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ABSTRACT 

A summary is p resen ted for the s e r i e s of wate r -hydrau l ic 

t e s t s per formed to evaluate the flow cha rac t e r i s t i c s of the v a r i ­

ous z i rconium hydride r e a c t o r s . Tes t models , tes t methods, 

ins t rumenta t ion , and re su l t s a r e descr ibed. Tes ts were con­

ducted to develop inlet plenum configurations and fuel element 

fin configurations. Inlet plenum configurations w^ere evaluated 

on thei r ability to produce des i red i n - co re flow dis t r ibut ions , 

and to provide a uniform p r e s s u r e a t the inlet grid plate surface 

without any undes i rab le flow c h a r a c t e r i s t i c s . A se r i e s of inlet 

plenum tes t s was a lso conducted to determine any flow behavior 

which might have contributed to the operational problems of the 

S8DR, Fuel e lement fin configurations were evaluated on their 

ability to produce interchannel flow mixing within the reac to r 

core . P r e s s u r e drop determinat ions were made for all plenum 

and fuel e lement fin configurations. 
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I. flMTRODUCTION 

The z i rconium hydride (ZrH) reac to r designs used compact lightweight 

a r r a y s of ZrH fuel e lements cooled by a flowing liquid meta l (NaK) at t empera ­

t u r e s , general ly , of 1100 to 1300°F. 

The coolant flowing past a fuel e lement is not only the heat t r ans fe r medium 

requi red by the power generat ion sys tem, it is also the mechanism used for core 

t empe ra tu r e control and is thereby an important factor in fuel performance. 

P r o p e r dis tr ibut ion of the coolant within the core is thus an important p a r a m e t e r 

for the design and operat ional per formance of the Reactor Power System. 

Coolant dis tr ibut ion in the core is obtained by proper design of the core 

coolant flow sys tem, p r i m a r i l y the inlet plenum and core coolant flow channels. 

The inlet plenum provides the decelera t ion and redi rec t ion of flow required so 

that the mixing or flow distr ibut ion capabili ty of the core elements will insure 

adequate cooling of all fuel e lements . The coolant flow distr ibution should also 

be obtained -with a min imum sys tem p r e s s u r e drop to minimize pump size and 

weight. 

The geometry const ra in ts on the ZrH flow sys tems a r rangements were such 

that flow^ could not be channeled di rect ly into the reac tor -with an optimum flow 

distr ibut ion. Typically, in the ZrH r e a c t o r s the NaK coolant enters a shallow 

inlet plenum from a di rect ion roughly perpendicular to the long axis of the 

r eac to r core . Analytical methods of predict ing flow behavior in the reac tor 

co res were not ent i re ly adequate. The non-ideal , i. e. v iscous , flow occurr ing 

in the inlet plenum meant that w^hen potential flo'w solutions to flow behavior in 

the proposed plenum were at tempted, they only provided guidance, not d i rec t 

design information. Also, for some r e a c t o r s , the plenum configurations were 

not eas i ly analyzed. These inadequacies in the purely analytical approach, 

coupled with operating experience with the ear ly reac tor des igns , indicated that 

an exper imenta l effort was requi red to de te rmine and demonst ra te the adequate 

hydraul ic per formance of the proposed r eac to r designs p r io r to thei r fabrication 

and operation. Extensive exper imenta l studies of inlet plenum flow behavior, 

flow dis t r ibut ion in the core , and p r e s s u r e drop were performed in o rde r to 

select the core design. 
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11. INLET PLEMUM STUDIES 

The ZrH r e a c t o r s required reac to r inlet plenums which could meet the 

requ i rements of providing optimum flow distr ibution in a r e s t r i c t ed amount of 

space. The ability of plenum designs to meet these requ i rements was de te r ­

mined by hydraulic testing with full- scale co re models and the NaK coolant 

simulated by flowing water . F r o m the r e su l t s of these t e s t s , s imi la r i ty 

relat ions based on Reynolds number could be used to predic t plenum per formance 

with the NaK coolant. 

A. SNAP 8 REACTOR 

The inlet plenum studies for the SNAP 8 r eac to r s were conducted to de t e r ­

mine those inlet plenum configurations which would produce the des i red flow-

distr ibution in the core . In addition, for the SNAP 8 Developmental Reactor 

(S8DR) a s e r i e s of pos t -opera t ion tes ts were conducted to de te rmine if t he re 

were flow conditions in the inlet plenum which could have contributed to the 

operat ional p roblems encountered with this r eac to r . 

P reopera t iona l t es t s for the SNAP 8 r e a c t o r s were designed to select that 

inlet plenum configuration which would give the des i red flow distr ibution in the 

r eac to r core with a min imum core p r e s s u r e drop. Therefore , ins t rumentat ion 

for these t e s t s was designed to provide m e a s u r e m e n t s of core p r e s s u r e drop 

and of flow distr ibution in the r eac to r core . The core flow dis t r ibut ion was 

determined by making m e a s u r e m e n t s in the core itself or at the core exit 

plane. 

Flow sett ings for all t e s t s were de termined to provide Reynolds number 

s imi la r i ty between the model and the prototype. For the SNAP 8 r e a c t o r s , the 

100% flow condition was 48, 800 Ib /h r of NaK-78 entering at 1100°F and leaving 

at 1300°F. The water flow requi red to s imulate this condition was 272 gpm at 

160°F. Other prototype flow conditions were duplicated by using 160°F water 

and determining the water flow by proport ion to the flow simulating 100% p r o ­

totype flow. 

The ful l -scale core models used in these tes ts had 211 simulated fuel e le­

ments . The elements were a r ranged in a hexagonal a r r a y giving 420 t r i cusp 

coolant channels (Figure 1). For those tes t s using NaNO, injection to de te rmine 
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the core velocity var ia t ion, ins t rumented elements were positioned to monitor 

selected core flow channels . Ins t rumentat ion leads for these elements were 

general ly routed out of the co re through a hollow exit grid plate. 

The init ial plenum tes t s (Figure 2) were conducted to design the SNAP 8 

Exper imenta l Reactor (S8ER) inlet plenum baffle configuration. This s e r i e s 

of t e s t s used a technique in which a sa tura ted NaNO., solution was introduced 

into the flowing water u p s t r e a m of the plenum inlet. Sensors (see Figure 3) 

instal led flush with the surface of mockup fuel elements detected the instant 

that the sal t - induced conductivity change occur red in the adjacent flow channel. 

Two senso r s were located 1 ft apar t in each ins t rumented element and were each 

connected to a Wheatstone br idge c i rcui t . The t ime for the salt to t r a v e r s e this 

1-ft flow channel dis tance could be determined from an oscil lograph record 

showing the t ime between deflection of the Wheatstone bridge galvanonaeters. 

The channel average velocity could then be calculated from the sensor spacing 

and the salt t r ans i t t ime. The data produced by this salt velocity technique had 

poor reproducibi l i ty , and an additional s e r i e s of t es t s were conducted in which 

flow samples were captured at the exit of the core model outlet grid plate. This 

s e r i e s of t e s t s was run with the core model inverted and an indexing sys tem used 

to locate a sample tube (Figure 4) at the exit of selected core channels. The t ime 

requi red for this tube to collect a given weight of water was measured to give the 

channel exit flowrate. The inlet plenum core in ternals were varied and flow 

samples made a c r o s s core d i ame te r s at 90 degrees to each other for each tes t 

setup. Resul ts of these t e s t s were used to select the inlet plenum baffle plate 

design for the S8ER. 

As the S8DR reac to r p re l imina ry design p rog res sed it was decided to simi-

plify the plenum baffle plate from that for the S8ER. An additional s e r i e s of 

t e s t s was run with a ful l -scale model of the S8DR-inlet plenum and core in te r ­

na ls . Inst rumentat ion for these t e s t s consisted of six flush conductivity sensors 

spaced along mockup fuel e lements (Figure 5). The intent was to de termine in-

core velocity dis tr ibut ion at severa l axial locations using the salt velocity tech­

nique. A p re l imina ry set of tes ts was conducted to improve the techniques of 

the salt velocity m e a s u r e m e n t method by introducing the salt solution into 

individual core coolant channels . The mechan i sm for this injection could not be 

adequately de termined, ho"wever, and a t tempts at general ized salt injection in the 
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inlet plenum, although showing p r o m i s e , had problems of data sca t ter and 

decreas ing sensit ivity due to salt accumulat ion in the systenn water . Attempts 

to use the salt velocity technique were te rmina ted , therefore , and an a l te rna te 

measu remen t technique, the noise analysis method, was used. 

The noise analysis technique measu red the average t ime for a per turbat ion 

in a continuously injected s t r e a m of salt to move from one sensor to another. 

This m e a s u r e m e n t was accomplished using the same sensors as those installed 

in the core for use in the salt velocity t e s t s . The salt was injected into the 

inlet flow u p s t r e a m of the plenum. The recording and data analysis method was 

ent i re ly different than that for the salt velocity approach. The hear t of the noise 

analysis method was the use of a c r o s s - c o r r e l a t i o n computer. * This computer 

•was used to de te rmine the delay t ime , giving a maximum positive value for the 

c r o s s - c o r r e l a t i o n function between the signals from two conductivity sensors . 

If these two sensor s were monitoring the same core flow channel, the signals 

from these sensors would be random coherent signals caused by turbulence-

induced var ia t ions in the injected NaNO, concentration. Through suitable cal i ­

bra t ion, the delay t ime , as de termined with this computer , could be related to 

the coolant t r ans i t t ime and the average velocity determined for the channel 

section bet"ween senso r s . 

The sequence of operat ions used in recording data began with the injection 

of NaNO_ into the 160°F sys tem-water . The result ing randomly occur rmg con­

ductivity var ia t ions in the water flowing through the core flow channels were 

detected by the sensor c i rcu i t ry and p rocessed to allow recording on magnetic 

tape (Figure 6). The signals on this magnetic tape could then be analyzed* to 

provide the flow t rans i t t ime bet-ween sensor locations. Analysis of these data 

requi red cal ibrat ion data relat ing the signal t r ans i t t ime measuremen t to 

velocity in the core flow channel. This was accomplished using data from an 

ins t rumented mockup of a single core channel. This single-channel model was 

fabricated by soldering together th ree simulated fuel e lements , one of which was 

ins t rumented , with suitable space r s between elements to simulate a single core 

channel. The salt t r ans i t t imes for known channel velocit ies were then determine 

from data obtained when this model was instal led in a flow loop and sensor 

*R. L, Randall, P. J. Pekru l and G. R, Grayham, "Development of Noise 
Analysis Techniques for Measuring Reactor Coolant Ve loc i t i e s , " NAA-SR-11193 
(March 5, 1966) 
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signals recorded for NaNO., injections into each of severa l known flowrates 

ranging over the expected core channel flow r a t e s . 

The bas ic noise analys is technique used in obtaining the experimental data 

was used to evaluate var ious flow-shaping devices for the S8DR. Inst rumented 

e lements having only four s enso r s w e r e located in a core model (Figure 7). 

Using the r e su l t s of a single channel cal ibrat ion tes t the noise analysis m e a s u r e ­

ments f rom these e lements w^ere in te rpre ted to give adjacent channel f lowrates. 

In the salt injection sys tem, the NaNO, solution was contained in a tank 

under N„ p r e s s u r e and injected into the core inlet pipe through a needle injector. 

Injection of the NaNO_ solution was controlled by a solenoid valve which was 

opened and closed at a random ra te (Figure 8). This modulation of the injection 

ra te apparent ly caused the sal t solution to divide into smal le r " p a c k e t s , " resu l t ­

ing in var ia t ions of sensor conductivity signals with higher frequencies than 

those normal ly c rea ted by hydraul ic mixing. The higher-frequency components 

in the sensor signal tended to improve the s ta t is t ica l accuracy and t ime resolu­

tion of the c r o s s - c o r r e l a t i o n m e a s u r e m e n t s . 

Some difficulty was experienced with the epoxy used to support and insulate 

the center e lect rodes of the conductivity s enso r s . During t e s t s , some electrode 

insula tors tended to "grow" out of the ins t rumented e lements , par t ia l ly block 

the adjacent flow channel, somet imes p ress ing against e lements , and leave the 

center e lectrode r ecessed . These occur rences produced increased sca t ter in 

the noise analysis data and were co r rec t ed by disassembling the core model and 

refinishing the insula tors to be flush -with the element surface. 

B. TEST RESULTS 

1. SNAP 8 Exper imenta l Reactor 

In the p re l imina ry S8ER t e s t s , the measu red channel water velocities were 

converted to predicted NaK veloci t ies using Reynolds number s imi lar i ty relat ion 

These predicted NaK velocit ies were then plotted versus the actual radial posi ­

tion of the flow channel. A baffle with an upturned lip (Figure 9) was found to 

give a m e a s u r e d flow velocity dis t r ibut ion within the allowable var iat ions about 

the ideal profile (Figure 10) at 100% flow simulation. The flow profiles were 

then determined for flow simulat ions ranging from 4% to 138% of the design flow. 
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W a t e r p r e s s u r e - d r o p m e a s u r e m e n t s w e r e a l s o m a d e a c r o s s the c o r e m o d e l and 

c o n v e r t e d to e q u i v a l e n t NaK p r e s s u r e - d r o p v a l u e s us ing Reyno lds n u m b e r s i m i ­

l a r i t y r e l a t i o n s . T h e s e m e a s u r e m e n t s p r o v i d e d the o p e r a t i n g c h a r a c t e r i s t i c s of 

the s e l e c t e d baffle con f igu ra t i on o v e r a m a j o r p o r t i o n of the expec t ed o p e r a t i n g 

r a n g e . 

A s u b s e q u e n t s tudy of the r e s u l t s of t h e s e in i t i a l s a l t ve loc i ty s t u d i e s 

showed the da t a had p o o r r e p r o d u c i b i l i t y . The m a s s s a m p l i n g t echn ique w a s 

t h e r e f o r e u s e d to m e a s u r e t h e c h a n n e l exi t f l o w r a t e s f r o m the i n v e r t e d c o r e 

m o d e l . R e s u l t s of t h e s e t e s t s , p r e s e n t e d a s flow c h a n n e l m a s s f lowra te r a t i o s , 

r h / m , v e r s u s n o n - d i m e n s i o n a l r a d i u s r / R , showed s ign i f ican t v a r i a n c e f r o m 
avg ' ' 

the d e s i r e d t h e o r e t i c a l p ro f i l e ( F i g u r e 11). 

The d i s a g r e e m e n t of the p r o f i l e s m e a s u r e d by the s a l t ve loc i ty t e chn ique 

wi th t h o s e m e a s u r e d by the m a s s c a p t u r e t e c h n i q u e i s p r o b a b l y due m o r e to the 

m e a s u r e m e n t m e t h o d s than to da t a r e p r o d u c i b i l i t y . The s a l t ve loc i ty t echn ique 

m e a s u r e d an a v e r a g e v e l o c i t y t h r o u g h the c o r e to d e t e r m i n e channe l flow 

whi le the m a s s c a p t u r e t e c h n i q u e d e t e r m i n e d the a c t u a l flow t h r o u g h the ou t l e t 

g r i d p l a t e for e a c h flow c h a n n e l s a m p l e d . Subsequen t t e s t s showed tha t the 

i n i t i a l h igh flow v e l o c i t i e s in the c o r e c e n t e r g r a d u a l l y d e c r e a s e d a s flow p a s s e d 

t h r o u g h the c o r e ( F i g u r e 12). Thus the s a l t ve loc i t y m e a s u r e m e n t s would h a v e 

b e e n b i a s e d t o w a r d h i g h e r c e n t e r c h a n n e l v e l o c i t i e s b e c a u s e they w e r e a v e r a g e 

v e l o c i t y m e a s u r e m e n t s r a t h e r t h a n t h o s e d e t e r m i n e d f r o m the ou t le t g r id p l a t e 

ex i t flo^vrate m e a s u r e m e n t s . 

The i n i t i a l S8ER baffle w a s d e s i g n e d wi th v a r i o u s ho l e p a t t e r n s to ob ta in 

the d e s i r e d flow p r o f i l e . Subsequen t l y , t h e d e s i g n ob jec t ive w a s to shape the 

c o r e flow by c o n t r o l l i n g the r a d i a l flow of coo lan t b e t w e e n the baffle and g r i d 

p l a t e . The b a s i c baffle c o n f i g u r a t i o n had a c e n t r a l ho le s u r r o u n d e d by four con­

c e n t r i c r i n g s ex tend ing f r o m the baffle t o w a r d the in l e t g r i d p l a t e . In i t ia l t e s t s 

wi th a l l r i n g s of t h e s a m e he igh t and a 2 - in . c e n t e r h o l e , p r o d u c e d e x c e s s i v e 

c o r e c e n t e r flow and h igh c o r e p r e s s u r e d r o p . A s e r i e s of t e s t s w a s conduc ted 

in which t h e c e n t e r h o l e w a s mod i f i ed , t h e r i n g he igh t s v a r i e d , and the effects 

of c o n c e n t r i c r i n g s of h o l e s d e t e r m i n e d . F r o m th i s s u c c e s s i o n of t e s t s , a baffle 

c o n f i g u r a t i o n ( F i g u r e 13) w a s d e t e r m i n e d which gave an a c c e p t a b l e flow p ro f i l e 

( F i g u r e 14) and a m i n i m u m p r e s s u r e d r o p . 
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2. SNAP 8 Developmental Reac tor 

For the S8DR,additional t e s t s were conducted to develop a solid baffle 

plate having a s impler design than the S8ER baffle. The noise analysis method 

of in terpret ing conductivity changes from in -co re sensors as channel flow 

velocit ies was also developed during these t e s t s . 

As in the S8ER, the baffle was designed to const r ic t the coolant flow radial ly 

with a smal l c lea rance between the baffle and the lower grid plate. Data were 

p resen ted as plots of rh /rh ve r sus r / R as determined from the t rans i t t ime 
^ ^ avg 

between ins t rumented element s enso r s 3 and 5 (Figure 5). Effectiveness of 

baffle configurations was determined by comparing the measured core flow pro­

file with the des i red profile at Z / L = 0 . 8 , a point located at 0.8 of the distance 

between the inlet and outlet grid pla tes , (This location, Z / L = 0.8, was the 

expected location of the maximum fuel t empe ra tu r e . ) The core flow profile 

m e a s u r e d at Z / L = 0 . 8 was shaped by success ive baffle modifications. The 

center hole d iamete r was changed, the shape of the center hole edge was modi­

fied, and the c lea rances between the baffle plate and lower grid plate were 

varied. The main objective was to produce an ideal core profile with a minimum 

core p r e s s u r e drop; however , difficulties were encountered because quite often 

a change which improved one p a r a m e t e r had an adverse effect on the other. 

Subsequently, the design approach was modified to uti l ize the inlet baffle 

only to dis t r ibute the flow from the smal l radia l inlet uniformly over the core 

d iamete r . A secondary mul t i -or i f iced plate was used to control the flow to 

individual flow channel inlet or if ices in the inlet grid plate. The selected design 

of the basket - type flow^ dis t r ibut ion baffle (Figure 15) and the flow-control orifice 

pla te , (Figure 16) provided acceptable flow cha rac t e r i s t i c s as shown in Figure 17. 

The predicted core p r e s s u r e loss at the design NaK flow was 4.6 psi . 

The occur rence of cracked fuel e lements during the operation of the S8DR 

prompted a pos t -opera t ion analysis effort. A se r i e s of hydraulic t es t s was pe r ­

formed to support this analysis effort. Of par t i cu la r in te res t in these tes ts was 

the determinat ion of the effect entrained gas in the coolant would have on coolant 

flow through the core . 

The tes t approach used at AI was to construct a full-scale model of the S8DR 

core flow region and tes t this model at water flowrates duplicating the range of 
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NaK flows used in the S8DR operation. The core m.odel consisted of simulations 

of the inlet plenura, core assembly and outlet plenum regions of the S8DR. As 

much of the s t ruc tu re as poss ible was fabricated from t ransparen t acryl ic p l a s ­

tic (see Figure 18) to allow visual and photographic observat ions of flow behavior. 

The flow sys t em (Figure 19) for the tes t provided 100° F water flows of 50, 70, 

130 and 170 gpm, corresponding to prototype design flowrates of -^40%, '~55%, 

100% and 130% respect ively . The flow sys tem used for these tes ts included a 

gas injection sys tem which provided a me te red supply of hel ium gas. This gas 

was used for both flow visualizat ion and observat ion of entrained gas effects at 

gas volume flowrates of 0.05 to 6% of the sys tem water f lowrates. 

A p r e s s u r e - m e a s u r i n g sys tem was used to detect inlet plenum static and 

total p r e s s u r e s at selected orifice plate inlet holes. This sys tem consisted of 

stat ic and impact p r e s s u r e probes (Figure 20) extending out of the ups t r eam ends 

of selected mockup fuel e lements . P r e s s u r e s from these probes were measured 

using a manomete r sys tem. 

In addition to the t e s t s conducted at AI, another s e r i e s of t es t s was con­

ducted by the Universi ty of California Los Alamos Scientific Laboratory. A 

simplified tw^o-dimensional model of the inlet plenum, flow dis t r ibutor and o r i ­

fice plate (Figure 21) was used. Flow exper iments were conducted using this 

model on a f ree - su r face water table with flows of'^6 gpm. The effects of the 

posit ion of the components of the S8DR inlet plenum on the flow pat terns and 

p r e s s u r e dis tr ibut ion u p s t r e a m of the orifice were investigated. 

Both the full core t e s t s and the tw^o-dimensional vi^ater tes ts provided s imi la r 

r e s u l t s . The flow in the S8DR inlet plenum had two swir ls or vortexes which 

existed inside the flow dis t r ibutor (Figure 22). Full core flow visualization tes t s 

using gas injection showed that these low p r e s s u r e a r ea s general ly fed the o r i ­

fices providing flow to channels adjacent to four par t icu la r fuel e lements . The two-

dimensional t e s t s showed not only the low p r e s s u r e swir ls or vor texes , but 

regions of high p r e s s u r e in the inlet plenum. The regions of high p r e s s u r e 

tended to coincide -with a r e a s of fuel element survival , while the vortex locations 

roughly coincided with regions of fuel e lement fai lure. 
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Considerable study of the behavior of entrained gas was done. Motion 

p ic tu re and sti l l photography r eco rds were made of the gas behavior, not only in 

the inlet plenum, but in the co re and at the exit of the outlet grid plate. These 

r eco rds showed that the vor texes in the inlet plenum would accumulate incoming 

gas and randomly feed it into one or another of the adjacent orifice plate holes. 

The gas fed into an orifice plate hole passed up the flow channels fed by that hole 

without much d ispers ion and passed through the outlet grid plate with a sor t of 

"puffing" action because of the in te rmi t ten t gas feed. P r e s s u r e measurement s 

used to calculate orif ice hole f lowrates showed no significant effect for gas 

injection ra t e s up to 6% by volume. 

The two-dimensional water table tes t s provided some insight into the effect 

of var ious pa r t s of the inlet plenum assembly on the inlet plenum flow pat tern. 

Inser t ing core support lug mockups in the model indicated that these lugs prob­

ably had a strong effect on the inlet plenum flow behavior (compare Figures 22 

and 2 3). This strong support lug effect, coupled with the effect of the orifice 

plate or ientat ion, was also indicated in tes t s where the lugs and orifice plate 

were rotated 18 degrees clockwise from the i r normal positions to provide both 

complete and par t ia l m i r r o r - image plenum configurations. Rotation of either 

the support lug pa t te rn or the orifice plate pa t tern caused the inlet plenum flow 

pa t te rn to move proport ional ly. 

The resu l t s of both these t e s t s show a cer ta in amount of coincidence between 

failed e lement locations and the location of the plenum vor texes , and between 

e lement survival locations and apparent regions of plenum high p r e s s u r e . How­

ever , the complex mechanical , t h e r m a l , and hydraulic phenomena which existed 

in the S8DR core make it unlikely that one set of phenomena was responsible for 

the fuel element fa i lures . Thus, the unfavorable flow cha rac t e r i s t i c s of the inlet 

plenum with i ts high and low p r e s s u r e regions and possible preferent ia l gas 

collection, probably only reinforced other factors contributing to fuel element 

fai lure. 

C. S P F REACTOR 

The S P F ZrH r e a c t o r design had 199 fuel e lements , an inlet grid plate 

design using various d i ame te r flow channel ho les , and an inlet plenum fed by 

four inlets 90 degrees apar t . The des i red inlet plenum flow conditions were 
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a uniform p r e s s u r e at the grid plate surface and the absence of vor texes . The 

success of the water table model in duplicating the vortex pa t te rns observed in 

the S8DR model, and the ease with which configuration changes could be made in 

this type of model , suggested that this exper imental approach be used to determine 

the SPF p re l imina ry inlet plenum geometry. 

1. Test Descr ipt ion 

The p re l imina ry SPF inlet plenum configuration was evaluated with an 

approximately fu l l -sca le , open-channel model (Figure 24). This model s imu­

lated the inlet piping and plenum. The inlet l ines were simulated by open, half-

round channels with a 4-in. wall height and the lower contour of a 2-in. d iameter 

tube. These inlet l ines were inse r ted through contoured holes in the plenum 

model shell . The inlet plenum was simulated by the s ta inless steel shell and a 

coaxially mounted, axially posit ionable grid plate (see Figure 25). 

The flow sys tem for the model supplied de-ionized water and was assembled 

from noncorroding components to avoid water discolorat ion from rust . Two 

interconnected s t a in l e s s - s t ee l r e s e r v o i r tanks supplied water to the model 

through four individually valved supply l ines . The model was mounted at the 

top of a 55-gal. sump tank which collected the model exit flow. The sump tank 

was drained using a 150-gpm pump to r e tu rn water to the r e s e r v o i r tanks through 

a pneumatical ly operated flow control valve. 

Instrumentat ion for these exper iments consisted of flow- and p r e s s u r e -

measur ing devices. Pitot tubes -were mounted in each open channel inlet line 

and ca l ibra ted , using a var iable a r e a flowm.eter, so the p r e s s u r e measuremen t 

f rom these tubes could be re la ted to water flowrates in the range of 5 to 30 gpm. 

Additional flow direct ion m e a s u r e m e n t s were made in the plenum model for 

cer ta in t e s t s using w^hite teflon s t r e a m e r s supported from mas t s mounted on the 

inlet grid plate. P r e s s u r e ins t rumenta t ion consisted of p r e s s u r e taps , on the 

surface of the inlet grid pla te , connected to a tmospher ic reference p r e s s u r e 

water m.anometers. These manomete r s were constructed by connecting lengths 

of t r anspa ren t plast ic tubing to the grid plate p r e s s u r e - t a p stubs and supporting 

the tubing opposite ends on ver t i ca l boards with 1/2 cm grid l ines. 

Test p rocedures consisted of removing a i r from the manometer l ines , 

checking manomete r z e r o e s , instal l ing the plenum configuration of in te res t . 
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Figure 24. SPF Open-Channel Plenum Flow Model 
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Figure 25. Top View of SPF Open-Channel Plenum Model 
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Figure 26. SPF Model with Straight F l a r ed Inlet 
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and performing a flow tes t to de te rmine configuration flow cha rac t e r i s t i c s . Air 

was removed from the manomete r l ines with water flowing through the model. 

The open end of each manorae ter tube was p r e s s u r i z e d to force any a i r in the 

l ines into the flow s t r e a m and, when p re s su r i za t ion was removed, allow tubes 

to fill with wa te r f rom the naodel flow. When the flow was stopped, the water in 

the manomete r tubes re tu rned to the level of the grid plate upper surface and 

thereby established a re fe rence level on the manometer board so that p r e s s u r e 

at the grid plate surface could be read d i rec t ly in cen t imete r s of water for any 

configuration tes ted. Most init ial t e s t s were performed at flows of 25 gpmAnlet; 

but eventually, for the m o r e promis ing configuration, a flow range of 15 to 

30 gpm/ in le t w^as used. 

Data from tes t s consis ted of manual ly recorded p r e s s u r e data and wri t ten 

descr ip t ions of visual flow observa t ions . These r eco rds were supplemented, as 

needed, by photographs of the flow behavior and of manometer board fluid 

heights . To improve the visibil i ty of manomete r fluid column heights for both 

naanual and photographic record ing , a smal l , dark, unity specific gravity p l a s ­

tic bead was floated on the water meniscus in each manometer tube. 

The S P F preconceptua l -des ign inlet plenum configurations was tested in two 

phases . Initial t e s t s were conducted with s t ra ight inlet l ines (see Figure 25). 

Subsequently, the inlet openings in the plenum shell were enlarged and 4-in square , 

3-in. -high open boxes instal led between the 2-in, , half-round inlet l ines and the 

model plenum. This allowed flared inlet geomet r ies to be tested (see Figure 26). 

The plenum flow-control devices investigated in these t e s t s consisted of 

an t i swir l pla tes and flow diffusers. The ant iswir l devices fit into the plenum 

model above the grid plate and consisted of two plates joined at their centers to 

form a c ros s with an angle of 90° between each a r m of the c r o s s . The flow 

diffusers consisted of groups of ver t i ca l plates inser ted into the plenum inlets 

and diverging at var ious angles in a downst ream direct ion (Figure 26). 

2. Tes t Resul ts 

The f i rs t s e r i e s of t e s t s with the s t ra ight inlet l ines were run to determine 

the flow cha rac t e r i s t i c s of the model inlet plenum without flow-control devices. 

The flow pat te rns observed (Figure 27) reflect the high velocity of the inlet flow 

a c r o s s the grid plate . The excess velocity in the impingement zone of the four 
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Figure 27, SPF Model Flow Conditions without Baffles or Diffusers 
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inlets was converted f rom a dynamic head to a potential head and resul ted in a 

non-uniform p r e s s u r e distr ibution. Thus, it became apparent that the probable 

method of obtaining a uniform, i. e, , flat, p r e s s u r e distr ibution was to diss ipate 

the inlet velocity as efficiently as possible . Subsequent t es t s involving the anti-

sw^irl devices , which obviously only concipounded the dissipation problem, were 

under taken to confirm this p re l imina ry conclusion. With the nonperforated anti -

swir l baffle dividing the plenum into quadran ts , each fed by a single inlet, the 

resul t ing p r e s s u r e profi les only depar ted further from the des i red flatness. 

Some improvement was obtained by placing the ant iswir l baffle so as to split the 

inlet line flows, but this resul ted in a tangential flow pat tern with two vortexes 

in each quadrant. The use of a perfora ted ant iswir l baffle was also ineffective. 

An analytical study of flow profiles in the reac tor inlet plenum indicated that 

diffusers might be effective in spreading the inlet flow and dissipating the inlet 

velocity. The designs for the th ree -and four-vane diffusers (Figure 28) were 

based on a best fairing to obtain uniform flow impedance (equal flow a reas ) . The 

five-vane diffuser w^as based on a design developed in an analytical study. 

The t h r e e diffuser types were tes ted simultaneously using the nonperforated 

an t i swir l baffle to minimize the interact ing effects of adjacent diffusers. The 

an t i swir l baffle, however , appeared to have a definite influence on the p r e s s u r e 

profi les for the individual diffusers and was removed, therefore , and additional 

data obtained. Also, the inlet line without a diffuser was t emporar i ly provided 

with a s c r een to minimize i t s influence on the flow field of adjacent diffusers and 

yet s t i l l re ta in comparable water levels in the plenum. This a r rangement p r o ­

vided the best r e su l t s in the multiple diffuser t e s t s . 

The flow pat te rns of all th ree diffusers were charac te r ized , to different 

d e g r e e s , by surface vor texes (eddies) in the region adjacent to the plenum wall. 

The four-vane and five-vane diffusers produced comparable degrees of surface 

turbulence in this region. The two outer vanes of the five-vane diffusers were 

modified, the re fore , to allow them to be moved while the diffuser was in place 

and thus a t tempt to el iminate or l e s sen surface turbulence. This approach was 

not successful : moving a vane c loser to the plenum wall, even though it dec rease 

the turbulence in the flow channel t he r e , caused turbulence to develop in the 

adjacent in te r io r flow channel. 
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a. Three-Vane Diffuser b. Four-Vane Diffuser 

c. Five-Vane Diffuser 

F igure 28. SPF Diffusers 
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B a s e d on o v e r a l l p e r f o r m a n c e , t he f o u r - v a n e d i f fuser w a s the b e s t of the 

d e s i g n s t e s t e d . T h r e e a d d i t i o n a l d i f f u s e r s w e r e f a b r i c a t e d , t h e r e f o r e , and a 

c o n f i g u r a t i o n wi th a f o u r - v a n e d i f fuse r in e a c h in le t w a s t e s t e d o v e r a flow r a n g e 

of 1 5 to 25 g p m / i n l e t . S a t i s f a c t o r y p r e s s u r e p r o f i l e s w e r e ob ta ined a t both 15 

and 20 g p m / i n l e t . E x c e p t for a few p r e s s u r e m e a s u r e m e n t s a t 15 gpm, the only 

p o i n t s i nd i ca t i ng p r e s s u r e d e v i a t i o n s g r e a t e r t h a n ±0.01 p s i w e r e in the d i f fu se r s 

t h e m s e l v e s . G r e a t e r p r e s s u r e d e v i a t i o n s w e r e o b s e r v e d a t 25 g p m , but i t is 

b e l i e v e d t h e s e d e v i a t i o n s r e s u l t e d f r o m t h e d i f fuse r s be ing to t a l l y u n d e r the w a t e r 

l e v e l in the p l e n u m . At low flows the s u r f a c e w a s s m o o t h ( F i g u r e 29), but for the 

h i g h e r flow condi t ions , above wha t i s p r e s u m e d to be the c r i t i c a l F r o u d e n u m b e r , 

t he w a t e r s u r f a c e w a s s t r i a t e d wi th wha t a p p e a r e d to be r e f r a c t e d w a v e s of v e r y 

s m a l l a m p l i t u d e . A s s o c i a t e d wi th t h i s w a s a no t i c ab l e i n c r e a s e in sound l e v e l , 

g iv ing an i m p r e s s i o n of an i n c r e a s e in w a t e r v e l o c i t y out of p r o p o r t i o n to the s l igh t 

c h a n g e in f l o w r a t e . B e c a u s e of t h e u n c e r t a i n t y a s to the a p p l i c a b i l i t y of the 

m o d e l u n d e r t h e s e c o n d i t i o n s , no p r e s s u r e da t a w e r e ob ta ined with the f o u r - v a n e 

d i f f u s e r s in t h i s flow r e g i m e . 

F o r the f o u r - v a n e d i f f u s e r s i n s t a l l a t i o n , the g r i d p l a t e p r e s s u r e p r o f i l e s 

w e r e a l s o d e t e r m i n e d for u n e q u a l i n l e t f lows . The ind iv idua l in le t flows for th is 

t e s t r a n g e d f r o m 15 to 19.5 g p m ; t h i s w a s a l a r g e r r a n g e than w a s an t i c ipa t ed for 

t h e p r o t o t y p e . The m u l t i p l i c i t y of flow p a t h s ev iden t ly p r o v i d e d suff ic ient c o m ­

p e n s a t i n g effect to m a k e the u n b a l a n c e d i n l e t flows a s e c o n d - o r d e r in f luence , and 

t h e g r i d p l a t e p r e s s u r e p r o f i l e s w e r e only s l igh t ly w o r s e than t h o s e for equa l 

i n l e t f lows. 

The r e s u l t s of the s t r a i g h t i n l e t t e s t s w e r e u s e d to d e s i g n t e s t s for f l a red 

i n l e t n o z z l e s ( F i g u r e 30). Use of the f o u r - v a n e d i f fu se r s f r o m the s t r a i g h t 

i n l e t t e s t s r e s u l t e d in a c c e p t a b l e p r e s s u r e p r o f i l e s for 2 - b y 3-by 3-in, s t r a i g h t -

f l a r e d i n l e t s (al l 199 p r e s s u r e m e a s u r e m e n t s w e r e wi th in a ± 0 . 0 1 5 - p s i band 

and only five m e a s u r e m e n t s w e r e o u t s i d e a ± 0 . 0 1 0 - p s i band) . Consequen t ly , 

t e s t i n g w a s d i r e c t e d t o w a r d ob ta in ing connpa rab le p e r f o r m a n c e f r o m e i t h e r 

f o u r - v a n e o r f i v e - v a n e d i f f u s e r s s p e c i f i c a l l y d e s i g n e d for u s e in s t r a i g h t - f l a r e d 

i n l e t s . P a i r s of l i ke d i f f u s e r s w e r e t e s t e d a s both opposed and ad jacen t p a i r s 

to a l low s i m u l t a n e o u s e v a l u a t i o n of the f o u r - v a n e and f i v e - v a n e conf igu ra t ions 

w i t h i n t e r a c t i o n e f fec t s m i n i m i z e d . Two vane l eng ths w e r e t e s t e d ; the r e s u l t s 

i n d i c a t i n g t h a t t h e f i v e - v a n e d i f fuse r w a s the b e t t e r d e s i g n . 
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Figure 29. SPF Model Flow Conditions with Four-Vane Diffusers 
in Each Inlet 
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FLOW 

FLARED INLETS ARE 
IDENTIFIED AS A BY B BY C 
WHERE A, B, AND CARE 
DISTANCES IN INCHES. 

6531^40168 

Figure 30. F la red Inlet Nomenclature 

Four five-vane diffusers were subsequently fabricated to allow testing with 

five-vane diffusers in all four inlets . These diffusers were 5-1/2 in. long with a 

vane height inc reased from 2-1/4 in. to 2,95 in. to allow g rea te r flows without sub 

merging the diffuser support s t ruc tu re (top plate). Tests of these diffusers were 

conducted in which the lengths of the diffuser vanes were modified and the dif­

fuser posit ion in the s t ra igh t - f la red inlet changed. The final five-vane diffuser 

configuration had 4-in. long vanes and was r ecessed 0.45 in. into the inlet. 

This final five-vane configuration was used in the evaluation tes t s of two 

additional inlet configurations: a 2-by 3- by 3-in. curved-f lared inlet and a 

2-by 4-by 3-in. s t ra ight - f la red inlet. In each case , the five-vane diffusers 

were instal led in these inlets and then the diffuser position in the inlet was 

changed in an at tempt to obtain the flattest p r e s s u r e profile. The curved-

flared inlets were infer ior in per formance to both s t ra ight- f lared in le ts , and 

the 2-by 4- by 3-in. s t ra ight - f la red inlets produced a flow condition slightly 

improved over that obtained with the 2-by 3-by 3-in. , s t ra ight- f lared inlets . 
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The effect of the five-vane diffusers on the plenum flow was demonstra ted 

by operating the plenum model with the diffusers removed. For this case , flow 

conditions in the plenum were noticeably unstable. Random occur rences of a 

l a rge vortex which c leared an approximately 1- in.-diameter c i rc le on the grid 

plate a l ternated -with per iods of ca lm flow with no vortex present . When the flow 

w^as ca lm, the p r e s s u r e profiles were quite flat and comparable to those obtained 

with the diffusers in place. 

3. Conclusions and Design Selection 

The mult ipl ici ty of geomet r ies s tudies , as well as the simultaneous testing 

of differing configurat ions, prompted the s e a r c h for some compatible bas is for 

evaluating the resu l t s of the ent i re tes t s e r i e s . The basis finally adopted weighs 

both the number of p r e s s u r e m e a s u r e m e n t s which fall outside the specified 

± 0.01-psi l imi t s , and the magnitude of the deviation from the average p r e s s u r e 

in the form of a Figure of Meri t (FM) as follows: 

FM = 1 - (n /m) P - P_ a 
w^here 

n = number of p r e s s u r e m e a s u r e m e n t s outside the established l imits 

m = total number of p r e s s u r e measu remen t s 

P - P = the average magnitude of the difference between a local p r e s s u r e 
exceeding the establ ished l imits and the average p r e s s u r e at the 
grid plate surface (expressed in manometer scale divisions) 

A plot of the FM values as a function of flowrate per inlet (see Figure 31) 

allows compar ison of the configurations tes ted. This comparison c lear ly shows 

the super ior i ty of the s t ra ight - f la red inlet over the curved-f lared and straight 

in le t s . The compar ison also shows that although the highest FM value was 

obtained when the s t ra ight - in le t , four-vane diffusers were installed in the 2 -by 

3 - by3- in . , s t ra igh t - f la red in le t s , a lmos t comparable FM values were obtained 

for the five-vane diffusers in the 2-by 3- by 3-in, and 2-by 4-by 3-in., 

s t ra igh t - f la red in le ts . The above r e s u l t s , coupled with the eas ie r fabr i -

cabil i ty of the five-vane diffuser, prompted the recommendat ion that the five-

vane diffuser in the 2- by 3-by 3-in. , s t ra ight flared inlet be adopted as the 

S P F plenum reference design. 
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D. 5-kwe SYSTEM REACTOR 

The 5-kwe reac to r design used the same approach to core t empera tu re 

control as the SPF reac tor . The fuel element a r r a y would have finned and 

unfinned elements a r ranged to provide i n - c o r e mixing of the coolant. Thus the 

5-kwe r e a c t o r had the same inlet plenum flow requi rements as the SPF reac to r : 

uniform grid plate p r e s s u r e with no flow vortexing. However, as the 5-kwe 

r eac to r concept had only two plenum inlets instead of the four inlets of the SPF 

r eac to r , additional hydraulic t e s t s were required. 

1. Test Descr ipt ion - P r e l i m i n a r y Inlet Plenum Configuration 

The s imi la r i ty of the 5-kwe reac to r flow requi rements and envelope geo­

m e t r y to that of the SPF reac to r suggested that SPF open-channel test components 

and tes t r e su l t s might be useful in deterraining the optimum 5-kwe reac tor inlet 

plenum configuration. Accordingly, the S P F plenum model was modified to 

approximate the 5-kwe reac to r configuration and the flow sys tem was modified 

to be compatible with this new model. One of the proposed flow-shaping config­

ura t ions to be evaluated in this model was a vane configuration s imi lar to that 

found to be sa t isfactory in the S P F reac to r t e s t s , 

a. Test Model 

The 5-kwe reac to r model was to be a th ree-d imens iona l (i. e, , closed) nnodel 

approximating the inlet line and inlet plenum configurations of the proposed r e a c ­

tor . T ranspa ren t plast ic pa r t s were to be used, where prac t icable , to allow 

visual observat ion and photographic recording of flow behavior. The miodel, and 

i ts inlet l ines , was to be compatible with the supply lines and sump tank of the 

flow sys tem used for the SPF open-channel t e s t s . 

A model instal lat ion was designed which met these requ i rements (see 

F igure 32). The model inlet l ines were i m m e r s e d in the sump tank and rose to 

mee t simulated plenum inlet lines at the approximate prototype angle. These 

inlet l ines fed the water flow into the modified SPF model through machined 

plas t ic blocks which simulated the two inlet l ine- to-p lenum t ransi t ions of the 

proposed 5-kwe reac tor . 

The S P F model components were modified to provide a slightly overs ize 

model (1.13 scale) of the 5-kwe configuration. The grid plate was changed by 
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reducing the number of grid plate flow holes and enlarging them to a uniform 

size. The two unused inlet holes in the shell were plugged with machined, 

t r anspa ren t plast ic blocks. Machined c i r c u l a r p la tes of t r anspa ren t plast ic 

were mounted inside the plenum shell above the inlets to s imulate various p r o ­

totype plenum c losure shapes. 

b. Flow and Measurement Systems 

The water flow sys tem used for the 5-kwe plenum tes ts was near ly identi­

cal to the SPF flow sys tem, except for minor changes. Two of the four supply 

l ines w e r e not connected. The height of the s torage tank support stand was 

inc reased to provide naore head and allow flows of m o r e than 50 gpm/inlet . The 

pitot tubes for flow m e a s u r e m e n t in the open-channel model were not usable so 

pitot static tube assembl ies w^ere instal led in each inlet line and cal ibra ted using 

var iable a r ea f lowmeters . Flow t empe ra tu r e was measured by a m e r c u r y - i n -

glass t h e r m o m e t e r in the sump tank. 

As in the SPF sys tem, the m e a s u r e m e n t s of p r i m a r y impor tance in evalu­

ating the per formance of plenum flow-shaping devices were those of grid plate 

p r e s s u r e . The connection method and identification scheme for the grid plate 

p r e s s u r e taps were identical to those used in the S P F reac to r t es t s except for 

the addition of painted l e t t e r s and s t r ipes on the grid plate surface to identify 

the rows of "Y" p r e s s u r e taps . The p r e s s u r e s sensed by the grid plate p r e s s u r e 

taps were measu red using open tube (atmospheric re fe rence p r e s s u r e ) manomete r 

boards with tubes from the "Y" p r e s s u r e tap rows grouped together. These mano­

me te r boards w^ere those from the SPF tes t s mounted at an increased height 

above the grid plate surface to prevent the inc reased plenum p r e s s u r e f rom 

forcing water out of the open tube end. A p r e s s u r i z e d nitrogen gas bottle was 

connected to both inlet l ines and used to inject gas bubbles into the water flo-w 

for flow visualization. Initially, the p r e s s u r e drop was determined by measur ing 

the inlet line static p r e s s u r e from the p i to t - s ta t ic tube. La ter , a static p r e s s u r e 

tap was instal led in each inlet line jus t u p s t r e a m of the inlet l ine- to-p lenum 

t rans i t ion to allow p r e s s u r e drop determinat ion frona m e a s u r e m e n t s t he r e . 
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c. Plenum Flow Shaping Configurations 

The var ious inlet plenum configurations tested a r e listed in Table 1. The 

horizontal baffles, located just below the inlet nozzles , par t ia l ly divided the 

plenum nea r the nozzle in two regions . The upper region between the baffles 

and the head was designed to diffuse the high velocity inlet flow without d i s ­

turbing the flow near the grid plate region below, Multivane diffusers, s imi la r 

to the SPF configuration, were intended to dis t r ibute the flow over the grid 

plate. 

When these devices alone failed to produce the des i red flow cha rac t e r i s t i c s , 

they were combined (Figure 33). Various modifications of the baffles, diffuser, 

head contours and plenum heights were made during the success ive tes t s . Other 

s e r i e s of t e s t s with a mult i -holed orifice plate replacing the horizontal baffles, 

with and without the mul t i - vane diffuser above it, were also conducted. 

2. Tes t Results and Conclusions 

A total of 16 plenum configurations were evaluated to select an optimum 

configuration on the bas is of grid plate p r e s s u r e variat ion, flow pat tern as 

observed with N_ bubble inject ions, and p r e s s u r e drop. For a prototype NaK 
5 flow at an inlet line Reynolds number of 1. 85 x 10 the optimum configuration 

should have a predic ted NaK-flow grid plate p r e s s u r e variat ion about the average 

of less than ± 0,008 ps i (i, e. , max imum p r e s s u r e difference l ess than 0.016 psi). 

In addition, this configuration should not produce any major vortexes in the 

plenum and should not cause excess ive p r e s s u r e drop in the flow through the 

plenum. 

The l imitat ions of using water as a modeling fluid and the flow capability of 

the tes t sys tem requi red that both modeling techniques and data extrapolation be 

used in comparing configurations. Grid plate p r e s s u r e differences measured in 

the water sys tem were converted to equivalent NaK p r e s s u r e differences at the 

same inlet line Reynolds number using Reynolds number-dependent re la t ions. 

Also, although the water flow sys tem could provide flow at twice the NaK design 
5 

flowrate it could not duplicate the prototype NaK Reynolds number of 1.85 x 10 . 

Data for each configuration, there fore , were taken at severa l inlet line Reynolds 

numbers . This allowed determinat ion of the est imated prototype NaK grid plate 

p r e s s u r e var ia t ion at operating conditions by straight line extrapolation (on 
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TABLE 1 

SUMMARY OF 5-kwe PLENUM CONFIGURATIONS TESTED 

Config­
u ra t i on 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

L 

M 

O 

P 

R 

D e s c r i p t i o n 

Bas ic p l enum 

Hor izon ta l baffles 

Equal in le t a r e a vanes 

10-10-30 vanes 

10-10-30 v a n e s , flat head 

Hor izon ta l baff les , v a n e s , flat head 

Hor izon ta l baff les , v a n e s , convex head 

Hor izon ta l baff les , v a n e s , concave head 

Contoured baff les , v a n e s , concave head 

Slotted baffle, v a n e s , concave head 

Slotted baffle, shaved v a n e s , concave head 

Baff le-gr id p la te s e p a r a t i o n i n c r e a s e d 0.15 in. 

Conf igura t ion L, but with p l e n u m c l o s u r e 
m i s m a t c h 

199-hole or i f ice p l a t e 

591-hole or i f ice p la te 

591-hole or i f ice with vanes 

C o m p o n e n t s * 
C l o s u r e 

1 

1 

1 

1 

2 

2 

1 

3 

4 

4 

4 

3 

4 

3 

3 

3 

Baffle 

None 

1 

None 

None 

None 

1 

1 

1 

2 

3 

3 

3 

3 

4 

5 

5 

Vanes 

None 

None 

1 

2 

2 

3 

3 

3 

4 

4 

5 

5 

5 

None 

None 

5 

* Codes used to identify configuration components are as follows: 

Plenum Closure 
1 — Basic Convex Head 
2 - Flat head 
3 — Concave head 
4 — Concave head positioned with 0.05 in. mismatch to edges of inlet line-to-plenum 

transitions because of vane interference. 

Baffles 
1 — Two flat, semicircular baffles mounting on the plenum inlet blocks. 
2 - Horizontal baffle with 4-1/2-in.-wide slot and semicircular ends. 
3 - Horizontal baffle with slot continued to edge. 
4 — 1/2-in.-thick orifice plate with 199 holes- 1/8 in. diameter. 
5 - 1/2-in.-thick orifice plate with 591 holes - 1/8-in. diameter 

Vanes 
1 — "Stepped" vanes providing approximate f i t to the convex head, fitting above the 

grid plate and dividing the projected plenum inlet area into equal portions. 
2 - Stepped vanes fitting above the grid plate, dividing half the projected plenum area 

into three sections having, from the centerline out, 10, 10, and 30% of the total 
inlet area. 

3 — Stepped vanes fitting above the horizontal baffles, positioned in a modified 10-10-30 
configuration 

4 — Contoured vanes fitting snugly between the baffle plate and the concave plenum 
head and positioned in a modified 10-10-30 configuration. 

5 — All vanes except center vane of contoured vanes (No. 4 above) cut down in height to 
give clearance between edge of vane and concave plenum closure. 
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TABLE 2 
SUMMARY OF REYNOLDS NUMBER EXPONENTS AND PREDICTED NaK A P ' S 

FOR 5-kwe REACTOR PLENUM CONFIGURATIONS 

Configuration 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

L 

M 

O 

P 

R 

Reynolds Number 
Exponent n 

(Slope of Exper imenta l 
Data for A P = KRe") 

2.074 

2.051 

1.958 

1.795 

1.577 

0,908 

1.833 

1.618 

2,418 

1.672 

1.593 

1.581 

1.733 

1.881 

1.990 

2.008 

Pred ic ted NaK A P at Re = 1.85 x 10^ 

Extrapolated 
Exper imenta l Data 

0.051 

0.043 

0.044 

0.030 

0.023 

0,007 

0.019 

0.007 

0.033 

0.012 

0.010 

0.006 

0.009 

0,083 

0.019 

0,015 

For AP = KRe^-^^^ 

0,039 

0.034 

0.039 

0.031 

0.028 

0,013 

0,019 

0.008 

0,020 

0.013 

0.012 

0.008 

0.009 

0.078 

0,016 

0.012 

• 



log-log graph paper) to an inlet line Reynolds number of 1,85 x 10 as l isted in 

Table 2. The s t ra ight line extrapolat ion was done for two slopes (i. e. , Reynolds 

number exponents) of the log AP ve r sus log Np l ines. It was expected that 

these s lopes , for nonlaminar hydraul ic data, would have values from 1,8 to 2.0; 

and, except for configuration F , the r e su l t s did have slopes close to this range. 

Therefore , an average slope, 1,815, was determined from the data of the f i rs t 

12 configurations. This average slope and the individual configuration c o r r e l a ­

tion slopes were both used to de te rmine the predicted NaK grid plate p r e s s u r e 

var ia t ion at the operating Reynolds number and thus allow comparison of p r o ­

posed plenum configurations. 

Initial compar ison of the max imum grid plate p r e s s u r e variat ion (maximum 

A P ) was made for the base case (Configuration A), with horizontal baffles 

(Configuration B), and with vanes at the inlets (Configuration C). Even though 

both the baffles and the vanes reduced the p r e s s u r e var ia t ion to l e s s than that 

for the base configuration, the var ia t ion for al l th ree configurations exceeded 

the allowable 0.016 ps i A P at the prototype Reynolds number . 

A sa t i s fac tory grid plate AP was obtained by combining the horizontal 

baffles with a modified vane configuration and also changing the contour of the 

plenum head. The vanes were modified according to the resu l t s of potential 

flow calculations per formed using a computer setup s imi la r to that used for the 

300-kwt S P F reac to r p rog ram. Equipotential lines were determined for four 

l aye r s in a plenum qua r t e r sect ion for both the basic plenum case and for the 

plenum with horizontal baffles. Velocity vectors were determined by taking 

the negative der ivat ive of the potential function, and the configuration of the 

vanes was designed*to force the actual flow to follow these ideal fr ict ionless 

s t r eaml ines . 

A flat plenuna head used with the modified vanes and horizontal baffles did 

provide additional improvements in grid plate A P but was unacceptable for 

s t ruc tu ra l r easons . Therefore , a concave (dished-out) head (Figure 34) was 

substi tuted for the original convex head and tes ted with the modified vanes and 

horizontal baffles (Configuration H). Experimiental resu l t s indicated a predicted 

A P of 50% less than the maximum acceptable value of 0,016 psi (see Table 2). 

* 0 , G. Fei l , "Vane Systems for Very-Wide-Angle Subsonic Diffusers, " J, Basic 
Eng. , Vol 86, p . 759 (December 1964) 
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Figure 34. P lenum Head Configurations 
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Modifications were made to this ideal configuration to make it more compat­

ible w^ith the proposed r eac to r geometry and s t ruc tura l r equ i rements . A new set 

of vanes was fabricated with contours to fit close to the concave head. The two 

horizontal baffles w^ere combined into one baffle with a center slot which slipped 

into the plenum shell . Test resu l t s with these new components and concave 

head indicated an excess ive prototype grid plate A P , The baffle was further 

slotted (Figure 35) and the tM'O vanes on each side of the center vanes were cut 

down to allow flow over the top of these vanes. This configuration (K) provided 

an acceptable AP. 

To further reduce A P var ia t ion, the effective plenum height was increased 
0.15 in. by lowering the grid plate . This increased the distance between the baffle 

plate and grid plate to 1 in. In addition, the center vanes were t r immed to 

el iminate a 0.05-in. mi sma tch between plenum head and the roof of the plenum 

inlet . This adjustment provided a smooth surface t rans i t ion between the inlet 

nozzle and the head. The configuration result ing from changing both the plenum 

depth and cor rec t ing the 0.05-in. head mismatch was designated as Configuration 

L. The configuration which resul ted from changing the plenum depth only was 

designated Configuration M. Testing of these configurations indicated that the 

i nc rease in plenum depth below the grid plate and the elimination of the 0.05-in. 

head mismatch each provided a smal l but measurab le improvement in est imated 

grid plate AP. 

Orifice plate configurations were also formulated to provide an a l ternate 

design approach to that of the baffle and vane combination. The orifice plate , 

used in the initial Configuration O apparent ly had fluid jets from the orifice 

plate holes M^hich did not diss ipate in the 1 in. settling distance between the 

orif ice plate and grid plate. This produced locally high grid plate impact 

p r e s s u r e s and gave an unacceptable overal l grid plate AP . Increasing the 

number of orifice holes for Configuration P resul ted in a barely acceptable AP. 

This orifice plate was therefore combined (Figure 36) with the vanes of 

Configuration L to provide, as Configuration R, a sufficiently low grid plate 

A P with a grid plate p r e s s u r e var ia t ion s imi la r to that of Configuration L (see 
F igure 37). 
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Figure 35. Joined Baffle P la tes for Configurations J, K, L and M 

AI-AEC-13087 

64 



S
9 

Z
.8

0
e

i-
D

3
V

-I
V

 

a>
 

0
0 o
 

o a rt
-

H
-

O
 

0 IS
 

O
 

n n fu
 <;
 

en
 

!"
 

O
 

o n <;
 

n X a> 



> 

^ a 
a-

00 
o 
00 

6531-4088 

Figure 37. Typical Variation in Manometer Board Fluid Column Heights 



Plenum flow pa t te rns for the var ious plenum configurations were observed 

by injecting gas bubbles in the inlet l ines as flow t r a c e r s . All configurations 

had a sys t em of approximately four swi r l s , two on each side of the plenum, 

roughly 90 degrees from the inlets (Figure 38), These swir ls continuously 

formed and d isappeared and did not have sufficient s trength to affect the p r e s ­

sure taps in that a r ea . This was especial ly t rue for the orifice plate configur­

ations where the swir l s existed only between the c losure and orifice plate , not 

between the orifice plate and grid plate. For those plenum configurations with 

horizontal baffles, additional swi r l s developed between the baffle and the grid 

plate in the region immediate ly in front of the inlets . However, only in the case 

of Configuration I did vor texes develop with sufficient s t rength to affect the 

p r e s s u r e data. 

Es t ima te s of the effects of var ious plenum configurations on sys tem p r e s ­

sure drop w e r e made f rom inlet l ine p r e s s u r e m e a s u r e m e n t s . Comparison 

of m e a s u r e m e n t s to those inade for the bas ic plenum configuration showed no 

detectable change for the var ious vane and baffle configurations. The orifice 

plate configurations did i n c r e a s e the es t imated NaK p r e s s u r e drop; Configura­

tion O produced an es t imated i nc r ea se of ^ 0 . 3 ps i , Configurations P and R pro­

duced an es t imated i n c r e a s e of -^0.03 psi . 

3. Recommended Inlet P lenum Designs 

Obviously, only one inlet plenum design was required . The resu l t s of 

these t e s t s , however, indicated two designs would provide acceptable plenum 

flow cha rac t e r i s t i c s (Figure 39). One design, Configuration L, had super ior 

p r e s s u r e c h a r a c t e r i s t i c s but potentially poore r flow cha rac t e r i s t i c s . The other 

design, Configuration R, had acceptable but slightly poore r p r e s s u r e cha rac t e r ­

i s t i cs without, however , the potentially t roublesome flow swir ls near the grid 

plate . Configuration L was selected as the recommended design (Figure 40) 

and an additional s e r i e s of t e s t s proposed to verify its per formance at the 

design Reynolds number . Configuration R was designated as an a l ternate con­

figuration to be evaluated if Configuration L proved unsat isfactory. 
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Figure 38. Typical Configuration L Flow Pa t t e rn s as Indicated 
by Gas Injection 
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F igure 40. Cutaway View of Proposed 5-kwe Inlet 
P lenum Configuration 
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4, Design Verification Tes t , (Planned) 

The additional t e s t s proposed to evaluate the per formance of Configura­

tion L were to be per formed in a flow sys tem capable of higher flows and p r e s ­

s u r e s . Also, the model requ i red was to be a more accurate 1:1 representa t ion 

of the recommended 5-kwe r e a c t o r inlet plenum configuration, with the cap­

ability of evaluating m o r e than jus t inlet plenum hydraul ics . Accordingly, a 

new hydraulic t es t model was designed to meet the proposed tes t requi rements 

and be compatible with the h igher capaci ty flow system. 

The new model was designed to use the same type of assembly ma te r i a l s 

(s ta inless s teel and acryl ic plast ic) and assenably scheme as that of the S8DR 

plenum model. The model would be designed to allow init ial t e s t s of the inlet 

plenum configuration with m e a s u r e m e n t s of grid plate surface p r e s s u r e s in the 

inlet plenum. The model a s sembly was designed so that a l ternate plenum 

Configuration R could be tes ted if neces sa ry . In addition, the design of this 

model would also allow a mockup of the ent i re finned-unfinned fuel element core 

a r r a y to be instal led in place of the grid plate p r e s s u r e ins t rumentat ion so that 

m e a s u r e m e n t s could be made for the determinat ion of core p r e s s u r e drop and 

flow distr ibution. P r o g r a m closeout, however, prevented the s t a r t of both the 

inlet plenum test ing and design of the ful l -core t e s t s . 
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III. INTRACORE MIXING STUDIES 

A. BASIC APPROACH 

A combined exper imenta l and analyt ical effort was requi red for the evalu­

ation of mixing in the proposed SNAP r e a c t o r configurations. Data available 

in the l i t e ra tu re was p r i m a r i l y applicable to the configuration for which it was 

obtained. Corre la t ions including all geomet r ica l and flow aspects of the mixing 

configuration did not exist . A hydraulic t es t p r o g r a m was performed to provide 

the data n e c e s s a r y to support the analytical effort. 

1. Test Model and Flow System 

To evaluate the mixing of var ious proposed SNAP fuel element configura­

t ions , a s e r i e s of hydraul ic t e s t s was designed and performed. These t e s t s 

used de-ionized water to s imulate the prototype NaK coolant, and were conducted 

using 19 s imulated fuel e lements a r ranged to provide ful l -scale simulations of 

the proposed r e a c t o r fuel element a r r a y s . The water flow sys tem (Figure 41) 

used for these t e s t s is located at the Santa Susana Field Laboratory. For this 

s e r i e s of t e s t s , the flow sys t em provided water flows to a maximum of approx­

imately 70 gpra at t e m p e r a t u r e s of approximately 110°F, This allowed test ing 

of fuel element a r r a y s at Reynolds numbers up to 20, 000. 

The tes t models v/ere fabricated of acry l ic plast ic and s ta in less steel , Tw ô 

models were used in the tes t p rog ram. Both models were of the same genera l 

design: t r anspa ren t acry l ic plast ic inlet and outlet p lenums, inlet and outlet 

grid plates to support and position the 19 simulated fuel e lements , and a t r a n s ­

parent cyl indrical plast ic shell to provide the flow enclosure around the tes t 

element bundle (see Figure 42). The plenums provided inlet flow straightening, 

visual monitoring of salt injector location and exit por ts in the outlet region for 

ins t rumenta t ion leads . The cyl indrical shell had par t i a l e lements attached 

around its inner c i rcumference (Figure 43) to s imulate e lements in the prototype 

a r r a y which would be adjacent to the edge elements in the model. 

The model used during the initial t es t s provided information for the selection 

of the optimum mixing configuration, and also was used in a s e r i e s of t e s t s 

resul t ing in an improvement of tes t operat ion and instrumentat ion-technique. In 

genera l , this model used bare s ta in less s teel rods to s imulate the fuel e lements . 

Various fin configurations were simulated by gluing plas t ic s t r ips to the rod 

surface. Once the more successful type of mixing configuration had been 
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Figure 41 . Schematic of Mixing Test Water Flow System 



Figure 42. Typical Ear ly Mixing Test Model Instal lat ion 
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Figure 43. End View of Cylindric Shell Showing Pa r t i a l Elements 
Attached for Configuration No. 7 
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selected, one of th^se configurations was assembled and a s e r i e s of t e s t s con­

ducted to be t te r unders tand the flow behavior in the tes t bundle and improve 

the bundle ins t rumentat ion. 

The t e s t bundle used for the final s e r i e s of t e s t s incorporated modifications 

based on the r e su l t s of e a r l i e r t e s t s and used components more s imi la r to the 

prototype SPF r e a c t o r design. The simulated fuel e lements were s ta inless 

s teel rods with hobbed fins. The inlet grid plate had inlet tubes attached leading 

to each bundle flow channel en t rance hole. These tubes helped the salt solution 

injected into selected channels to become well mixed with the f low-system water 

by the t ime the bulk flow reached in t rae lement flow channels, 

2, Ins t rumentat ion 

The exper imenta l approach de termined the t e s t bundle interchannel mixing 

by measur ing the amount of fluid moving between channels and then calculating 

the mixing fraction in %/in. n e c e s s a r y to cause this interchange. The basic 

ins t rumenta t ion consis ted of conductivity sensor s mounted flush with the surface 

of the s imulated fuel rods . The detection of fluid motion was accomplished by 

"tagging" the fluid entering one channel with an NaNO, solution to inc rease its 

conductivity over that of the normal w^ater flow .̂ Conductivity measu remen t s at 

locations in the bundle could then be used to calculate how much of the fluid 

entering the "tagged" channel flow had moved to these locations. 

The ins t rumenta t ion sys tems requi red to gather data for in terpreta t ion of 

the mixing phenomena in the bundle were of th ree types. Instrumentat ion on the 

flow sys tems for both the total bundle flow and the injected channel NaNO, "tag" 

w^ere conventional var iable a r ea flow^meters, A commerc ia l conductivity probe 

and t h e r m o m e t e r in the main flow sys tem w e r e used to deterraine the background 

NaNO^ concentrat ion in the main flow and to ca l ibra te the tes t bundle s enso r s . 

The in -e lement conductivity s enso r s and the i r excitation ins t rumentat ion were 

used to m e a s u r e in t rachannel mixing. The ins t rumented fuel e lements with 

conductivity sensor s were s imi la r to the ins t rumented e lements descr ibed for the 

S8ER and S8DS plenum t e s t s . These simulated fuel e lements were instal led in 

the t e s t bundle with conductivity s enso r s facing the flow channels of in te res t 

(Figure 44). The excitation and indication c i rcu i t ry for these conductivity 

s enso r s provided a common excitation voltage for al l s enso r s being sampled and 
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produced a voltage output which, by cal ibrat ion, could be re la ted to the wt % of 

NaNO- at the sensor location. 

In addition to the conductivity ins t rumentat ion used for detecting the mixing 

phenomena in the bundle, th ree additional conductivity s enso r s were instal led in 

the final bundle assembly . These s enso r s were on the three tubes •which were 

fed with the NaNO, t r a c e r solution and were used to m e a s u r e the mixed flow and 

t r a c e r concentrat ion before ent ry into the tes t bundle flow channels . 

3. Exper imenta l P r o c e d u r e 

Cal ibrat ion data were requi red to re la te the output voltages from the sen­

sors in the mock-up fuel e lements to the local NaNO, weight fraction. To 

accompl ish this the commerc ia l conductivity probe in the main flow sys tem was 

initially cal ibra ted in the Standards Labora to ry using constant t empe ra tu r e (110°F) 

solutions of var ious NaNO, weight fract ions to re la te br idge conductivity m e a s u r e ­

ment to the NaNO^ weight fraction. The commerc ia l probe was then instal led 

in the flow sys tem, flow was s ta r ted , and the flow t empe ra tu r e stabil ized at the 

cal ibrat ion t e m p e r a t u r e . Sensor cal ibrat ion was accomplished by incrementa l ly 

increas ing the whole flow sys tem NaNO^ concentrat ion and record ing sensor 

voltages at enough constant NaNO-, concentrat ion conditions to define the sensor 

cal ibrat ions over the range of t e s t data. 

Mixing data during t e s t runs were recorded for constant flow conditions, 

F lowrate through the tes t bundle and flowrate from the NaNO, injection system 

were held constant. The t e m p e r a t u r e of the flow through the bundle was ma in ­

tained at the conductivity probe cal ibrat ion t e m p e r a t u r e . Thus, for the e s t ab ­

l ished constant flow, the voltage data from the sensors in the bundle could be 

in te rpre ted to provide the amount of flow from the channel with the injected 

NaNO, solution to the channel region moni tored by each sensor . 

4. Data Recording and Reduction 

Data recorded during the mixing t e s t s consisted of f lowrates , flow t e m p e r ­

a tu r e , bundle p r e s s u r e s , initial sys tem flow conductivity, and sensor output 

vol tages . All data but the sensor output voltage data were obtained by manually 

record ing a visual observat ion. The sensor output voltages from the modulator 
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detec tor c i rcui t were amplified, f i l tered, and recorded using a data scanner 

sys tem. This data scanner sys tem sequentially sampled each sensor voltage 

and provided a pr inted digital r eco rd and /o r a punched paper tape record. For 

some t e s t sequences , an eight-channel , d i rec t -wr i t ing osci l lograph was also 

used to provide analog r eco rds of voltage variat ions from selected sensors . 

The only data requ i red for the e lement sensor cal ibrat ion were the system 

flow t e m p e r a t u r e , conductivity reading, and the sensor voltage readings . Each 

cal ibrat ion was , of cour se , conducted at a constant sys tem conductivity (i. e. , 

NaNO- concentrat ion). 

For ana lys i s , each recorded sensor voltage was converted to the rat io 

AC/ AC, (indicated salt wt % increment , AC, to the calculated injected salt 

wt % increment , AC,). The salt inc rement AC was determined by f i rs t using 

the sensor cal ibrat ion data to de te rmine the NaNO, wt % equivalent to the sensor 

average voltage reading and then subtract ing the initial or "background" wt % of 

the loop flow from this wt % value. The average sensor voltage was determined 

from those two or th ree " scan" voltage readings for which the background con­

centra t ion of the flow entering the tes t bundle remained constant. The injected 

wt % inc rement was de termined by calculating the ra t io of total weight flow of 

NaNO, (background plus injected flowrates) to the total weight flowrate in the 

injected channel and subtract ing the background weight fraction. 

The t e r m s in the AC/ AC_ rat io were calculated separa te ly using the 

express ions : AC = C-C , and 

A C j = AZniVL^I^I«I -Q 
- o P^ V + V, p^ 

X 100% 

where C = salt wt % read f rom individual e lectrode cal ibrat ion curve at the 

average e lec t rode voltage during the injection 

C = wt % of salt flowing in solution before injection, determined from 

the commerc i a l probe 

p^ - density of salt before injection (1,0 gm/cc) 
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V - calculated flow in one bundle coolant channel (cc/min) n 

/o, = density of injected 20% x weight salt solution at 70° F (1.142 gm/cc) 

Q - •weight fraction of salt in solution p r io r to injection, C /100, 

de termined from the c o m m e r c i a l probe used for cal ibrat ion 

Q, = weight fraction of salt injected (0.20) 

V = measured flowrate at •which 20% x weight salt solution was 

injected (cc /min) . 

These calculated ra t ios -were then plotted ve r sus the sensor position where data 

•were measu red to give the axial var iat ion of concentrat ion in a channel and, by 

inference, the amount of flow which had reached the sensor location from the 

injected channel. 

5. Exper imenta l Improvements 

As the mixing tes t p r o g r a m p r o g r e s s e d and bet ter understanding of the tes t 

bundle flow was obtained, the exper imenta l sys tem was modified and improved. 

Changes were made in the NaNO, t r a c e r injection sys tem, in the instrumented 

mockup fuel element configuration, in the location and orientation of ins t ru­

mented elements in the tes t bundle, and in the methods of recording and reducing 

the data. Specific improvements a r e d iscussed in the following subsect ions. 

a. NaNO ^Injection System 

This injection sys tem was to provide a mixed s t r e a m of inlet flow and 

NaNO„ " tag" flow to the one bundle flow channel which was adjacent to a c lus te r 

of ins t rumented e lements . Observat ions of data showed that the init ial simple 

injection sys t em was not providing a wel l -mixed, tagged inlet flow. Also, as 

invest igat ion proceeded, it was learned that the readings of sensor s in the bundle 

•were sensi t ive to the NaNO^ concentrat ion near the element surface. The NaNO„ 

injection sys tem was modified to improve both these conditions. 

The initial injection system consisted of a single hypodermic needle injecting 

into an inlet grid plate flow hole (Figure 45). This system evolved into that of 

t h r e e injection l ines each with th ree slots for injecting t r a c e r radial ly outward 

and located to allow t r a c e r injection into th ree 11-in. long tubes, each soldered 

to the inlet grid plate coaxially with a flow hole. This modification allowed 
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Figure 46. Typical Orientation of Ins t rumented Elements for 
Final Ser ies of Mixing Tes t s 
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injection to be made far enough u p s t r e a m to have the channel inlet flo^w and 

NaNO^ " tag" well mixed. The tubes prevented any portion of the tagged mixture 

from enter ing any other flow channel inlet hole except that of the des i red chan­

nel and also prevented dilution of the tagged flow. 

The th ree shroud tubes fed by the injection lines were those which fed 

symmet r i ca l ly located channels in the bundle (Figure 46). The flow of 20 wt % 

NaNO., t r a c e r solution from the injection l ines into the tubes could be indivi­

dually me te red and controlled. In genera l , all injection line flowrates were set 

at the same value. The use of equal injection flo^ws into the three symmetr ica l ly 

located bundle flow^ channels made the NaNO- concentration more uniform both 

nea r and far from the element surface at the sensor location. This minimized 

any effect of local NaNO, concentrat ion var ia t ion on the sensor reading. 

b. Ins t rumented Elements 

The ins t rumented elements were intended to provide flow conductivity 

readings at axial locations along the length of an adjacent flow channel. These 

readings were to be provided with min imum flow dis turbance and at sufficiently 

smal l spacings to allo^w adequate definition of the t r a c e r concentration variat ion 

along the flow channel. The ins t rumented element configuration used initially 

was s imi la r to that used in the S8DR noise analysis t e s t s . The sensor was a 

ce ramic - in su l a t ed vacuum-feed- through soldered into the fuel element tube, 

then finished off to the tube OD, Exper imenta l r esu l t s indicated this initial 

e lement configuration •was inadequate in t̂ wo ways: (1) the amount, location and 

spacing of the sensor s on the ins t rumented elements had to be changed; (2) the 

unshielded signal leads used in this configuration allowed signal interact ions 

(cross ta lk) to occur between individual sensor leads from the same ins t rumented 

element . 

The final ins t rumented element configurations were determined from exper­

imenta l r e su l t s . In a s e r i e s of t e s t s with seven sensors per element, the 

definition of bundle flow^ cha rac t e r i s t i c s was improved and the existence of the 

previously unsuspected signal c ross t a lk was demonstrated. Based on these 

t e s t r e su l t s , the finned and unfinned ins t rumented elements used in the final SPF 

tes t bundle were built with e i ther 12 or 16 sensors spaced one-sixth of a fin 

pitch apar t (see Figure 47), The axial location of the s e n s o r s , as well as thei r 
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number and spacing, were selected to provide the best definition of the maximum 

NaNO, concentrat ion in the flow channel which was to be sampled by an ins t ru ­

mented element. To help miniinize signal c ross ta lk , the leads for these sensors 

were fabricated from minia ture shielded coaxial cable. 

c. Location and Orientat ion of Ins t rumented Elements 

The init ial s e r i e s of t e s t s was per formed with the inst rumented elements 

or iented to sample channel flow^s in and adjacent to flow channels at the center 

of the bundle (Figure 44). Exper imenta l r e su l t s indicated that orientation of 

the sensor s to the gaps between channels would give a bet ter average concen­

t ra t ion for flow out of a channel. As a resu l t , the ins t rumented elements in the 

final S P F t e s t sequence were oriented to sample ac ros s the channel exit gaps 

(Figure 46). Also, in this final configuration the location of the instrumented 

elements in the bundle was changed to provide monitoring of the co r rec t flow 

channels for the th ree -channe l symmet r i c NaNO, injection sys tems . 

d. Data Recording and Reduction 

Some of the equipment used for the init ial s e r i e s of t e s t s was adapted from 

equipment used in the S8DR noise analysis t e s t s . The number of sensors 

recorded -was l imited, the re fore , to 14/run as that was the capacity of the avai l ­

able modular detector c i rcu i t ry . The sensor cal ibrat ion data were manually 

plotted and these plots used to de te rmine local NaNO, concentrat ions for cal ­

culation of the A c / A c , r a t ios . 

As the requi red number of s enso r s increased and the necess i ty of improving 

the data quality became apparent , both the recording sys tem and the data reduc­

tion method were changed. To minimize signal c ross ta lk , shielded coaxial 

cable was used to connect ins t rumented element leads to a new modulator-

detector unit. The new modula to r -de tec to r unit had a lower frequency (50 kHz) 

power supply to reduce signal c ross ta lk , and also had 28 signal channels. A 

punched-paper tape output section was put into operation to pe rmi t computer 

reduction of t es t data. 

6. Development of the Analytical Model 

The mixing occurr ing in the tes t bundles was evaluated by comparing the 

exper imenta l ly de termined flow distr ibut ion (NaNO, concentration) to an analy­

t ical predict ion. The analytical predict ion methods used went through stages of 
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development prompted by the inability of ear ly models to match the resu l t s of 

the exper imenta l efforts. 

Ear ly anal-ytical efforts t r ea ted individual channels as entit ies (nodes) and 

assumed the mixing p a r a m e t e r , h, -was constant down a channel. The mathe­

mat ica l model based on these assumptions of t r i cusp - to - t r i cusp channel mixing 

were unsuccessful in predict ing NaNO, concentrat ions which cor re la ted with the 

exper imenta l data. Single channel crossf low calculations were thus used for the 

comparat ive mixing calculat ions and indicated the des i rabi l i ty of incorporat ing 

the r igh t - le f t -neut ra l (R-L-N) finned element a r r a y in future r eac to r designs. 

Fu r the r efforts, t he re fo re , were directed toward determining interchannel 

mixing developed by the R - L - N element a r r a y . The t r i cusp - to - t r i cusp channel 

mixing model -was improved and resu l t s from this model compared to the exper­

imental r esu l t s from an additional s e r i e s of t es t s on an R-L-N a r ray . These 

data confirmed the inapplicabil i ty of the analytical model to the experimental 

setup, as cor respondence bet^ween the calculated and experimental ly determined 

flow dis t r ibut ions ( A c / AC values) was very poor. 

The data from the t e s t s did, however, provide information on the complex 

flows occurr ing in the R-L-N mixing sys tem. There were two types of flow in 

the R - L - N t e s t bundles: rotat ional and axial. In addition, the re was an entrance 

region in which rotat ional flow developed, and an established flow regime where 

rotational flow was constant. 

An improved analyt ical model was developed to account for the effects of 

the flows in the bundle and re la te the cha rac t e r i s t i c s of these flows to the geo­

m e t r i c a l c h a r a c t e r i s t i c s of a t e s t bundle. 

Analysis of mixing in the R - L - N tes t bundles was done with a basic group 

of channels subdivided into ce l l s . The six-fold symmet ry of the tes t bundle 

(Figure 46) allowed analysis of one basic group of four hal f - t r icusp channels 

(Figure 48). These half-channels were adjacent to a finned element and were 

each subdivided into 30 radia l s e c t o r s , 2 degrees wide (Figure 49). In general , 

these sec to rs were considered to have only sp i ra l flow around the element in 

the genera l d i rect ion of the fin wrap. Some sec to r s , however, extended outside 

an effective fin height and were further subdivided into a rotational subchannel, 

with the fin-produced sp i ra l flow, and a diffusion subchannel with an axial flow. 
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Because these subdivided flow channels approximated the general flow 

s t ruc tu re in the bundle, if the equations which descr ibed m a s s t r ans fe r in these 

channels reflected the actual flow conditions in a t es t bundle, then a reasonable 

predict ion of mixing in the bundle should be possible , A set of general ized dif­

ferent ia l equations was wri t ten (Figure 50), as well as an equation for the t r i ­

cusp - to - t r i cusp mixing ra te (Figure 51). Both the general ized differential 

equations, which descr ibed the m a s s interchange between the rotational and 

diffusional subchannels , and the mixing ra te equations, which could be solved 

for the mixing p a r a m e t e r , h, contained factors dependent on the tes t bundle 

geomet ry and flow beha-vior. Satisfactory mixing predict ion •was obtained by 

relat ing the factors descr ibing the bundle flow behavior to the bundle geometry. 

The important e lements of flow s t ruc tu re which were defined were the 

development of the sp i ra l flow in the ent rance region, the effective thickness of 

the sp i ra l flow on a finned element , and the diffusion coefficients for mass 

in terchange between channels . The sp i ra l flow development was modeled by 

having the flow pitch (the axial d is tance required for a par t ic le travell ing in a 

fixed sp i ra l path to t r ave l completely around an element) dec rease exponentially, 

as a function of an ent rance length, f rom an init ial entrance value toward some 

final value (Figure 52), The thickness of the spi ra l flow and the diffusion coeffi­

cients •were modeled, as were the spira l flow development p a r a m e t e r s , by 

assuming a l inear dependence on the bundle geometr ic constants . 

The specific re la t ionships between bundle flow p a r a m e t e r s and bundle 

geometry were de termined by using the differential equations solutions which 

"best fit" exper imenta l data to de te rmine the constants in these postulated 

re la t ions : 

1) The th ickness of the fin envelope, t „ , va r i e s l inearly with the 

averaged fin height, H^. . 

2) The normal ized radia l diffusion coefficient, D „ / V , and the normal ized 

azimuthal diffusion coefficient, D /V, remain constant for an R-L-N 

finned bundle. 
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3) The effective flo^w development entrance length, z , var ies inverse ly 

to average fin height, H^. . 

4) Both the initial and final values of the axial flow pitch, P^, ., and 

Pfi f) vary l inear ly •with the axial pitch of the fins, Pr. . 

The best- f i t values of the flow p a r a m e t e r s for the nominal 30-mil fin 

A c / ACj. data were combined with the 30-mil fin tes t bundle dimensions to give 

the following empi r i ca l re la t ions between flow p a r a m e t e r s and bundle geometry: 

flow 

D^/V 

D^/V 

ent 

P^i flow, 

flow. 

= 

= 

= 

= 

i 

f " 

0,717 X H,. fm 

3,50% 

0 

0.0663/H.. 
i m 

3.64 x P ^ . ^ 

1.91 x P ^ . ^ 

The t r u e "uniqueness" of the best - f i t input p a r a m e t e r set from the 30-mil 

data cannot be r igorous ly demonst ra ted . It i s per t inent , however, that each 

p a r a m e t e r was var ied about i ts best-f i t value, with a resul tant poorer - f i t to 

the exper imenta l data. Additional checks were made on those p a r a m e t e r s which 

affected the mixing factor calculation. P a i r s of these p a r a m e t e r s were varied 

inverse ly about the i r best - f i t values such that the mixing factor remained con­

stant. Again, a poorer - f i t to the exper imenta l data resul ted. 

Calculation of the mixing p a r a m e t e r was done using the express ion obtained 

by solving the equation for channel- to-channel mixing with the flow p a r a m e t e r s 

expressed as functions of bundle geometry . The result ing express ion for the 

mixing pa ra rae t e r i s : 

= el em fin 

P . . (0,433 P'^ , - 0.393 D'' , -W.. H.. )(1 + 0.91 e ^^''^ "fin^) 
fm e lem e lem fm fm 
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where 

p 
e lem = e lement -e lement separat ion (in. ) 

H^. = average fin height (in. ) 

P-. = axial pitch of fins (in. ) 

D , = element OD (in. ) 
e lem 

Wr. - fin width, hor izontal project ion (in. ) 

z = axial dis tance into bundle (in. ) 

h . = mixing p a r a m e t e r (%/in. ). 

mix '̂  ^ 

This express ion was used to de te rmine the var ia t ion of the mixing p a r a ­

me te r through the R-L-N tes t bundles. 
B. PRELIMINARY MIXING STUDIES 

A se r i e s of mixing t e s t s was conducted to de te rmine the optimum core con­

figuration to provide mixing in the ZrH reac to r . Sufficient data analysis •was 

done to allow select ion of the configuration giving the g rea tes t flow mixing. 

In the initial s e r i e s of t e s t s , data were obtained to allow compar ison of the 

effects on flow of var ious mixing-inducing devices (Configurations 1 through 5 

in Table 3). Subsequently, t e s t s were conducted to provide information on the 

effects of changes in geometry of the selected configuration (Configurations 6, 

7 and 8 in Table 3). 

Tes t data were recorded in genera l for th ree flow conditions for each con­

figuration, using the printed paper tape output of the data scanner system. The 

general operating sequence was : (1) to ca l ibra te the in-bundle sensor s against 

the commerc i a l probe , (2) rep lace the result ing high NaNO, concentrat ion 

sys tem -water •with fresh -water, and (3) after warmup, record the nnixing data. 

"With the exception of the basic configuration, two types of mixing configur­

ations •were tested. One used t^wisted s ta in less s teel ribbon inser ted in the flo^w 

channels; the other used plast ic fins spi ra l ly glued to the unfinned s ta in less 

s teel rods . Two basic types of finned rod configurations were s imulated: a 

four-finned element configuration -where all e lements were wrapped in the same 

direct ion; and a three-f inned, t h r e e - e l e m e n t configuration where t-wo elements 

had opposite fin wraps and one e lement was unwrapped. 
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TABLE 3 

PRELIMINARY MIXING TESTS 

Config. 
No. 

1 

2t 
3 

4 

5 

6 

7 

8 

Number 
of Fins 

4 

-

3 

§ 
>;=* 

3 

3 

3 

Fin 
Pi tch 
(in, ) 

4 

-

4 

§ 
^ 1 - -f^ 

8 

8 

4 

Fin 
Wrap* 

R 

R-L-N 

§ 
>;<>;< 

R-L-N 

R - L - N 

R - L - N 

Fin 
Height 

(in.) 

0.020 

-

0.030 

§ 
>!<>;< 

0.030 

0.018 

0.018 

Fin 
Width 
(in.) 

50 

„ 

50 

§ 
>I< ;I< 

50 

50 

50 

Element 
to 

Element 
Gap (in.) 

0,044 

0.044 

0.044 

0.044 

0.044 

0.044 

0.024 

0.024 

Maximum 
P a r a m e t e r 

h (%/in. ) 

3.0 

0.3 

34.0 

0,7 

0.7 

28.0 

22.0 

33.0 

*Fin wraps designated a s : 
R - Right-hand wrap 
R-L-N - Wrap for basic t h ree -e l emen t a r r a y : one element right-hand 
wrapped, one element left-hand •wrapped, and one element not wrapped. 

§ Flat s ta in less s teel ribbons twisted with 2-in. pitch inser ted in flow channels 
with left-hand and r ight-hand twist in a l te rna te channels, 

t Basic t e s t bundle with no mixing devices . 
** Flat s ta inless s teel ribbon t-wisted in a left hand manner with a 2-in. pitch 

and inser ted in a l te rna te flow channels . 

Data f rom these configurations were analyzed to evaluate the mixing occurr ing 

in the flow through each configuration. All analysis techniques t reated channels 

as individual enti t ies (nodes). The data from the s e r i e s of tes ts used for 

selecting the opt imum mixing configuration was analyzed using the s impler 

techniques of curve fit or slope compar ison. The data from the s e r i e s of t es t s 

where var ious p a r a m e t e r s of the optimum configuration were evaluated used 

analysis plots derived from m o r e r igorous solutions of the channel mixing 

equations. 

The tes t r esu l t s (Table 3) indicated that the finned element configuration 

with the two oppositely wrapped elements and one unfinned element, the R - L - N 

configuration, provided a high degree of mixing and was , therefore , selected 
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a s the r e f e r e n c e c o n f i g u r a t i o n for the Z r H r e a c t o r d e s i g n . F u r t h e r t e s t s of 

t h i s con f igu ra t i on , wi th fin p i t c h e s of 4 in. and 8 in . -and fin h e i g h t s of 0.018 in. 

and 0.030 in. , showed t h a t the h i g h e s t m i x i n g w a s ob ta ined with the 4 - i n . p i t ch 

and 0 ,030- in . - h igh fins (Conf igura t ion 3 of Table 3). 

A n a l y s i s of the r e s u l t s of t h e s e t e s t s a l s o i n d i c a t e d tha t i m p r o v e m e n t s w e r e 

r e q u i r e d in t h e e x p e r i m e n t a l a p p r o a c h e s . Dif f icul t ies in a n a l y z i n g the e x p e r i ­

m e n t a l d a t a showed t h a t m o r e t h a n four s e n s o r s p e r c h a n n e l w e r e r e q u i r e d to 

def ine t h e c o n c e n t r a t i o n v a r i a t i o n s . The n u m b e r of s e n s o r s p e r c h a n n e l w a s 

i n c r e a s e d , t h e r e f o r e , f r o m four to s e v e n p r i o r to runn ing the R - L - N p a r a m e t e r 

t e s t s . 

Subsequen t t e s t s wi th the s e n s o r s c l o s e r to the in l e t g r i d p l a t e i n d i c a t e d tha t 

t he 20 wt% N a N O , t r a c e r s o l u t i o n m i g h t not be c o m p l e t e l y m i x e d wi th t h e flow 

in the i n j ec t ed c h a n n e l . T h e r e f o r e , p r i o r to t e s t i n g c o n f i g u r a t i o n s 7 and 8, the 

N a N O , i n j ec t i on s y s t e m •was modi f ied by changing the i n j ec t i on l ine con f igu ra t i on 

and mov ing i t away f r o m the i n l e t g r i d p l a t e . T h i s r e q u i r e d t h a t s h r o u d t u b e s 

be a t t a c h e d to the i n l e t g r i d p l a t e c o a x i a l l y •with i n j ec t ed c h a n n e l flow h o l e s . 

T h e s e t u b e s con ta ined the t agged flow and a l lowed suff ic ient m i x i n g to o c c u r 

u p s t r e a m of t h e g r i d p l a t e so t h a t a m i x e d s t r e a m e n t e r e d the t e s t bund le . 

Al though t h e s e e x p e r i m e n t a l c h a n g e s i m p r o v e d the d a t a qua l i t y and i m p r o v e d 

the a n a l y t i c a l r e s u l t s , t h e y w e r e not c o m p l e t e l y s a t i s f a c t o r y . I n s p e c t i o n of the 

r e d u c e d da t a i n d i c a t e d tha t the r e l a t i v e m i x i n g o c c u r r i n g in the bundle w a s c o n ­

s i s t e n t -with the r e l a t i v e m a g n i t u d e of m i x i n g d e t e r m i n e d f r o m the a n a l y t i c a l 

m o d e l s . H o w e v e r , t h e a n a l y t i c a l m o d e l s fa i led to a d e q u a t e l y c o r r e l a t e -with the 

e x p e r i m e n t a l l y m e a s u r e d AC / A C , v a r i a t i o n in a flow channe l . Th i s m e a n t t ha t 

even though t h e r e l a t i v e v a l u e s of m i x i n g p a r a m e t e r s w e r e c o r r e c t for the v a r i o u s 

c o n f i g u r a t i o n s , the a c c u r a c y of the v a l u e s c a l c u l a t e d could be i m p r o v e d if an 

a n a l y t i c a l m o d e l p r o v i d i n g b e t t e r c o r r e l a t i o n could be deve loped . 

The c o n c l u s i o n s r e a c h e d f r o m th i s s e r i e s of t e s t s w e r e : 

1) The R - L - N finned e l e m e n t c o n f i g u r a t i o n would be the Z r H r e a c t o r 

r e f e r e n c e con f igu ra t i on , 

2) Both fin p i t ch and h e i g h t ( e l e m e n t spac ing) af fec ted m i x i n g , wi th fin 

p i t ch hav ing a s t r o n g e r effect . 
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3) The analyt ical nn.odel used did not accurate ly r ep resen t the flow in an 

R - L - N bundle. 

To improve the understanding of the flow in an R-L-N tes t bundle, two addi­

tional s e r i e s of t e s t s were run to study the flow in R-L-N finned element con­

figurations (Table 4). One s e r i e s of t e s t s used the Configuration 8 setup from 

the evaluation and p a r a m e t r i c tes t s e r i e s . The other s e r i e s of t es t s used a 19 

element bundle built to s imulate the element configuration proposed for the SPF 

reac to r . The initial s e r i e s of t e s t s determined the instrumentat ion and ins ta l la­

tion modifications requi red so that the data from the second se r i e s of tes ts would 

be adequate for de terminat ion and verification of an analytical mixing model. 

TABLE 4 

CHARACTERISTICS OF TEST BUNDLES FOR R-L-N FLOW STUDIES 

C h a r a c t e r i s t i c s 

F in Type 

N u m b e r of f ins 

E l e m e n t OD (in. ) 

E l e m e n t - E l e m e n t S e p a r a t i o n (in. ) 

Ac tua l fin he igh t (in. ) 

F in width (in. ) 

Axia l fin p i t ch (in. ) 

F inned l eng th (in. ) 

T e s t Bundle N o m i n a l F in Height 

3 0 - m i l F i n s 

Hobbed 

T h r e e 

0.642 

0.670 

0.0265 

0.070 

5,50 

16.0 

1 5 - m i l F i n s 

Hobbed 

T h r e e 

0,657 

0.670 

0.0115 

0.070 

5.50 

16.0 

2 0 - m i l F i n s 

P l a s t i c Tape 

T h r e e 

0.560 

0.584 

0.0180 

0,050 

4,00 

16.0 

Both s e r i e s of R -L-N studies used the same flow sys tem, with modifications 

as requi red to accommodate specific instal la t ions. The da ta - record ing sequence 

•was modified from previous t e s t s by combining the recording of calibrat ion data 

and mixing data. This was done by using the constant concentration data p r io r 

to each injection as both cal ibrat ion and background data for the run. At the 

conclusion of tes t ing, the cal ibrat ion data range was extended in the normal way 

by incrementa l ly adding salt solution until the range of e lectrode voltages 

recorded in the data runs had been covered. 
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Figure 53. Initial Sensor Orientation for 
P r e l i m i n a r y R - L - N Tes ts 
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The p re l imina ry t e s t s were conducted using the Configuration 8 tes t bundle 

with the 4-in. -pi tch, 0.018-in. -high plast ic fin configuration. All t e s t s were 

conducted with 110°F water flo-wing at a nominal 40 gpm (average bundle velocity 

of 10 f t / sec) . No other flow sett ings were used as these tes ts were being con­

ducted to evaluate ins t rumenta t ion and analytical techniques. 

The final R-L-N tes t s were conducted to provide sufficient data to verify an 

analytical mixing model which -was based on a study of resul ts from the p re l imi ­

nary t e s t s . The tes t bundle for these tes t s -was a 19- element bundle assembled, 

using e lements -with hobbed meta l fins, to s imulate an SPF reac to r configuration. 

The tes t assembly incorpora ted those ins t rumentat ion and installat ion modifi­

cations suggested by the r e su l t s of previous t e s t s : th ree-channel NaNO, injec­

tion, inlet shroud tubes for all channels , additional and more closely spaced 

senso r s in the ins t rumented e lements , shielded ins t rument leads , and improved 

modulator detector c i rcu i t ry . Because of the increased number of s enso r s , the 

data recording and reduction methods were also modified to include punched 

paper tape recording and computer data reduction. 

These studies provided significant information on the cha rac te r i s t i c s of 

flow in a bundle of elements having the R-L-N finned element configuration. 

This improved understanding of bundle flow cha rac te r i s t i c s was used to develop 

the anal-ytical model which was successful in describing the NaNO, concentration 

var ia t ions in the tes t bundle flow channels. Using the resu l t s of this anal^ytical 

model , the mixing p a r a m e t e r could then be determined for these R-L-N con­

figurations. 

The original purpose of the p r e l im ina ry tes t s was to obtain a m a s s balance 

(accounting) from the measu red concentrat ion data. The f irst of these t e s t s , 

with the sensors oriented to m e a s u r e the salt concentration in flow down a 

coolant channel (Figure 53) had unsat is factory mass balances. Comparison of 

r e su l t s from tes t s with some senso r s reor iented to m e a s u r e other channels 

indicated that the NaNO, dis t r ibut ion in a flow channel was not uniform—the 

measu red NaNO, concentrat ion depended on which element the sensor was 

located. In terpre ta t ion of the data from these tes ts indicated that the re were 

two types of flow in a bundle of R - L - N e lements : a rotating flow in the fin-wrap 

di rect ion around the finned e lements , and an axial flow along the surface of the 
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Figure 54, Effects of Sensor Orientation on Detection of Indicated Salt F rac t ion 



unfinned e lements . A sensor reading was apparently biased by the salt concen­

t ra t ion near the surface of the ins t rumented element. Thus, if fins were sweepin 

"sa l ty" water from an adjacent channel a c r o s s the sensors on the finned element, 

these s enso r s would read a higher salt concentrat ion than sensors at the same 

channel location but on an unfinned element . Conversely, if the fins were 

direct ing "f resh" water into a " sa l ty" channel the sensors on the unfinned ele­

ment would indicate the higher concentrat ion. These effects a r e c lear ly indi­

cated by the channel 24 and channel 1 data of Figure 54. 

Because the flows in a channel were apparently separated into axial and 

sp i ra l flows which were not mixed at the center of the channel, the ins t rumented 

e lements w^ere rotated slightly to locate the e lect rodes at the element gaps 

between channels (see Figure 55). This relocat ion, by increas ing the likelihood 

of flow mixing, would allow m e a s u r e m e n t of a salt concentrat ion more r e p r e ­

sentat ive of the channel average concentrat ion. Also, the shor tes t dis tance 

to ground for the e lectrode surface was a c r o s s the --^O,024-in. gap between 

adjacent e lements . Thus, these m e a s u r e m e n t s , although not in a flow channel, 

would be m o r e r ep resen ta t ive of concentrat ions at an axial position than those 

in the channel sample runs . Results of t e s t s with the sensors located in this 

manner indicated that finned element sp i ra l flows do not mix, even at the gaps 

between channels. The salt concentra t ions indicated by measu remen t s from 

e lec t rodes on a finned element sweeping "fresh" water into the gap were lower 

than those determined from m e a s u r e m e n t s by an electrode on a finned element 

sweeping "sa l ty" water into the gap. 

As test ing p r o g r e s s e d , the observat ion and cor re la t ion of voltage changes 

which occur red in both the e lec t rode cal ibrat ion data and raw data indicated 

that in terac t ions were occurr ing between signals from electrodes in the same 

ins t rumented element. Capacitive coupling between signal leads was suspected 

as the cause of these in te rac t ions , and changes in sys tem connections were 

made to el iminate these in te rac t ions . These modifications consisted of: 

1) Separation of the unshielded ins t rument lead wire to reduce capaci ­

tive coupling, 

2) Reduction of probe excitation frequency from 200 kHz to 50 kHz. 
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Checks of sys tem operat ion and the resu l t s of injection t e s t s performed after 

these modifications indicated that the modifications were successful. 

The effects of these in te rac t ions , as they occurred in a somewhat random 

manner depending upon which leads w^ere connected, cannot be evaluated. Com­

par i son of resu l t s f rom t e s t s p r io r to the elimination of interact ions showed that 

the genera l t rends and behavior of the injected salt solution were s imi la r in each 

case . Thus, although the absolute magnitude of the measured concentration 

var ia t ions did not ag ree before and after the elimination of lead in terac t ions , 

data with in terac t ions p resen t could sti l l be used to in te rpre t flow behavior in 

the t e s t bundle. 

The resu l t s from these p re l imina ry t e s t s were used to design the exper i ­

menta l and analytical approaches for t e s t s of the R-L-N element configuration 

proposed for the SPF reac to r . The observed flow cha rac te r i s t i c s and the signal 

in terac t ions dictated changes in the injection sys tem and the instrumentat ion 

sys t ems . The d iscovery of two types of flow in the bundle was a major factor 

in the revis ion of the analytical model. 

Testing of the SPF configuration provided data which could be cor re la ted 

v/ith the ne^v analytical model. The re la t ionship of flow cha rac te r i s t i c s to 

bundle geometry w^ere determined by using the data from the nominal, 30-mil 

(0.026 in. actual) fin R - L - N bundle t e s t data. Using the relat ionships developed 

from these data, the AC/ACr var ia t ions in the bundle channels were predicted 

for the 15-mil fin S P F configuration and for Configuration 8 of the p re l iminary 

R - L - N t e s t s . Good agreement was obtained and the mixing pa rame te r was ca l ­

culated for all c a s e s . 

The tes t data for each S P F bundle configuration (Table 4) were obtained at 
4 4 4 

th ree channel Reynolds n u m b e r s , 1.0 x 10 , 1.5 x 10 , and 2.0 x 10 . 

Visual compar ison of A C / A C , data showed that no significant resolvable diff­

e rence existed between data sets at the th ree different Reynolds numbers 

(Figures 56 and 57). This indicated that the "best - f i t" input pa r ame te r set for 

the analytical s imulation would be independent of Reynolds number and, t h e r e ­

fore, the mixing p a r a m e t e r for a given R - L - N configuration would be indepen­

dent of Reynolds number . 
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Several element a r r angemen t s were n e c e s s a r y to define the AC/AC, values 

for the four channel gaps of i n t e r e s t (Figure 58). Because the data defining 

the A c / A c , var ia t ion in a channel gap were not recorded at the same t ime nor 

with totally identical configurations, t h e r e were cer ta in data var iat ions at 

given channels on repeated t e s t s . Other data per turbat ions were caused by 

the NaNO- injection solution f i rs t encountering a "left" or "r ight" fin and 

assuming a p r e f e r r e d rotat ion s tate . Consequently, a simple method was 

devised to obtain a weighted AC/ A C , variat ion for any given gap, independent 

of the gap being " r ight" or "left" of the injection t r i cusp channel. 

This method of obtaining a weighted average AC/AC, was based on cer ta in 

data points w^hich were common to mos t measu remen t se ts . The unnormalized 

data (Figures 59 and 60) were reduced to four, compatible, axial saline con­

centrat ion dis t r ibut ions using these common data points , and then normal ized 

to unit total concentrat ion at that axial probe location w^here the injection exit 

gap (gap 1 in Figure 58) m e a s u r e m e n t peaked. This methodology was applied 

to the data f rom all the R - L - N t e s t s where some form of improved data r ecord ­

ing was used. 

The excellent agreement of predicted and exper imental concentrat ions for 

the 30-mil fin case (Figure 61) was to be expected. As these data had the most 

detailed concentrat ion dis t r ibut ions (all gaps showed concentrat ion peaking 

within the t e s t bundle), they were used to deterraine the analytical model input 

p a r a m e t e r s for the best-f i t . The analytical concentrat ion distr ibutions for the 

15- and 20-mi l R -L-N finned cases were calculated using the l inear ized re la t ion­

ships between flow p a r a m e t e r s and bundle geometry determined from the above 

best- f i t data. Good agreement exis ts for the 15-nail hobbed fin data (Figure 62) 

but only fair ag reement exis ts for the 20-mil plast ic fin data (Figure 63). The 

l a t t e r is believed at t r ibutable to c h a r a c t e r i s t i c s of the data acquisit ion sys tem 

for this set of t e s t s , and the re la t ively few data points available from this tes t . 

The mixing p a r a m e t e r s for these R-L-N configurations were evaluated 

using the express ion giving the mixing p a r a m e t e r as a function of the geometry 

of a R-L-N a r r a y . Typically, the naixing p a r a m e t e r value increased from an 

init ial value to some constant value (Figure 64). The calculated constant mixing 

p a r a m e t e r values a r e shown in Table 5. 
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TABLE 5 

VALUES OF MODELING PARAMETERS FOR 
FLOWS IN TEST BUNDLES 

P a r a m e t e r 

^flow,i ^'^'^ 

^flow,f( i--^ 

%ow(^"- ) 

^en t ( - • ) 

Dj^/V (%) 

D^ /V (%) 

h * mix (%/in.) 

Tes t Bundl 

0,015 mi l 

20.0 

10.5 

0,008 

5.76 

3.50 

0 

13.7 

e — Nominal 

0.020 mil 

15.2 

7.6 

0.013 

3.68 

3.50 

0 

26.6 

Fin Height 

0.030 mil 

20.0 

10.5 

0.019 

2.50 

3.50 

0 

24.8 

^Final value given. 
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Figure 64. Variat ion of Mixing P a r a m e t e r with 
Distance Downstream of the Flow Channel 

Ent rance for 30-mil Fin Test Bundle 
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C. CONCLUSIONS 

A conabined analytical and exper imenta l effort has resul ted in the develop­

ment of an exper imenta l method for the m e a s u r e m e n t of mixing phenomena and 

a mixing theory for the R - L - N finned element a r r a y selected for use in the ZrH 

reac to r . The exper imental method of using in-bundle conductivity sensor s to 

detect the dis t r ibut ion of an injected NaNO^ solution proved adequate not only 

for determining this dis t r ibut ion in a t es t bundle but also for identifying the two 

types of t es t bundle flow: an axial flow do-wn a channel and a sp i ra l flow around 

the finned e lements . Modeling of these t'wo types of flow was an important facet 

of the mixing theory. This sa t is factory modeling, and the use of f i r s t - o r d e r 

approximations to the dependence of flow p a r a m e t e r s on a r r a y geometry 

allowed the advanced diffusion-dilution mixing theory to calculate , with good 

agreement to exper imenta l r e su l t s , the flow^-channel axial NaNO-, concentrat ion 

dis tr ibut ions for severa l fin geometry dimensional var ia t ions . During this 

study, a mixing cor re la t ion was also developed which allowed calculation of 

channel- to-channel mixing in an R-L-N a r r a y as a function of severa l a r r a y 

geometr ica l constants . 

AI-AEC-13087 

114 



IV. CORE PRESSURE DROP 

During the sequence of mixing t e s t s , p r e s s u r e - d r o p measu remen t s were 

made for all configurations tes ted . These measu remen t s were made as the 

mixing tes t schedule allowed, w^ith a min imum of in terference with test ing. The 

flow sys tem used for these t e s t s w^as identical to that used in the mixing tes ts 

except for the addition of tv/o var iab le a r ea f lowmeters to allow testing at low 

flow^s (see F igure 41) for some configurations, 

A. MEASUREMENT METHODS 

The m e a s u r e m e n t methods used -were general ly chosen to cover the range 

of p r e s s u r e differences expected with sufficient sensit ivity to provide meaningful 

data. Data r ecorded during the initial t es t s for the mixing ability of various 

configurations used ei ther p r e s s u r e gages or m e r c u r y imanometers. For subse­

quent t e s t s with the e lements with hobbed fins, the p r e s s u r e tap locations (Fig­

u r e 65) requi red g rea t e r sensi t ivi ty so manomete r s -with indicating fluid specific 

PRESSURE TAP 
LOCATIONS IN 
BUNDLE SHELL 

r^L^ OUTLET GRID PLATE 

c^Tv,: LET GRID PLATE 

6531-40190 

Figure 65. Bundle P r e s s u r e Tap Locations 
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gravi t ies of 2.95, 1.75, and 1.20 were used as appropr ia te . For those t e s t s 

where low Reynolds Number ( i .e . , 100 ^ Re ^ 3000) p r e s s u r e - d r o p data were 

des i red , inclined manomete r s w^ere used w îth low specific gravity indicating 

fluid. 

The smal l differential p r e s s u r e s encountered at the low Reynolds number 

flows (see F igure 66) were apparent ly not great enough to overcome a m e a s u r e ­

ment sys tem surface tension and/or fluid iner t ia effect. This effect caused the 

measur ing sys tem to exhibit a "dead band" bordered by p r e s s u r e - d r o p m e a s u r e ­

ment made when sys tem flow •was increas ing and when flow w^as decreas ing . 

Artif icial ly deflecting the inclined manomete r s by briefly venting one side while 

the sys tem flo-w was constant demonst ra ted that the indicated p r e s s u r e differential 

w^ould never set t le out at a value higher than that obtained -when flow was being 

decreased , i .e . , when manomete r differential indications were approached from 

l a rge r differential readings . Thus, only readings taken when the manomete r 

fluid set t led out from a higher differential reading were used in determining the 

low Reynolds number p r e s s u r e drops . 

B. RESULTS AND CONCLUSIONS 

Using the m e a s u r e d p r e s s u r e drops , the friction factor var iat ion with 

Reynolds number w^as calculated for each tes t configuration. Based on the tes t 

r e su l t s , qualitative observat ions were made of the relat ionship of bundle friction 

factor to mixing effectiveness. These friction factor ve r sus Reynolds number 

data w^ere also used to develop a corre la t ion for the bundle friction factors for 

the finned element a r r a y s as a function of Reynolds number . 

Resul ts of the ear ly tes t data for finned configurations showed that any in­

c r e a s e in flow^ mixing over the unfinned element case also resul ted in an inc rease 

in bundle friction factor (see F igure 67). This i nc r ea se in friction factor be ­

tween different configurations was not neces sa r i l y d i rect ly re la ted to the i nc r ea se 

in mixing observed. For s imi la r configurations, however, i nc reased mixing 

produced inc reased p r e s s u r e drop. Of the configurations tes ted in the evaluation 

phase of the p rog ram, the R-L-N a r r a y s gave the best tradeoff between mixing 

and p r e s s u r e drop. 
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The development of the cor re la t ion bet-ween friction factor and bundle Rey­

nolds number for turbulent flo-w in the R - L - N finned a r r a y was originally based 

on a cor re la t ion for a t r iangular a r r a y of fuel pins each -wrapped -with a single 

w^ire. As additional r e su l t s became available from testing of the hobbed fin 

configuration (see F igures 68 and 69) the sat isfactory corre la t ion for laminar 

flo-w data w^as found to be 64 /Re . However, further improvements were r e ­

quired in the cor re la t ion for the t rans i t ion and turbulent flow regions. The 

final form of the cor re la t ion is: 

Y -3 273 
f = 238 -|-(lnRe) ^' ^ , 

•where f is the bundle frict ion factor and Y and Z a r e functions of tes t bundle 

geometry. Y is a function of the rat io of element pitch to element d iameter , 

P / D (see F igure 70). Z is given by 

7 (I 0.5 S f - 5 
^ ~ \d N h / 

w^here 

1 = fin pitch 

d = fuel pin d iamete r 

N = average number of fins pe r flow channel 

h = average fin height 

S = space betrween e lements . 

Fr ic t ion factor values a r e plotted v e r s u s Reynolds number calculated as Re = 

Ydp/fi where 

V - fluid velocity 

d = bundle hydraul ic d iameter 

p = fluid density 

fj. = fluid viscosi ty . 

*W, A, Sangster , "Calculation of Rod Bundle P r e s s u r e L o s s , " ASME Paper 
68-WA/HT-35 
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