C 

The length S represents the distance along the wall at which transition 

from the recirculation zone to the stagnation region was observed. 

Typical test velocities in the water mockup range from 0.5 to 3 mlsec, 

and the blockage Reynolds number varies from about 4 X 10'' KO 2.7 x 10'. 

Figure 6 shows that the length of the recirculation zone varies from about 

30 cm at NRe = 4 x 10"o 038 cm at NRe = 2.7 x lo5. It is notable that 

this range of lengths of the near-wake region corresponds t o  the axial 

distances in Fig. 5 at which the pressure difference (P - P ) is near 
fs w 

zero; that is, at the stagnation (reattachment) region the pressure 

difference across the channel is near zero, although bsciiiatiun~ iu 

Fig. 5 show that downstream of the stagnation point the pressure distri- 

bution i3 nonuniform. 

The broken curve in Fig. 6 represents wake lengths determined by 

introducing air bubbles into the system upstream of the blockages and 



ORNL-OWG 76-13774 

Fig.  6 .  Var ia t ion  i n  near-wake l eng th  wi th  Reynolds number a s  
determined by dye i n j e c t i o n  a t  t h e  w a l l . a d j a c e n t  t o  t he  r e c i r c u l a t i o n  
zone (FFM Water Mockup; 24-subchannel edge blockage; no rods ) .  

observing t h e  t r a j e c t o r y  of t h e  bubbles i n  t h i  r e c i r c u l a t i o n  zoneq2  

These d a t a  show s h o r t e r  wake l eng ths  and a  g r e a t e r  dependence on Reynolds 

number (a  power law expon'ent of 0.28 compared t o  0.11 f o r  t h e  dye s tudy) .  

It i s  no tab le  t h a t  t h e  two experiments were q u i t e  d i f f e r e n t ;  t h e  bubble 

s tudy  considered a  p r o f i l e  of t h e  r e c i r c u l a t i o n  zone, whi le  t h e  dye s tudy 

considered t h e  c h a r a c t e r  of t h e  wa l l  s t a g n a t i o n  reg ion .  However, both 

techniques have been extremely u s e f u l  i n  s tudying  t h e  c h a r a c t e r  of t h e  

r e c i r c u l a t i o n  zone. 



PERMEABLE BLOCKAGE STUDIES 

Metered Leakage 

Initial permeable blockage studies were concerned with the effects 

of a metered flow of water discharging into the recirculation zone from 

discrete jets on the downstream face of the blockage. An edge blockage 

equivalent to a 24-subchannel blockage in the 19-rod'bundle was fabricated 

with a 0.64-cm-ID jet on the downs~ream surface su ~ l ~ a r  the water would 

discharge into a relatively stagnant region of the near wake; see Fig. 7. 

The center of the jet was located 1.27 cm from the two nearest channel 

walls. The jet was connected through a test-section wall penetration 
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Fig. 7. Location of water and air inputs on leaky 24-subchannel 
edge blockage plate. 



kith a metered water supply with flow rates ranging from 0 to 1.3 x 

m3/sec, giving an average velocity of 0 to 4 m/sec in the 0.64-cm jet. 

Although fluid is added to the system through the jet, at the lowest 

channel velocity of 0.46 m/sec, the highest jet flow of 1.3 x 5r4 m3/sec 

is less than 4% of the total channel flow. Therefore, the added mass above 

should not significantly influence hydrodynamics over a range of channel 

velocities from 0.46 to 3 m/sec. Figure 7 also' shows a section of the 

blockage machined and fitted with a porous metal plate through which air 

could be dispersed directly into the wake region facilitating flow visual- 

ization 'studies. 

Preliminary flow visualization studies were conducted at a mean 

channel velocity of 0.46 m/sec and mean jet velocities ranging from 0 to 

1.8 m/sec. Using the.characteristic length for this blockage as pre- 

viously def ined,2 L = 8.15 cm, the blockage Reynolds number at this 
C 

channel velocity was N = LC U/v = 45,000. Air injection through the Re 

porous disk in the blockage was maintained just high enough to observe 

flow patterns in the recircu1,at;i.on zone. 

Primary flow patterns indicated by the air bubbles in the recircu- 

lation zone are shown in Fig. 8 for jet velocities of 0.46 and 1.74 m/sec 
I 

. (1.5 and 5.7 fps). The primary recirculation zone extended 20 cm (8 in.) 

downstream of the blockage, consistent with data of Thomas (Fig. 6) for 

wake length behind solig blockages at this Reynolds number. At a jet 

velocity of 0.46 m/sec, equal to the mean channel velocity, a secondary , 

recirculation zone induced by the jet simply produced a minor inflection 

in the primary recirculation pattern (Fig. 2a). When the jet velocity 

was increased to 1.74 m/sec, two major recirculation zones resulted. The 
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Fig .  8. E f f e c t  of j e t  v e l o c i t y  on the  cha rac t e r  of t h e  r e c i r c u l a -  
t i o n  zone behind a  24-channel edge blockage (1.5 f p s  unperturbed channel 
v e l o c i t y ) .  

zone ad jacen t  t o  t h e  blockage extended 10 t o  1 3  cm downstream and t h e  

d i r e c t i o n  of c i r c u l a e f o n  was c u ~ i ~ r u l l e d  by the j c t ,  t h a t  i s ,  clockwise 

i n  Fig. 2a. The second r e c i r c u l a t i o n  aorie was 7 eo 18 c m  Puug w i ~ l l  

c i r c u l a t i o n  oppos i t e  t o  t h a t  of t h e  f i r s t  and wlch d i r e c t i o n  c o n t r o l l e d  

by t h e  f r e e  stream. 

It is no tab le  t h a t  t h e  t o t a l  l eng th  of t h e  near-wake reg ion  was not  

s i g n i f i c a n t l y  a f f e c t e d  by t h e  j e t  flow. InsLead, t h e  e f f e c t  of increased  

j e t  v e l o c i t y  was t o  break  t h e  r e c i r c u l a t i o n  zone i n t o  two counter - ro ta t ing  

c e l l s .  A t  j e t  v e l o c i t i e s  g r e a t e r  than 1.74 m/sec, t h e r e  was no observable  



change i n  s i z e  of the  two r e c i r c u l a t i o n  c e l l s  but t h e i r  angular  v e l o c i t y  

v i s ib ly .  increased.  

Axial pressure  d i s t r i b u t i o n s  under condi t ions  s i m i l a r  t o  t h e  flow- 

v i s u a l i z a t i o n  s t u d i e s  a r e  shown.in Figs.  9 t o  11; mean channel v e l o c i t y  

was 0.46 m/sec and j e t  v e l o c i t i e s  were 0 ,  0.46, and 1.8 m/sec. When t h e r e  

(cm) -20 0 20 40 60 80 

1 I I I 1 I I I 1 
(in.) -5 0 5 10 15 20 25 

X, AXIAL POSITION 

Fig. 9. Axial pressure  d i s t r i b u t i o n  near  a  24-subchannel edge block- 
age (FFM Water Mockup; no rods;  1 .5  f p s  channel v e l o c i t y ;  zero j e t  veloc- 
i t y ) .  
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F i g  10. P re s su re  d i s t r i b u t i o n  i n  t h e  v i c i n i t y  of a  24-subchannel 
blockage wi th  1 .5  i p s  v e l o c i t y  through a s i n g l e  114-in. j e t  (1 .5 f p s  
r.hanne1 v e l o c i t y ;  no rods ;  FFM Warer Pluckup). 

was no j e t  flow d i scha rg ing  i n t o  t h e  r e c i r c u l a t i o n  zone (Fig. 9), acce l e r -  

a t i o n  p a s t  t h e  blockage decreased t h e  p re s su re  t o  a  minimum of 1 .4  k~/rnl  

r e l a t i v e  t o  t h e  p r e s s u r e  upstream of t h e  blockage. The f r e e  s t ream 

p r e s s u r e  then  recovered t o  g ive  a  permanent l o s s  due t o  t h e  blockage of 

about  0.83 kN/m2.  It i s  no tab le  t h a t  t h e  l e n g t h  of t h e  r e c i r c u l a t i o n  zone 

determined by f low v i s u a l i z a t i o n  t o  be ~ 2 0  cm was near  t h e  beginning of 
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Fig .  11. Pres su re  d i s t r i b u t i o n  near  a  24-subchannel edge blockage 
wi th  6 f p s  v e l o c i t y  through a  s i n g l e  114-in. jet  (1.5 f p s  channel  veloc-  
i t y ;  no rods ;  FFM Water Mockup). 

r a p i d l y  recover ing  p re s su re  bu t  was f a r  upstream of t h e  r eg ion  i n  which 

t h e  p r e s s u r e  recovery was complete. When t h e  jet  d i s cha rge  v e l o c i t y  was 

0.46 mlsec,  t h e  p re s su re  d i s t r i b u t i o n  was e s s e n t i a l l y  t h e  same a s  t h a t  

w i th  no jet (Fig.  1 0 ) .  However, a t  a  blockage jet  v e l o c i t y  of 1 .8  mlsec,  

t h e  wake r eg ion  p r e s s u r e s  show a d i s t i n c t  t r a n s i t i o n  10  t o  1 3  cm downstream 

of t h e  blockage. Fu r the r ,  t h e  e x t e n t  of t h e  near-wake r eg ion  (20 cm) is  



readily associated in the figure with the axial position between the 

second pressure plateau (AP = -1.17 kN/m2) and the final rapid increase 

in pressure. 

Comparison of the flow-visualization results (Fig. 8) and the 

pressure-drop results shows that the initial pressure plateau in the wake 

region corresponds to the clockwise rotation cell induced by the jet, 

and the second pressure plateau is characteristic of the co~interclockwise 

cell controlled by the Irre stream. Use of the pressure-drnp measurements 

and the Bernoulli equation provides an estimate of the free stream velocity 

at the vena contracta of the blockage with no jet to be 1.74 m/sec. The - 
flow-visualization studies showed that the cell induced by the jet 

increased in size with velocity of the jet to finally dominate the recir- 

culation zone immediately behind the blockage at a velocity of 1.74 m/sec. 

Further, its axial extent is approximately the same as the locaLlon of the 

vena contracta of the free stream. Thus, it appears that the extent of 

i n f  l~lence of this discrete jet was limited by the hydrodynamics ul: L I I ~  

free stream, namely the characteristics of the vena contracta. 

Salt transport in the recirculation zone was also studied using con- 

ductivity probes in the wall adjacent to rhe wake region and located 2.54 

cm downstream of the blockage. The technique was essentially the same as 

was used by ~homas.~ A dilute solution of sodium nitrite was injected 

upstream of the blockage until the conducrivity pruLes indiearcd rhnL Llltr 

recirculation zone was saturated with the salt. Injection was then 

stopped, and the decay of salt concentration was monitored by the con- 

ductivity probes. The half-life, tlI2, of salt concentration in the wake 

was determined from the transient decrease in conductivity and was used to 



calculate the time constant for scalar decay or mean residence time of 

salt in the wake according to first-order decay laws. * 
. . 

Two different edge blockages were used in this study of effects of 

metered leakage rates on the wake region time cons'tant. One blockage 

(Fig. 12a) was the same as that used in the flow-visualization studies 

and had a single 0.64-cm-diam (114-in.) jet. The second blockage had 

four 0.32-cm-diam (118-in.) jets distributed as shown in Fig. 12b; thus, 

for a given volume rate of leakage metered into the system, the mean 

velocity of jets of both blockages was the same. 

The half-life of salt concentration in the wake region of both 

blockages is shown in Fig. 13 for mean channel velocities of 0.46 to 3 

mlsec and leakage velocities up to 3.4 mlsec. When the mean channel 

velocity was 0.9 to 3 mlsec, there was no effect of metered leakage for 

either blockage over the range of leakage rates studied'. When the channel 

velocity was 0.46 mlsec, the half-life of salt decay in the wake of the 

ORNL-DWG 74-1 2538 

(a) SINGLE 1!4-in.-d~am JET (6) FOUR 118-in.-diam JETS 

Fig. 12. Location of jets for metered leakage .experiments with 24- 
subchannel edge blockage (FFM Water Mockug). 
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Fig. 13. H a l f - l i f e  of s a l r  concent ra t ion  decay iii rhe nea~-wake 
region  of edge blockages wi th  measured leakage r n t e c  (Fl?M Water Mockup, 
24-subchannel blockage, no rods ) .  
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Figure 8  shows t h a t  a t  0.46 m/sec channel v e l o c i t y ,  t h e  s l n g l e  j e t  

included a  secondary eddy chat  grew i n  s i z e  with increas ing  j e t  v e l o c i t y  

u n t i l  a t  1 .5 t o  1.8 mlsec, t h e  j e t  v e l o c i t y  i n  t h e  near-wake region s p l i t  
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were so distributed across the blockage that when secondary eddies were 

induced they became too weak to have a major effect. Further, the recir- 

culation zones associated with channel velocities of 0.9 to 3 m/sec were 

sufficiently strong so that the leakage jet into the wake region had no 

controlling effect. 

Uniform Permeability 

The second type of leaky blockage experiments concerned effects of 

uniform blockage permeability. Edge blockage plates (equivalent 24-sub- 

channel blockages in the 19-rod bundle) were drilled through with 64 holes 

on a square pitch of 0.76 cm. One blockage had 0.318-cm holes,, giving an 

open area of 24%. Wind tunnel studies6 and computer simulations4 have 

shown that detachment of the recirculation zone from'permeable central 

blockages occurs at blockage porosities of about 20%. 

Axial pressure distributions were determined for a solid edge block- 

age as well as for the two permeable blockages. The effect of leakage 

through the blockage on the pressure along an unblocked wall of the 

channel is shown in Fig. 14; mean velocity was 3 m/sec. Solid blockage 

data are the same as presented in Fig. 2. When there was no leakage 

through the blockage, the.velocity continued to increase to, a - vena 

contracts located 10 cm downstream of the blockage. The effect of 

blockage porosity was to reduce the maximum pressure drop due to the 

blockage and to reduce the permanent pressure loss. At 11% porosity, the 

--. ~. v r l ~ a  cuntracta was less distinct than that of the solid blockage and was ' 

. . 
located about 7.6 cm from the blockage compared with 10 cm for the solid 

blockage. The pressure distribution shows that when'the blockage had 24% 

voids, 'acceleration of the free stream was essentially complete at the 
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P i g .  14 .  Axial pressure distribution along a free stream wall of 
the FFM Water Mockup with permeable 24-subcha1111ul edge blockages (no 
xircls, 10 fpo ve1ocj.t.y) . 

plane of the blockage and the character of the wake region was distinctly 

different from that of the solid and 11% porosity blockages. This is con- 

sistent with results obtained using the WAKE code, which predicts that the 

recirculation zone "disappears" when the residual flow through the blockage 

is increased to about 20%. These results also complement the experiments 



of Judd, who showed that while recirculation zones existed downstream of 

blockages with 0 and 11% porosity, the wake of a blockage with 33% porosity 

was a "largely featureless region." 

Cross-channel pressure differences were also determined for the two 

porous blockages. Figures 15 and 16 show the data normalized to the mean 

velocity head superimposed on an outline of results of similar measure- 

ments with solid blockages (Fig. 5). Increased blockage porosity clearly 

r I I I 1 I I 

(in.) 0 5 10 15 20 25 

X. AXIAL POSITION 

Fig. 15. Normalized pressure differences across the test section 
downstream of a 24-subchannel edge blockage with 11% voids (FFM Water 
Mockup; no rods). 



(in.) 0 5 10 15 20 25 

X,  AXIAL POSITION 

Fig.  16 .  Normalized p re s su re  d i f f e r e n c e s  a c r o s s  t h e  t e s t  s e c t i o n  
downstream of a 24-subchannel blockage wi th  24% voids  (FFM Water Mockup; 
no r o d s ) .  

r e s u l t e d  i n  d e v i a t i o n s  from pru1iles dctcrmined w i t h  t h e  s o l i d  blockage. 

For example, ilunlediately downstream of t h e  s o l i d  blockage, t h e  d i f f e r e n c e  

i n  f r e e  s t ream and wake p re s su res  was approximately cwice t h e  mean cticiuriel 

v e l o c i t y  head, pu2/2  (Fig.  5) .  However, t h e  p re s su re  d i f f e r e n c e  a t  t h e  

same ax ia l  p o s i t i o n  and LIZ vodds i n  t h e  blockage was only about one 

v e l o c i t y  head and f o r  24% vo ids  was about  one-third of a  v e l o c i t y  head. 

F u r t h e r ,  i t  i s  no tab le  t h a t  increased  blockage p o r o s i t y  decreased t h e  



axial distance downstream of the blockage required to reduce the pressure 

difference to zero, which length was associated above with the length of 

the recirculation zone.as determined by dye studies. That is, when the 

blockage had 24% porosity, the pressure difference measurements indicate 

that the near wake extended only 15 to 20 cm downstream of the blockage, 

which was nearly half that determined for the solid blockage for corres- 

ponding flow rates, 30 to 38 cm. 

Salt concentration decay tests were conducted with no rods for both 

the 11% voids blockage (Fig. 17) and the 24% voids blockage (Fig. 18). 

Fig. 17. Salt concentration decay in the wake of a 24-subchannel 
edge blockage with 11% voids (PlW Water: Muckup; no rods). 
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F i g .  18. Salt concentration decay in the wake of a 24-subchannel 
edge blockage w i t h  24% voids (FFM Water Mockup; no rods) .  

Compari~on of the slopes of the curves of the two figures for a given 

flow rate shows a iiiarked fcductiurr i ~ i  11;slf-lifc with the inr.rease i11 

porosity. Using the scalar decay time conseanr: T ,  ulrari velocity U, and 

characteristic blockage length dimensionless time constants T = rU/lc 
c ' 

were calculated for the two porous blockages and compared with results 

for solid blockages3 (Fig. 19). The dimensionless time constants for the 

permeable blockages, like those for solid blockages, were essentj.ally 

invariant with Reynolds number, 
N ~ e  = L U/v, over the range NRe = 44,000 

C 

to 300,000. Further, the effect of increasing blockage porosity was to 



- 
Fig .  19 .  Dimensionless time cons tan t?  f o r  s a l t  concen t r a t ion  decay 

i n  t h e  near-wake r eg ion  of permeable 24-subchannel edge blockage (FFM 
Water Mockup; no rods ) .  

ORNL-DWG 76-13782 

I 1 I 1 I 1  1 1 1  
THOMAS - SOLID EDGE BLOCKAGES 

I  I I  I I I I I  
//////////////////////////////////////////////////// 

reduce t h e  mean s c a l a r  r e s idence  t ime from T = 10  f o r  s o l i d  blockages t o  

HOLE SIZE POROSITY 

(in.) (%I 
0 1/8 11 

A 3/16 24 
. ., 

I I I I 

T = 8.5 f o r  11% poros i ty  and T = 5.6 f o r  24% poros i ty .  

- TRANSPORT MODEL 

L 

104 2 5 1 05 2 5 x 105 
. , 4 

NRe = PcU/v 

. 

The f i r s t - o r d e r  mixing c e l l  model o f f e r s  a r e l a t i v e l y  s imple e s t ima te  

of t h e  mean temperature i n c r e a s e  i n  t h e  r e c i r c u l a t i o n  zone downstream of 

a blockage i n  a heated rod b ~ n d l e , ~ , ~  

< 

. 

- 



where Q is the rate of heat production in the recirculation zone and M 

is the rate of transferral of mass from the zone. The mass flow is 

given by 

where Vr is the volume of the recirculation zone. Equation (2) can be 

rewritten in terms of the near-wake volume and dimensionless residence 

time as 

where Q/v represents the volumetric rate of heat production. 
r 

It is important to consider that transport of heat (or any scalar) 

out of the recirculation zone is not basically limited by resistance at 

the interface between the wake and free stream, but rather is a function 

of convection within the wake; that is, Prandtl (or ~chmidt) number 

effects are insignificant. By factoring the near-wake volume into a 

characteristic area and length, 

where the areal0 is given by 

the product of a form factor C and a characteristiC diamerer of rhe v 
recirculation zone B Eq. (3) can then be rewritten to define a recir- 

c ' 
culation zone Stanton number, 

This Stanton number is a dimensionless measure of the rate of heat transfer 



in the recirculation zone and should be.a function of the coefficient of 

energy dissipation in the near wake, 

APR 
f' = C 

spu2/2 , 

where AP is the permanent pressure loss due to the blockage. Since Prandtl 

number effects are not important in this problem, it is suggested that for 

certain types of blockages (e.g., edge or central) . 

similar to the Reynolds analogy, or 

It is notable that both permanent pressure loss and wake length are 

functions of blockage size and coolant flow rate. However, both energy 

dissipation and wake geometry may be varied by modifications to a basic # ..A b.- 

blockage size, for example, by changing the porosity as was done in this 

study. In such instances, Eq. (9) provides an estimate of the effects of 

blockage variatious u11 Llle tlme consranr. Table 1 summarizes calculations 

Table 1 .  Transport and energy d i s s ipa t ion  factors  for  planar permeable 
blockages i n  the water mockup [no rods; equivalent 24-subchannel 

blockage; 3 m/sec (10 f p s ) ]  

Blockage Pressure Dimensionless 
porosity l o s s ,  AP Wake length S residence k i t  f' 

( X I  [kN/m2 ( p s i ) ]  
[cm ( i n . ) ]  time T [Eq. (6 ) l  ' [Eq. ( 7 ) l  



of the wake region Stanton number and energy loss coefficient for the 

permeable blockage data presented above. Mean axial velocity was 3 mlsec. 

Dye study results (Fig. 6) were used for the near-wake length downstream 

of the solid blockage; the near-wake length for the porous blockage was 

determined from Figs. 15 and 16, since the axial distance at which 

cross-channel pressure differences were reduced to zero was associated 

with the near-wake length determined by dye studies. Table 1 shows that 

the Stanton number was essentially constant at 0.46 and the etlergy dissi- 

pation factor was f' = 1.2; thus N = 0.38ff. 
St 

Since the characteristics of the wake of a central blockage or block- 

ages in rod bundles are different from the wake of these edge blockages, 

it is expected that the coefficient relating the energy loss factor to 

the Stanton number will differ somewhat from system to system. However, 

pressure-drop measurements and the simplified relationship ol Eq. (9) 

should provide useful estimates of the mean transport characteristics in 

the near wake of a given system. 

CONCLUSIONS 

In all tests with edge blockages, flow into the near wake either by 

metered input or by flow through fixed blockage porosity always resulted 

in reduced time constants for scalar decay in the near wake. It is notable 

that the experiments of Judd showed that when the porosity of a uniformly 

permeable blockage was sufficiently high (33% compared to 12%), the recir- 

culation zone disappeared and the turbulence level immediately downstream 

of the blockage was markedly reduced. This was interpreted as signifi- 

cantly increasing the near-wake temperature in an LMFBR rod bundle. How- 

ever, in experiments similar to those of Judd, in that the character of 



the wake bore distinct similarities, this study has shown that when block- 

age porosity was increased (25% compared to 11%) so as to eliminate the 

recirculation zone, the time constants for scalar decay of salt concen- 

tration markedly 'decreased. This result suggests that the mean tempera- 

tures in the wake of similar blockages in an LMFBR rod bundle would be 

reduced rather than increased. 

It is significant that these tests utilized edge blockages .so that 

flow around the blockages were not symmetrical. Further, in these studies 

considerable care was required to maintain a seal between the blockage 

and channel wall. Even small leaks at the wall markedly influenced wake 

region transport as was previously noted.3 

Measurements of the pressure distribution in the vicinity of the I 

blockage provide considerable information on wake geometry and transport 

characteristics. Laws of similarity can be utilized to extend pressure- 

drop results from a water to a sodium system.   ow ever, heater rods used ,<' 

in experiments with sodium coolants frequently warp, ' l, l2 resulting in a 
unique geometry for each rod bundle. Since the effect of warping on 

bundle hydraulics is not known in detail, it is recommended that pressure 

distributions be determined in these experiments as a diagnostic tool 

independent of the heat transfer studies. 

NOMENCLATURE 

A Characteristic cross-sectional area of recirculation zone 
C 

B Characteristic diameter of recirculation zone 
C 

C Heat capacity 
P 

C Form factor v 



f' Coefficient of energy dissipation 

R Characteristic blockage length 
C 

N ~ e  Reynolds number 

NSt Stanton number 

Pfs Free stream pressure 

P Wake pressure 
W 

APB 
Total pressure loss due to blockage 

Rate of heat production in recirculation zone 

M Rate of mass transrerral from recirculaeia~ zone 

S Length of recirculation zone 

T Dimensionless residence time 

U Mean coolant velocity upstream of blockage 

Vr Volume of recirculation zone 

0 Temyeiature 

v Kinematic viscosity 

p Density 

T Mean residence time 

The author appreciates the fruitful discussions with D. G. Thomas 
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