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ABSTRACT 

This repor t p resen t s the resu l t s of an exper imental study 

show^ing the influence of rod spacers on the heat t r ans fe r to a 

liquid meta l (NaK-78) in turbulent longitudinal flow through a 

closely spaced rod bundle. The rod bundle consisted of 19 e lec­

t r ica l ly heated elements , which were a r ranged on hexagonal 

a r r a y s having a p i t ch- to -d iamete r (P/D) rat io of 1.05. Two rod 

configurations, each with a different type of rod spacer , w^ere 

investigated. The f i rs t configuration utilized ring spacers which 

were banded to the outer surface of each tes t rod. For the second 

configuration, helical-f in spacers were attached to the cladding 

tubes . Besides maintaining uniform rod spacing, the purpose of 

the rod spacers w^as to promote increased fluid turbulence and 

mixing. 

Heat t ransfe r resu l t s for the cladding c i rcumferent ia l t e m ­

pe ra tu re distr ibution and the rod-average film coefficients were 

obtained over a range of heating and flow conditions of in te res t to 

compact reac tor co res . For the rod-average film coefficient, the 

helical fin configuration showed a significant improvement over 

the predicted smooth tube re su l t s . In the flow range investigated, 

the heat t ransfer resul t s were found to be essential ly independent 

of the coolant Pecle t number. 
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I. INTRODUCTION 

A se r i e s of compact nuclear r eac to r s and e lec t r ica l power sys tems •were 

designed, developed, and tested for the Space Nuclear Auxiliary Pow^er (SNAP) 

P r o g r a m . The z i rconium hydride r eac to r s for these sys tems w^ere fueled by 

hydrided z i rconiura-uranium elements enclosed within h igh- tempera ture , cor ­

ros ion- res i s t an t tubes. Window^s in the external beryl l ium neutron reflector 

were adjusted by rotating the drums or sliding the segments to regulate the neu­

t ron loss from the core , and thus the po-wer output of the reac to r . The d i rec t -

radiating, thermoelec t r ic -module -powered Power Conversion System (PCS) 

produced over 500 w of e lec t r ica l power on the fl ight-tested SNAP lOA sys tem. 

Mercury-Rankine cycle turbogenerator PCS of 3 - and 30-kwe power range were 

demonstra ted for the SNAP 2 and SNAP 8 sys tems respect ively. The latest 

5-kwe Thermoelec t r ic System -was based on the compact tubular the rmoelec t r i c 

PCS. The NaK, used to t r ans fe r the heat from the reac tor to the PCS and then 

from the PCS to the space radia tor , v/as circulated by dc conduction-type e lec­

t romagnet ic pumps on the the rmoelec t r i c sys tems and by mechanical centrifugal 

pumps on the Mercury-Rankine sys t ems . 

Liquid metal NaK coolant is c i rculated through the spaces between the fuel 

elements within the core vesse l to t r ans fe r the nuclearly generated heat to the 

PCS. The charac te r i s t i c s of the heat t ransfer between the fuel element and the 

flowing NaK coolant influences the design and the per formance of the compact 

ZrH reac to r . Series of analytical and experimental studies have been conducted 

to provide information useful for the design and per formance evaluation of typical 
(1 -3) SNAP r e a c t o r s . The resul ts of these studies, previously reported, a re 

summar ized in this repor t . 

A. NEED FOR THE EXPERIMENTAL STUDIES 

As the p i tch- to-d iameter (P/D) rat io of fuel rods in a nuclear reac tor is 

reduced, the rod-average heat t ransfer coefficient is decreased , and the rod 

c i rcumferent ia l t empera tu re gradient is increased . For closely packed ( P / D 

<̂  1.05) rod bundles cooled by liquid meta l s , azimuthal t empera tu re variat ions 

can be large enough to crea te severe the rmal s t r e s s , corrosion, and hot-spot 

p rob lems . In addition, rod bundles -which have no in termediate tube-spacing 
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devices along their length a r e subject to degrading asymmet ry effects. The 

a symmet ry crea ted by rod bowing and dimensional to lerances can increase rod 
(4 5) c i rcumferent ia l t empera tu re gradients above their symmet r ica l values. Dwyer ' 

f6 7̂  
and Hsu ' studied the p rob lem of geometr ical asymmetry caused by dislocating 

a rod from its symmet r i ca l position. They found that the a symmet ry strongly 

affected the t empera tu re field in the coolant flow area , causing deter iorat ion in 

heat t ransfe r capability of the displaced rod. 

The preceding per iphera l t empera tu re variat ions could be minimized by 

designing for l a rge r P / D ra t ios ; however, from considerat ions of nuclear p e r ­

formance and space power applications, close rod spacings ( P / D < 1.05) a r e 

des i rab le . Except for the case of P / D = 1.00, these low P / D rod bundles require 

rod spacing devices to guarantee positive tube spacing and to minimize asym­

m e t r y effects. Because of the posit ive tube spacing, and the fact that rod spacing 

devices cause added fluid turbulence and inter-channel mixing, it was expected 

that the rod bundle heat t ransfer performance would improve significantly over 

the case corresponding to P / D = 1.00. It was the p r i m a r y objective of these 

investigations to determine the extent of this improvement . 

P r i o r to the p resen t s tudies, Subbotin et a l . , in the USSR, were the only 

r e s e a r c h e r s who had published experimental resu l t s for liquid metals flowing 

through rod bundles with the P / D < 1.10. For the case of P / D = 1.00 (i. e. , where 

the rods a r e contacting each other) , Subbotin et al. ' p resen t heat t ransfer 

resul t s for both Hg and NaK. Their Nusselt number (Nu) resu l t s exhibit a Peclet 

number (Pe) dependence which is not consistent with theoret ica l predict ions for 

the flow range investigated. Since the authors did not mention the oxygen content 

of the liquid meta l s , and the steps taken to insure that the experimental loop was 

very clean, Dwyer suggests the possibi l i ty of contaminants and poor the rmal 

contact at the wall. This would cause the Nu resul ts to be lower than would exist 

for a perfect ly clean system, and explain the observed Pe dependence. 

B. BASIC TEST METHOD 

For the experimental study repor ted he r e , th ree rod bundle configurations 

were tes ted under conditions of turbulent longitudinal flow of NaK, Each rod 

bundle configuration consisted of the same 19 electr ical ly heated elements , which 
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were ar ranged on symmet r i ca l equi lateral t r iangular a r r a y s . The f i rs t con­

figuration had all e lements in contact, corresponding to P / D = 1.00. The second 

and third configurations, which were posit ively spaced, corresponding to P / D = 

1.05, util ized rod spacing devices. Ring space r s , which were banded to the OD 

of each tes t element, were used for the second bundle configuration; and hel ica l -

fin spacers , which were brazed to the cladding tubes, were used for the thi rd 

configuration. To determine the rod azimuthal t empera tu re variation, smal l -

diameter thermocouples were attached to the cladding tubes on all h e a t e r s . In 

addition, measu remen t s were made of the tes t section inlet and outlet coolant 

t empera tu re dis tr ibut ions, the power supplied to each tes t rod, and the coolant 

flow ra te . F r o m these measu remen t s , rod-average heat t ransfe r coefficient, 

and Nu variat ions with Pe, were determined. 

The last section of this repor t descr ibes the present status of a test a s s e m ­

bly that was to be used for a final core verification heat t ransfe r test , in support 

of the 5-kwe Reactor Thermoelec t r ic Unmanned System Test . 
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II. THEORETICAL CONSIDERATIONS 

An analytical model has been developed to predic t the heat t ransfer resu l t s 

for turbulent longitudinal flo-w of liquid metals through closely packed fuel rod 

bundles. The model was developed for the low turbulent Pe regime for liquid 

meta l s , where the eddy- thermal diffusivity is negligible, compared to the molec­

ular diffusivity. The theore t ica l model was verified by data from experimental 
(2) s tudies . The model uses a finite-difference method to solve simultaneously 

the differential energy equations represent ing the heat t ransfer -within the coolant 

s t r e a m and various fuel element regions. This is the so-cal led "mult i - region" 

method of solution, and no assumptions a re made regarding the constancy of t e m ­

pe ra tu r e or heat flux at any of the boundary surfaces . Various "s ingle-region" 

solutions, which consider the heat t ransfe r within the coolant region alone, have 

been presented in the l i t e ra tu re , but these become invalid for close rod spacings 

( P / D < 1.10). 

To obtain a solution for the coolant energy balance, the model made use of 

empi r ica l velocity relat ions of Levchenko et al^ obtained for turbulent longi­

tudinal flow through a tightly packed rod bundle having a P / D = 1.00. Although 

the resu l t s presented in References 1 and 2 were for the case of contacting rods 

(i. e. , P / D = 1.00), the analytical model can be used for other P / D ra t ios , s im­

ply by modifying the coolant flow a rea and using appropriate turbulent velocity 

re la t ions . For the case of posit ive rod spacing, this -was accomplished by en­

larging the coolant flow nodal grid, and using the empir ica l velocity relations of 
(12) Eifler and Nijsing, obtained for turbulent flow through a rod bundle with a 

P / D = 1.05. 

For P / D rat ios of 1.00 and 1.05, the predicted heat t ransfe r resul t s for the 

cladding azimuthal t empera tu re variat ion and the rod-average film coefficient 

will be presented la ter , and compared -with resul ts of the experimental study. It 

must be emphasized that the theoret ica l model considers only smooth tubes, and 

does not account for the increased fluid turbulence and mixing generated by rod 

s p a c e r s . However, for the case of P / D = 1.05, comparison between the p r e ­

dicted and experimental resul t s does provide an insight into the influence of rod 

space r s on the heat t ransfer per formance of rod bundles cooled by turbulent 

longitudinal flow of liquid me ta l s . 
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III. FUEL ELEMENT AND CORE THERMAL SIMULATION 

For the heat t ransfe r exper iments , p r i m a r y emphasis -was placed on p r o ­

viding a good thermal simulation of a ZrH core by using a bundle of e lect r ica l ly 

heated tes t rods . For rod bundle heat t ransfe r studies at high P / D ra t ios , s im­

ulation of a reac tor core can be provided by simply duplicating flow and heating 

conditions for a par t icu la r rod ar rangement . The internal physical cha rac t e r ­

is t ics of the tes t rods a r e usually not important at high P / D rat ios ; however, 

this is not the case for P / D rat ios near 1.00, -where heat t ransfer coupling exists 

between the coolant s t r e a m and internal hea ter regions. For P / D near 1.00, 

the rmal simulation becomes more complex, because of the dependence of the 

azimuthal heat t ransfe r gradients on the therraa l and dimensional cha rac te r i s t i c s 

of the heater element. 

A t-ypical ZrH core consists of a bundle of closely spaced (1.00 ^ P / D ^ 1.05) 

fuel rods, ar ranged on hexagonal a r r a y s and cooled by a liquid metal , NaK-78. 

The Pecle t number, -which charac te r i zes the coolant flo-w, extends over the range 
5 2 

of 30 to 150. Heat fluxes up to 10 Btu/hr- f t , and coolant t empera tu res in the 

range of 1000 to 1200° F, a re representa t ive . The fuel rods consist of an alloy 

of z irconium and uranium, -which is mass ive ly hydrided. The fuel rods a r e clad 

in thin-wall tubing — Hastelloy X and Inconel 800 tubing with wall th icknesses in 

the range of 0.010 to 0.030 in. The cladding tubing is coated internal ly -with a 

2-mil thick ce ramic b a r r i e r to inhibit hydrogen modera tor leakage. To accom-

inodate fuel rod swelling and thermal expansion, a 3 to 6 mil radial hydrogen gas 

gap exists between the fuel rod and cladding tube. T-ypical values for the outer 

diameter and active length of the fuel element a re 9/16 and 17 in. respect ively. 

For P / D near 1.00, all regions of the fuel element must be accounted for in 

the the rma l analysis . Therefore , to descr ibe the heat t ransfer cha rac te r i s t i c s 

of a ZrH fuel element, a f ive-region analytical model was chosen for study. 

The gas gap, ce ramic b a r r i e r , and cladding tube -were represen ted by Regions 1, 

2, and 3, respect ively. Including the fuel and coolant sections gave a total of 

five regions. To determine the effect on heat t ransfer , resul t s -were de te r ­

mined for a range of the rmal conductivities and thicknesses of the various 

ZrH fuel element regions. The resul ts sho-wed that the magnitude of the c i r cum­

ferential t empera tu re and heat flux gradients , which determine the rod-average 
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film coefficient, a re dependent upon the rat ios of conductivities and th icknesses 

of the various fuel element regions. By increasing the the rmal conductivity and 

thickness of a pa r t i cu la r fuel element region, c i rcumferent ia l heat flow was 

enhanced. Improving the c i rcumferent ia l heat flow through a region resul ted in 

a decreased azimuthal t empera tu re gradient and an increased heat t ransfer 

coefficient. 

A four-region ZrH fuel element (without the p resence of a gas gap) was also 

studied. Comparison of the four- and five-region resu l t s showed that the in­

fluence of a gas gap on heat t ransfer is appreciable. The gas gap, in effect, 

insulates the fuel from the cladding. This resul ts in reduced azimuthal heat flow 

through the fuel region, and an increased cladding circumferent ia l t empera tu re 

variat ion. With the fuel in contact v/ith the cladding, the re is g rea te r c i r cum­

ferential heat flow, smal le r cladding per iphera l t empera tu re variation, and a 

g rea te r average heat t ransfer coefficient. F r o m the standpoint of thermal s imu­

lation, the existence of a hydrogen gas gap in a ZrH fuel element had an impor­

tant influence on the select ion of a suitable tes t rod. 

To closely simulate the thermal behavior of a ZrH fuel element with an 

electr ical ly heated tes t element, the azimuthal variat ions of t empera tu re and 

heat flux must be closely matched, under identical coolant flow, heating, and 

geometr ical conditions. To reproduce the per iphera l heat t ransfer gradients , 

the thermal conductivities and thicknesses of the different regions of the heater 

element must bear a cer ta in relat ionship to one another. A typical heater e le ­

ment consists of an e lec t r ic coil surrounded by a suitable e lect r ica l insulator 

and clad in a metal tube. The heat t ransfer cha rac te r i s t i c s of such a hea ter 

element in a tightly packed a r r a y can be described by a th ree - reg ion fuel element 

model . Thus, a heater element design can be determined which closely s imu­

lates a f ive-region ZrH fuel element. This is accomplished by comparing the 

azimuthal t empera tu re and heat flux gradients until a close match is made be­

tween the t h r e e - and five-region r e su l t s . An example is p resen ted in Refer­

ence 1 for a t-ypical ZrH fuel element and a heater element. It was determined 

that a tes t rod with a low the rma l conductivity region adjacent to the cladding 

(i. e. , a small k ^ / k ratio) would be des i rable to closely simulate the effects of 

*Refer to Nomenclature Lis t for t e r m s used in text. 
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the ZrH fuel element gas gap. Since the the rmal conductivity of porous magne­

sium oxide is relat ively low, it was used as the e lec t r ica l insulator for the 

heater rods . The ratio of cladding-to-coolant the rmal conductivities (k / k J and 

re la t ive cladding thickness Q R - r_)/Rj a r e other important p a r a m e t e r s involved 

in fuel element simulation. It was determined that the combination of T-ype 304 

s ta inless steel cladding and NaK-78 coolant for a hea ter rod -would closely match 

the conductivity rat io of either Hastelloy X or Inconel 800 and NaK-78 for a ZrH 

fuel element. To simulate the thin cladding wall thickness range (0.010 to 

0.030 in.) of in te res t to a ZrH fuel element, a 0.020-in. wall was chosen for the 

s ta inless steel tubing used for the heater cladding. By careful selection of the 

p a r a m e t e r s [kp/k , k /k,., (R - r_) /Rj , as explained previously, a hea ter e le­

ment design was determined which simulates the the rmal behavior of a ZrH fuel 

element, within 10%, under identical flow, heating, and geometr ical conditions. 

A more complete descript ion of the tes t rods -will be given in the next section, 

where the experimental equipment is descr ibed. 
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IV. EXPERIMENTAL EQUIPMENT 

A. NaK LOOP 

Testing was conducted in a loop facility specifically designed for liquid NaK 

heat t r ans fe r s tudies. A schematic flow^sheet of the loop is shown in Figure 1. 

The tes t loop was fabricated -with all s ta inless s teel piping and components, and 

has an all-welded construction. The main loop flo-w line is made of 1-1/2-in. , 

Schedule 10, Type 316 s ta inless steel pipe; while the branch l ines, such as the 

fill and drain l ines , a re made of 1/2- in . , Schedule 10, Type 316 s ta inless steel 

pipe. Before fabrication of the loop, the piping and components were carefully 

cleaned with an acetone solution. All -welding was done under an argon a tmos­

phere . After fabrication and before filling -with NaK, the loop was kept under a 

posit ive p r e s s u r e of pure argon. The entire loop is insulated -with at least 3 in. 

of h igh- tempera ture asbestos insulation. 

The loop is capable of operating at t empera tu re s up to 1300° F, and flow 

ra tes up to 30 ga l . /min against a 4 -1 /2 ps i head. 

Pumping po-wer is supplied by th ree para l le l dc conduction pumps, in se r i e s 

with an electromagnetic l inear induction pump. Heat rejection from the loop is 

accomplished by a 135-kw capacity air blast heat exchanger. A 150-kw in-l ine 

NaK heater assembly is located in the main s t r e a m of the loop. Flow ra tes a r e 

determined by means of a cal ibrated permanent magnet flowmeter. 

Two expansion tanks, which a re also used as surge tanks, a re located at 

the highest point in the loop. The tanks are ins t rumented to m e a s u r e the NaK 

liquid levels and the corresponding p r e s s u r e drop ac ross the tes t bundle. 

Located at the lo-west point in the loop is a drain tank which is provided -with a 

1/2-in. drain line, a 1/2-in. fill line with a 5-/i. filter a r rangement , and a liquid 

level probe. System p r e s s u r e is maintained -with argon cover gas, plumbed to 

both the expansion and drain tanks, with associated p r e s s u r e gauges, shutoff and 

vent valves, and a p r e s s u r e relief valve. The piping is so a r ranged that p r e s ­

sures in the drain and expansion tanks can be independently controlled. 

A flow-through cold t rap is located off a 1/2-in. d iameter branch line p a r a l ­

leling the main s t r e a m line. Water, -which se rves as the cooling medium, flo-ws 
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through 3/8- in . copper tubing which is wrapped around the cold t r ap . The flow-

through method a s s u r e s that all the NaK eventually pa s se s through the re f r ige r ­

ated region, removing impuri t ies which adhere to the cold surfaces . 

In order to pe r fo rm a periodic chemical analysis of the circulat ing NaK, a 

sampling section (1 /2- in . OD tube) is located in a branch line, off the main flow 

line. Isolation valves and Swagelock fittings a r e provided for easy removal and 

installation of the NaK sampling tube. 

B. TEST SECTIONS 

Each tes t section consisted of a bundle of 19 e lect r ica l ly heated elements , 

a r ranged on hexagonal a r r a y s . This bundle of elements was held-within a s t a in l e s s -

steel cylindrical shell which had half-round fil ler rods attached to the inner wall 

to maintain a p roper coolant flow distribution. F igure 2 shows the tes t section 

during assembly. For t h e f i r s t t e s t configuration, all neighboring elements were 

in physical contact, corresponding to P/D = 1.00. The same 19 elements -which 

were used for the f irs t tes t configuration were used for the second and third tes t 

configurations, which -were posit ively spaced -with a P / D = 1.05. The second tes t 

bundle configuration used ring space r s , 0.562-in. ID by 0.030-in. wall, 1/8-in. 

wide, to maintain symmet r ic and posit ive rod spacing. The ring spacers were 

banded to each tes t element (0.562-in. OD) at th ree different axial locations, as 

shown in Figure 3. For the third tes t bundle configuration, 12 of the 19 elements 

were modified by the addition of helical-f in spacers which were brazed to the 

outer cladding surface. This spacer configuration is re fe r red to as the r ight-

lef t-neutral (R-L-N) fin configuration, which means that the fin helix is a l t e r ­

nately right hand, left hand, and neutral (no fins), on success ive rods throughout 

the bundle. A sketch of the finned element bundle is shown in F igure 4. 

A sketch of a typical heater element, designed to simulate a ZrH fuel e l e ­

ment, i s shown in F igure 5. It consists basical ly of a 1/4-in. OD Nichrome coil 

encased in magnesium oxide (MgO) e lec t r ica l insulation which is swaged into a 

0.020-in. wall, 9 /16- in . OD, T-ype 304 s ta inless s teel tube. Up to 5 kw of power 

can be supplied to each heater ; this corresponds to an outer surface heat flux of 
2 

139,000 Btu/hr- f t , which is maintained uniformly over the 10-in. heated length. 

The e lec t r ica l r e s i s t ances of all hea t e r s agreed to -within 1/2%, and the concen­

t r ic i ty and uniformity of the Nichrome coil -were confirmed radiographical ly. As 
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is evident from Figure 5, one end of the elements was swaged down to 1/2-in. 

OD, and was offset to allow more room for penetrat ing the tes t section through 

standard 1/2-in. Swagelock fittings. 

The finned elements , which have either a r ight-hand or left-hand fin helix, 

have 3 fins per rod, spaced 120° apart , with an axial pitch of 5.5 in. The fins 

a re 0.030-in. high by 0.060-in. wide. A sketch of a typical finned hea te r e le ­

ment is shown in F igure 6. 

A summary of the tes t section cha rac te r i s t i c s for the P / D = 1.00 and 1.05 

configurations is shown in Tables 1 and 2 respect ively . 

C. INSTRUMENTATION 

The test rods had smal l d iameter (0.020 in.) thermocouples , flattened to 

-" l̂O mi l s , welded to the inside cladding tube of the tes t hea te r . These t he rmo­

couples consisted of Chromel-Alumel wi res , surrounded by MgO insulation, 

and sheathed in Inconel 600 tubing. Up to nine thermocouples were accurate ly 

located and spaced around the inside cladding per iphery at a common axial plane, 

as shown in Figure 5, to m e a s u r e the c i rcumferent ia l t empera tu re of the heater 

cladding. 

A c ross - sec t iona l view of the rod bundle, sho-wing the relat ive heater e le ­

ment cladding thermocouple locations, is i l lus t ra ted in Figure 7. The azimuthal 

locations a re given -with respec t to the neares t line connecting the centers of 

adjacent rods . Two of the rods (H-1 and H-4) had eight thermocouples . The 

other rods had either two or th ree cladding thermocouples . The cladding t h e r m o ­

couple locations on H-1 through H-7 were chosen to give an adequate mapping of 

the cladding ci rcumferent ia l t empera tu re distribution, while the locations on H-8 

through H-19 -were used p r i m a r i l y for rod bundle symmet ry checks. 

Accurate location of the cladding thermocouples , re lat ive to each other in 

the t e s t rod bundle, was insured by the folio-wing procedure . The thermocouples 

on each test heater element were c i rcumferent ia l ly held in place during welding 

to the inner cladding wall by a specially designed tool, and the relat ive 

angle between thermocouples is accura te to within 2°. A scr ibe line was 

placed on the outer surface of each tes t hea ter , at a kno-wn ci rcumferent ia l loca­

tion from one of the inner cladding thermocouples . With the use of a template . 
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TABLE 1 

TEST SECTION CHARACTERISTICS FOR P/D = 1.00 

Number of Rods in Bundle 

Outer Diameter of Rods (in.) 

Geomet r i ca l Ar rangemen t 

Length of Rods ( 9 / l 6 - i n . OD region) (in.) 

Heated Length (in.) 

Overa l l Length (in.) 

P i t c h - t o - D i a m e t e r Ratio 

Hydraulic Diamete r (in.) 

Cladding Thermocouple Location 
to Velocity Prof i le Development 

With Re 
z ^ / D . ) 

Cladding Thermocouple Location With Re 
to T e m p e r a t u r e Prof i le Development (z 

spect 

spect 

19 

9/16 

Equi la te ra l 
Tr iangu la r 

16.5 

10.0 

39.0 

1.0 

0,0574 

183 

139 

TABLE 2 

TEST SECTION CHARACTERISTICS FOR P/D = 1.05 

Number of Rods in Bundle 

Outer Diameter of Rods (in.) 

Geomet r i ca l Ar rangement 

Lengths of Rods (9 /16- in . OD region) (in.) 

Heated Length (in.) 

Overa l l Length (in.) 

Rod Spacers 

Spacer Height (in.) 

Number of Fins per Rod 
(except neut ra l rods) 

F in Axial Pi tch (in.) 

Rod P i t c h - t o - D i a m e t e r Ratio 

Hydraul ic Diameter (in.) 

Cladding Thermocouple Location With 
Respec t to Flo-w Development ( z „ / D , ) 

Cladding Thermocouple Location With 
Respec t to The rma l Development ( z „ / D , ) 

Cladding Thermocouple Location With 
Respec t to Middle Spacer Rings (z„ /D, ) 

19 

9/16 

Equi la te ra l 
Tr iangu la r 

16,5 

10,0 

39.0 

Ring Spacer 

0.030 

NA 

NA 

1.053 

0.1256 

84 

64 

32 

R - L - N 
Helical Fin 

0.030 

3 

5.5 

1,053 

0,1095 

96 

73 

NA 
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the scr ibe lines on each test heater element were then located with respec t to a 

fixed reference line, scr ibed on the tes t section cylindrical head. It is est imated 

that the relat ive c i rcumferent ia l location of thermocouples is accura te to within 5° . 

The inner seven rods also had thermocouples instal led in the centers of their 

heating coils, at the same axial location as the cladding thermocouples . The cen­

t e r thermocouples were used to monitor the maximum heater t empe ra tu r e s , and 

to determine approximately the effective MgO the rmal conductivity. Besides 

providing a check on the uniformity of the hea t e r s , the conductivity determinat ion 

v^as useful in providing the k, , ^ / k rat io which w^as used in the theoret ica l p r e -*̂  ° MgO w ^ 
dictions. As previously mentioned, the kT-,/k rat io influences the azimuthal ^ ' ' F ŵ  
t empera tu re and heat flux gradients . 

The outlet t empera tu re s of individual t r icusp coolant channels were recorded 

by 1/16-in, OD, Chromel-Alumel thermocouples . Eighteen coolant channels 

were monitored, and the locations in the rod bundle a re also shown in F igure 7. 

The thermocouples were pointed into, and aligned para l l e l to, the flow s t r eam. 

They were held in place by 0.030-in. thick bands which were attached to the 

h e a t e r s . The axial posit ions of the thermocouples v/ere 0.5 in. downstream from 

the end of the heated zone. In o rde r to maintain flow^ symmetry , l / l 6 - i n . OD 

dummy wires were banded in the same manner at the same axial location, and 

were located in coolant channels where no thermocouples existed. 

The average tes t section inlet and outlet t empera tu re s were measured by 

1/8-in. OD Chromel-Alumel thermocouples . Four thermocouples were inser ted 

in the inlet plenum leading to the tes t section, and two thermocouples were in the 

main flow line exiting from the tes t section. 

The NaK flow rate was measured by a dc permanent magnet flowmeter. The 

flowmeter w^as cal ibrated (vidthin an accuracy of 3%) in a NaK flowmeter ca l ib ra ­

tion loop. 

The power to each t e s t rod was controlled by separa te var iable t r a n s f o r m e r s , 

connected in s e r i e s with the h e a t e r s . The power to each hea te r element was 

measured by precis ion-cal ibrated ammete r and vol tmeter . The accuracy of the 

power measuremen t was within 1%. 

The emf output of the power cont ro l le rs , flowmeter, and all tes t section 

thermocouples were recorded with a digital data logging sys tem. 
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V. EXPERIMENTAL PROCEDURE 

In order to accurate ly determine the heat t ransfer coefficient for a rod bun­

dle geometry, it is important to maintain a uniform coolant t empera tu re dis t r ibu­

tion ac ross the tes t section. This can be accomplished by creating the 

following conditions: (1) a uniform coolant velocity profile at the entrance to the 

tes t section, and (2) a p roper tes t section coolant flow distribution. In the p r e s ­

ent study, the f i rs t condition was achieved by the use of a plenum and bellmouth 

nozzle a r rangement at the inlet to the tes t section. Because of the rapid coolant 

accelerat ion, in flowing from the plenum into the bellmouth nozzle, the fluid 

boundary layer remains attached to the wall, and is relat ively thin, causing the 

p r e s s u r e loss to be smal l and the nozzle exit velocity profile to be uniform. The 

second condition was a r r ived at by p roper sizing of the individual coolant channel 

flow^ a r e a s . The pe r iphera l coolant channels, which a re adjacent to the half-

round filler rods , receive heat from either one or two rods , while the inter ior 

channels receive heat from th ree rods . To keep the bulk coolant t empera tu re 

r i s e for the outer edge channels the same as for the in ter ior channels, the mass 

flow through the per iphera l channels had to be reduced in direct proport ion to the 

reduced heat input. This was accomplished by inser t ing smal l -d iamete r filler 

wi res into the outer edge channels (see Figure 7). The w^ires •were sized such 

that the result ing coolant flow distribution would resul t in equal coolant t empera ­

tu re r i se ac ross the rod bundle. 

Since it was the p r i m a r y objective of the p resen t study to produce dependable 

data, obtained under carefully controlled conditions, steps were taken to insure 

that the quantity of dissolved oxides, impur i t ies , and entrained gases were held 

to a minimum. During inoperative per iods , the loop was purged continuously 

with argon. P r i o r to filling with NaK, the loop was evacuated to an absolute 

p r e s s u r e of 3 fJ. . With the NaK at room tempera tu re , the loop was loaded by 

p ressu r i z ing the drain tank. In addition, the NaK was routed through a 5-/i m i c r o -

metal l ic fi l ter. The fill line in the drain tank was low enough, and the residual 

NaK level was kept high enough, to minimize the intake of gas or any floating 

oxides. 

While the NaK was circulat ing through the loop, ~-10% of the flow was con­

tinuously diverted through a cold t r ap . The minimum tempera tu re of the cold 
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t rap was held to 100° F. Chemical analysis on hot NaK samples , taken per iod­

ically throughout the tes t , verified that the oxygen concentration was held to 

5 ppm or l e s s . 

All thermocouples , including those on tes t heater cladding, t es t section 

inlet and outlet, and individual coolant channels, were cal ibrated before the tes t , 

and checked periodical ly during the tes t while the NaK was circulated i so ther -

mally at various t e m p e r a t u r e s . Maximum discrepancy between any two t h e r m o ­

couples was <2°F. A digital data logging sys tem, which w^as used to r ecord the 

data, was equipped with special devices to filter out any ac noise pickup (ac 

noise pickup by the thermocouples was determined to be negligible). 

The res i s t ances of the hea te r elements were checked periodical ly through­

out the tes t . The cal ibrat ions of the prec is ion a m m e t e r s and vol tmeters , used 

for measur ing the power input to all 19 tes t hea te r s , were also checked from 

time to t ime during the investigation. 

P r i o r to making a run, the flow ra te w^as set, the tes t hea te r s were adjusted 

to the same power level (within 1%), and the tes t section inlet coolant t e m p e r a ­

ture was allowed to come to a p rede te rmined equil ibrium value (within 1°F). 

Before taking data, sufficient t ime was allowed to reach s teady-s ta te conditions. 

Although the t ime to reach equil ibrium depended on flow ra te and t empera tu re , 

it was usually <30 min. To verify that the consistency of the data -was good, 

severa l runs were made at any one par t icu la r set of conditions before going on 

to the next set. In addition, after proceeding through the complete range of con­

ditions, many repeat runs •were made. 

The scope of the experimental study is presented in Table 3. 

TABLE 3 

SCOPE OF EXPERIMENTAL STUDY 

NaK Tempera tu re Range 

Heat Flux Range (Btu/hr 

Reynolds Number Range 

Prandt l Number Range 

Pecle t Number Range 

Flow Direction 

(°F) 

-ft^) 

400 to 800 

27,800 to 111,300 

5,000 to 30,000 

0.0067 to 0.0115 

35 to 240 

Vert ical ly upward 
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The NaK was circulated continuously through the loop, even when no power 

•was supplied to the hea ter elements or when testing •was not taking place, such 

as nights and weekends. The NaK flow was stopped only when it came t ime to 

d i sassemble the tes t section. At that t ime, the NaK was dumped at 400° F by 

p res su r i z ing the surge tank. The NaK was s tored in the sealed drain tank until 

it was t ime to load the loop for another tes t configuration. 

The physical proper ty values of the NaK-78 used in the study, a re as l isted 
(13) in the Sodium-NaK Supplement of the Liquid-Metals Handbook. 
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VI. EXPERIMENTAL RESULTS 

For the th ree rod bundle configurations, exper imental heat t ransfe r resul t s 

will be presented for the cladding c i rcumferent ia l t empera tu re distr ibutions and 

the rod-average film coefficients. These resu l t s will be presen ted over a range 

of heating and flo^w conditions of in te res t to compact ZrH reac tor co res . In addi­

tion, resul ts will be presented which i l lus t ra te the effect of rod-spacer - induced 

inter-channel mixing, or crossflow, 

A. CLADDING THERMOCOUPLE MEASUREMENTS 

The rod c i rcumferent ia l t empera tu re distributions will be presented in 

t e r m s of the local cladding t empera tu re above the bulk coolant t empera tu re 

[ T . ^ . ( 5 ) - T, ]. The local inside wall t empera tu re s , T.^.(fi), a re determined by 

thermocouples (T/C) •which a r e welded to the inside cladding tube at select ive 

azimuthal locat ions. The bulk coolant t empera tu re (T, ), which is subtracted 

from the local azimuthal t empera tu re , is the average NaK tempera tu re at the 

hea ter thermocouple plane, ZTJ/LTT = 0.80. T, is determined from the average inlet 

t empera tu re , the average of the individual outlet coolant channel t empera tu res 

surrounding the inner seven tes t hea te r s (T/C No. 77 through 93, F igure 7), and 

the measured power supplied to each heater . The individual coolant channel 

t empera tu res , as recorded by T/C No. 77 through 93, were within 2°F of being 

uniform. All 19 hea t e r s were operated at the same power level, and the heat 

flux was uniform in the axial direction. Heat balances made for various condi­

tions (power, flow ra te , and tempera ture) indicated that t es t section heat losses 

were <1%. Since the hea te r s a re a r ranged on hexagonal a r r a y s , the c i rcumfer ­

ential t empera tu re profiles repeat every 60°, and a r e symmet r ica l •with respec t 

to each 30° interval; therefore , the angle 9 in the following figures l ies in the 

range 0° ^9 <_ 30°, and is measu red from a cladding thermocouple to the neares t 

line connecting the centers of adjacent h e a t e r s . 

The c i rcumferent ia l t empera tu re var iat ions on the center t es t hea ter 

(H-1) for the P / D = 1. 00 rod bundle, as determined by its eight thermocouple 

measu remen t s , a r e sho^wn on Figure 8. The figure c lear ly i l lus t ra tes the r e l a ­

tively large azimuthal t empera tu re gradients which exist for a tightly packed 

rod bundle. 
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For the P / D = 1.05 rod bundle configurations Figures 9 and 10 presen t the 

c i rcumferent ia l t empera tu re distr ibutions on (H-1) for the ring spacer and 

helical-fin configurations, respect ively. The s t ra ight lines drawn through the 

data points represen t mean values. Only a smal l amount of data sca t ter is 

evident. The lack of azimuthal t empera tu re variat ion for both rod spacer con­

figurations, shown in Figures 9 and 10, a re markedly different from the large 

azimuthal t empera tu re var iat ions sho^wn in F igure 8 for the P / D = 1.00 rod bun­

dle. It will become more evident, la ter , that the uniformity of the rod azimuthal 

t empera tu re can be at tr ibuted to the effects of posit ive rod spacing and the in­

c reased fluid turbulence and mixing created by the rod s p a c e r s . 

For the three rod bundle configurations. F igures 11, 12, and 13 p resen t 

data for the azimuthal t empera tu re dis t r ibut ions, as recorded by thermocouples 

on the inner seven tes t rods (H-1 through H-7). By refer r ing to Figure 7, the 

relat ive thermocouple locations in the 19-rod bundle can be found. Thermo­

couples attached to H-3 and H-5 (see F igure 7) were giving er roneous readings , 

and were not plotted. For the P / D = 1.00 rod bundle. F igure 11 shows that 

la rge azimuthal t empera tu re var ia t ions , s imi la r to that shown for the cent ra l 

rod, existed on the inner seven rods of the 19-pin bundle. For the P / D = 1.05 rod 

configuration, horizontal s t raight lines represen t the best fit to the data, shown 

in F igures 12 and 13, and a r e drawn through the mean of the data points. These 

data indicate that no azimuthal t empera tu re variat ions existed on any of the inner 

seven rods in the 19-rod bundle test configurations. Comparing the data shown 

in Figures 11 through 13 to that sho^wn in F igures 8 through 10 for the center rod 

indicates that, although the mean values of the t̂ wo sets of data a r e approximately 

the same, more data sca t te r exists for t empera tu re s recorded by thermocouples 

on the inner seven tes t rods . The increased data sca t te r can be attr ibuted to 

fabrication nonuniformities of the heater e lements , inaccuracy of thermocouple 

locations to within 5°, and slight deviations from a perfectly symmet r ica l rod 

ar rangement . It should be noted, however, that the data sca t te r evident in F ig­

u r e s 11 through 13 is real ly not la rge for this type of investigation. 

In addition to obtaining data over a range of heat flux values, c i rcumferen­

tial t empera tu re distr ibutions were measu red for various Reynolds numbers , or 

Pecle t numbers , of in te res t to compact ZrH reac tor c o r e s . For the center t es t 

rod (H-1), Tables 4 through 6 presen t data for the local t empera tu re above the 

bulk coolant t empera tu re for the three rod bundle configurations. 
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TABLE 4 

LOCAL CLADDING TEMPERATURE ABOVE THE BULK COOLANT 
TEMPERATURE FOR VARIOUS PECLET NUMBERS 

9 
( ° ) 

Twi(0) - T b ( ° F ) 

Re = 26,000 
Pe = 205 

Re = 20,000 
Pe = 155 

Re = 15,000 
Pe = 115 

Re = 11,000 
Pe = 80 

Re = 7,600 
Pe = 58 

Re = 5,300 
Pe = 38 

q" = 27,800 Btu/hr-f t2 

0 

5 

10 

15 

20 

25 

30 

45.8 

41.8 

44.0 

40.2 

-

27.6 

25.5 

24.2 

22.9 

-

46.7 

42.4 

43.3 

41.1 

27.4 

25.7 

23.1 

22.7 

-

46.5 

41.8 

44.0 

42.3 

-

28.2 

27.0 

23.1 

23.1 

-

46.0 

41.8 

43.5 

42.6 

-

28.3 

26.6 

22,4 

23.2 

-

47.6 

41.7 

43.4 

43.7 

-

29.0 

26.9 

22.7 

24.4 

-

q" = 47,300 Btu/hr-f t^ 

0 

5 

10 

15 

20 

25 

30 

72.0 

67.8 

68.2 

66.2 

-

42.7 

39.7 

35.8 

33.7 

-

71.8 

67.6 

67.6 

65.9 

-

42.6 

39.7 

35.4 

33.3 

-

72.5 

67.5 

68.4 

67.5 

-

43.6 

39.3 

34.3 

33.4 

~ 

73.8 

68.3 

70.0 

69.8 

-

43.8 

40.3 

3 2 . 8 

33.6 

-
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TABLE 5 
LOCAL CLADDING TEMPERATURE ABOVE THE BULK COOLANT 

TEMPERATURE FOR VARIOUS REYNOLDS NUMBERS OR 
PECLET NUMBERS, RING SPACER CONFIGURATION 

q^= 46,700 Btu/hr-f t2 

B 
( ° ) 

0 

5 

10 

15 

20 

25 

30 

Twi(e) - Tb. 

Twi(0) - T b i ( ° F ) 

Re = 29,800 
Pe = 240 

35.6 

33.8 

40.3 

36.0 

-
34.7 

35.6 

38.1 

33.4 

_ 

35.9 

Re = 25,300 
Pe = 200 

36.4 

33.8 

40.7 

36.8 

-
35.1 

36.4 

38.6 

33.8 

-

36.5 

Re = 19,500 
Pe = 150 

37.2 

33.8 

40.6 

37.6 

-
34.2 

35.9 

38.9 

33.3 

-

36.4 

Re = 14,800 
Pe = 110 

39.6 

34.9 

40.4 

41.3 

-
35.5 

37.9 

40.4 

34.5 

-

38.0 

Re = 10,300 
Pe = 75 

41.0 

34.4 

39.0 

42.8 

-
33.1 

39.4 

41.0 

34.8 

-

38.2 

TABLE 6 

LOCAL CLADDING TEMPERATURE ABOVE THE BULK COOLANT 
TEMPERATURE FOR VARIOUS REYNOLDS NUMBERS OR 

PECLET NUMBERS. HELICAL-FIN SPACER 
CONFIGURATION 

q^= 46,700 Btu/hr-f t2 

0 
( ° ) 

0 

5 

10 

15 

20 

25 

30 

Twi(e) - Tbi 

Re = 27,600 
Pe = 220 

35.0 

32.7 

32.9 

38.3 

-
37.7 

32.3 

32.3 

31.2 

-

34.1 

T 

Re = 22,600 
Pe = 180 

35.3 

31.1 

31.5 

38.5 

-
37.6 

32.5 

30.3 

29.5 

-

33.3 

wi(0) - T b i ( ° F ) 

Re = 17,600 
Pe = 140 

35.1 

31.7 

31.5 

38.8 

-
37.3 

32.7 

30.2 

29.1 

-

33.3 

Re = 13,200 
Pe = 100 

35.7 

32.0 

32.1 

40.2 

-
37.5 

32.8 

31.8 

29.8 

-

34.0 

Re = 9,100 
Pe = 70 

36.3 

31.0 

31.4 

40.3 

-
37.9 

33.1 

30.0 

29.8 

-

33.7 
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As is evident from Table 4, there is essential ly no Pe dependence over the 

range investigated for the P / D = 1.00 rod bundle. The Pe independence •was 

expected, since the data were obtained in the low turbulent flow regime, where 

the eddy thermal diffusivity is negligible, compared to the molecular diffusivity 

for a liquid meta l . For the ring spacer configuration ( P / D = 1.05) resul ts p r e ­

sented in Table 5, there is negligible c i rcumferent ia l t empera tu re variation; 

ho^wever, the average value of [ T . ^ . ( 5 ) - T, ] does show a slight Pe dependence 

over the flow range investigated. As shown la ter , the preceding flow dependence 

will be reflected in the resu l t s for the rod-average film coefficients. Although 

the flow dependence is small , it does exist, and is most likely due to a Re de­

pendence of the increased fluid turbulence and mixing created by the ring space r s . 

For the helical-fin spacer configuration, as is evident from Table 6, there is 

essent ia l ly no Pe dependence over the range investigated (35 ^ Pe ^ 220). 

Referr ing to F igure 3, it should be pointed out that the middle spacer rings 

were ^^30 hydraulic d iamete rs from the axial plane of the cladding thermocouples . 

For closely spaced ( P / D 5. 1.10) rod bundles, the resul ts of Zhukov et al. 

indicate that 60 to 100 hydraulic d iameters may be required to establish fully 

developed t empera tu re prof i les . The uniformity of the cladding t empera tu re 

dis tr ibut ions, shown in F igures 9 and 12, can be attr ibuted to the flow disturbance 

crea ted by the middle spacer r ings . Apparently, a significant increase in the 

fluid turbulence intensity resu l t s , downstream of the ring space r s . F rom the 

resu l t s sho^wn in Table 5, the flow disturbance created by the middle spacer rings 

has a slight Re dependence, s imi la r to that observed at the entrance region to a 

flo-w channel. For the helical-fin spacer configuration, the fins a re distributed 

along the entire length of the heated region, result ing in a more continuous flow 

dis turbance. Although the increased turbulence intensity is significant to negate 

any rod c i rcumferent ia l t empera tu re gradient, the indicated independence on Re 

is apparently due to the continuous nature of the flow perturbat ion, unlike the ring 

space r s , which represen t a sudden change in the flow cha rac t e r i s t i c s . 
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B. COMPARISON OF THEORY AND EXPERIMENT FOR THE INNER 
CLADDING WALL TEMPERATURE DISTRIBUTION 

In order to compare experimental resu l t s "with theoret ica l predict ions for 

the inside cladding c i rcumferent ia l t empera tu re distr ibutions, the thermocouple 

measurement s on the center test rod, shown in Figures 8 through 10, had to be 

cor rec ted to determine the t rue inner cladding wall t empera tu re . The t he rmo­

couples, which a r e welded to the inner cladding tube, were recording t empera ­

tures which corresponded to a '~5-mi l depth into the MgO insulation of the hea te r . 

This is not surpr is ing , in view of the fact that the effective thermocouple thick­

ness is 10 nnils, and the re exists a large radial t empera tu re gradient ( '~4°F/mil) 

through the MgO. As •was explained in detail in Reference 2, radial t empera tu re 

correct ion factors , which a re shown in Figure 14 for convenience, were de te r ­

mined from s ingle-heater NaK calibrat ion t e s t s . These tes ts were performed on 

the center tes t heater (H-1), under conditions of NaK annular flow. By testing 

under uniform, wel l -descr ibed heat t ransfer conditions, the t rue inner cladding 

•wall t empera tu re could be calculated accurately, and compared to measu red 

values. The resu l t s , shown in Figure 14, r ep resen t the difference between t rue 

and measu red values for the inner cladding wall t empe ra tu r e s . The resul ts were 

determined over the same t empera tu re and heat flux range as covered in the 

19-rod bundle s tudies. 

After the radial t empera tu re correct ion factors were applied to the resul ts 

shown in Figures 8 through 10, experimental ly cor rec ted inner cladding wall 

t empera tu re distributions were determined for the various tes t configurations 

as shown in Figures 15a and b. Predic ted resul ts for the inner cladding azimuthal 

t empera tu re variat ion are also shown in these figures for comparison. As p r e ­

viously mentioned, the theoret ical resu l t s were determined from an analytical 

model developed for P / D = 1.00, and modified for the case of P / D = 1.05. The 

predicted resu l t s were determined for values of the p a r a m e t e r s P / D , k-^^/k , 
"̂̂  ' F -w' 

k / k„ and (R - r )/R, corresponding to conditions of the p resen t experimental 

study. The k̂ p values which were used in the calculations a re those correspond­

ing to the experimental values of k ^ „ . For the P / D = 1.00 rod configuration. 

Figures 15a and b show good agreement between the predicted and experimental ly 

correc ted re su l t s , while F igures 16 and 17 show poor agreement for the P / D = 

1.05 configuration. The poor agreement can be attributed to the fact that the 
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predicted resul ts were obtained from a smooth tube analytical model, which does 

not account for the increased turbulence and mixing effect of rod space r s . Since 

the theoret ical resul t s a r e considered to be quite accura te for the case of smooth 

tubes, the comparison does show the reduction of the azimuthal t empera tu re 

variat ion caused by the ring and helical-f in type rod space r s . 

F r o m the test r e su l t s , it can be shown that, for closely spaced, smooth tube 

bundles, the average inside cladding -wall t empera tu re (T.^.) is very near ly equal 

to the local wall t empera tu re at 9= 15°; that i s , 

r-TT/G 

^ w i = ^ / T^.{9)d9=T^.{9=lS°) . . . . d ) 

^o 

This relationship is also valid for the outside cladding wall t empera tu re dis t r ibu­

tion [T.,J^ {9)\. For the P / D = 1.00 configuration. F igures 15a and b show that 

good agreement exists between the predicted and the experimental ly cor rec ted 

values for the average inside wall t empera tu re [T.y^.(5 =15° ) ] . It is in teres t ing 

to note, from the ring spacer tes t resul t s (P /D = 1.05), shown in Figures I6a 

and b, that the cor rec ted inside -wall t empera tu re is approximately the mean 

value of predicted azimuthal variat ion. This indicates that the p resence of the 

spacer r ings, while negating the c i rcumferent ia l t empera tu re gradient, had e s ­

sentially no influence on the average cladding t empera tu r e . Apparently, the 

inc rease in the in t ra-channel turbulence intensity is p r imar i ly in the azimuthal 

direction, with little influence on the radial component. For the helical-f in 

configuration resu l t s , shown in Figures 17a and b, the predicted average clad­

ding t empera tu re is considerably above the measured value, indicating that the 

helical fins caused increased radial , as -well as azimuthal, in t ra-channel mixing. 

As will be shown in the foUo^wing section, the preceding comparisons between 

theoret ical ly predicted and experimental average inside cladding wall t empera ­

ture (T.^.) will have an important bearing on s imi la r comparisons for the rod-

average heat t ransfer coefficient. 
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C. ROD-AVERAGE HEAT TRANSFER COEFFICIENT 

Experimental values for the rod-average heat t ransfer coefficient (h) -were 

determined for the center tes t rod (H-1). F r o m resul ts such as those shown in 

Figures 15 through 17, •which have been cor rec ted for the radial t empera tu re 

correct ion factors of F igure 14, average values of the quantity [ T . ^ . ( 0 ) - T, J 

•were determined for various flo-w and heating conditions. The average outer 

cladding t empera tu re can then be found from: 

_ _ 3413 W In ( R / r ) 
T - T — (Z) 
^ W Q - ^ w i 2 7 r L „ k • . . . ^ ^ J 

H w 

F r o m measurements of the power supplied to the center t e s t rod and the bulk 

coolant t empera tu re at z „ / L = 0.80, the rod-average film coefficient is deter­

mined by 

3413 W 
"• • . . . ( 3 ) 

^ D L ^ ( T ^ ^ - T^) 

For the P / D = 1.00 rod bundle, experimental film coefficient resu l t s a re sho-wn 

in Figure 18, in dimensionless form of Nu vs Pe . For conditions corresponding 

to the present study, and assuming Pe independence, the predic ted Nu value is 

also shown for comparison. The raean of the data points and the theoret ica l 

curve coincide. Since the average deviation from the predicted curve is ±5%, 

the agreement between theory and experiment is considered to be excellent. The 

predicted value of Nu = 0.560, shown in Figure 18, corresponds to a heat t ransfe r 

2 
coefficient of h = 1750 Btu/hr-f t . In the flo^w range investigated, these exper i ­
mental resul ts confirm that the Nu values a re independent of Pe , unlike the r e ­
sults of Subbotin _et al. ^ ' which a r e shown in Figure 19 for comparison. As 
previously mentioned, the fact that Subbotin's Nu resul ts exhibit a Pe dependence 
is probably due to the p resence of dissolved oxides or entrained gases . These 
contaminants resul t in an added contact res i s tance at the rod surface which is 
flow or Pe dependent. This phenomenon is explained in detail by Dwyer in Chap­
t e r 5 of Reference 13. 
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Figure 20 p resen t s experimental resul t s for the Nusselt number variat ion 

•with Pecle t number for positively spaced rod configurations ( P / D = 1.05). The 

predicted smooth-tube Nu value which was determined from the analytical model 

is also sho"wn. The model assumption of negligible eddy- thermal diffusivities, 

which is valid in the low turbulent flo'w regime of this study, resul t s in Nu in­

dependence of Pe . 

For the ring spacer configuration, good agreement between the experimental 

and predicted Nu values exists for Pe < 150. For Pe > 150, the experimental 

values of Nu a re 10 to 35% grea te r than the predicted values, and show a slight 

Pe dependence. This is consistent with the average inside cladding t empera tu re 

r e su l t s , as shown in Table 5. For this t-ype investigation, the preceding 10 to 

35% discrepancy is smal l , and reasonable agreement bet^ween theory and exper i ­

ment is considered to exist over the full Pe range investigated. Therefore, the 

spacer r ings, while negating the cladding azimuthal t empera tu re gradient, had 

little influence on the rod-average cladding t empera tu re and film coefficient. 

The predicted value of Nu = 2.74, shown in Figure 20, corresponds to a heat 

t ransfer coefficient of h = 3930 Btu/hr- f t - ° F . 

For the helical-f in spacer configuration, the experimental Nu values shown 

in Figure 20 a re seen to be independent of Pe , over the range investigated. The 

mean value of the data points, Nu = 4.20, corresponds to a heat t ransfer coeffi-
— 2 

cient of h = 6900 Btu/hr- f t - ° F . The average deviation of the data points from 

the mean value is ±2%. Comparing the theore t ica l (no spacers) and experimental 

Nu values indicates that the spira l fins caused -^53% inc rease in the rod-average 

film coefficient. 

D. COMPARISON OF RESULTS FOR THREE TEST CONFIGURATIONS 

For the th ree rod bundle configurations. F igures 21 and 22 show comparisons 

for the cen te r - rod azimuthal t empera tu re distr ibutions and the rod-average 

Nusselt numbers , respect ively. The data points for the rod t empera tu re d i s t r i ­

butions have been cor rec ted from the resul ts of Figure 14. In addition^ these 

figures sho-w the predicted rod t empera tu re variat ions and Nusselt numbers , 

based on a smooth tube (no spacers) analytical model. F igure 21 shows that the 

effect of the ring and fin spacers was to el iminate the rod azimuthal t empera tu re 

variat ion. With respect to the rod-average film coefficient (Nu), Figure 22 
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shows considerably grea te r values for the P / D = 1.05 bundles than for the P / D = 

1.00 bundle. This is p r ima r i l y due to the effect of posit ive rod spacing. Com­

paring the resu l t s shown in Figures 21 and 22 for the two-rod bundles at P / D = 

1.05, it is evident that helical-fin spacers resul ted in a lower value of the aver ­

age wall t empera tu re difference [Tw-l^) - T, ] and a considerably grea te r rod-

average film coefficient, as compared to the ring spacer r e s u l t s . Since the 

effects of the spacers is not included in the analytical model, comparison bet-ween 

predicted and experiment is valid only for the smooth-tube ( P / D = 1.00) rod bun­

dle configuration. 

E. TRANSITION FLOW TEST 

An attempt was made to determine the t ransi t ion Reynolds number (i. e. , 

the Re value at which t rans i t ion from turbulent to laminar flo-w takes place). 

Tes ts were conducted at lo-w coolant flow ra te s , corresponding to a Re range of 

2000 to 5000. To determine the t ransi t ion Re, t empera tu re vs t ime records 

were obtained from select ive cladding and coolant channel thermocouples . At 

the t ransi t ion Re, relat ively large t empera tu re fluctuations •would be observed. 

For the P / D = 1.00 rod bundle configuration. Re values in the range of 2000 

to 3000 were observed to cause la rge cladding t empera tu re fluctuations, indi­

cating that operation in the t ransi t ion zone bet^ween turbulent and laminar flow 

•was taking place. The magnitude of the cladding t empera tu re fluctuations was 

^^50% of the average film t empera tu re drop (AT^) , and occur red at a frequency 

of -^ 1 Hz. For the P / D = 1.05 tes t configurations, t empera tu re fluctuations 

w^ere not observed to occur for Re values down to 2000. Apparently, the p resence 

of the ring spacers and helical fins shifted the t rans i t ion Re to a value <2000. 

Operating at Reynolds numbers <2000 was not possible with the available loop 

configuration. 

F . INNER-CHANNEL COOLANT MIXING, OR CROSSFLOW 

Besides promoting increased in t ra-channel turbulence, it was expected that 

the rod spacers would induce forced in ter-channel coolant mixing, or crossflow. 

Under certain asymmet r ic geometry conditions, forced crossflow •would be im­

portant in alleviating the large c ross fuel element t empera tu re differences, and 

result ing bending s t r e s s e s , that can occur. It was a p r i m a r y objective of this 
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study to determine the influence of rod spacers in reducing c ross coolant- to-

coolant channel t empera tu re differences. 

Asymmetr ic heating tes t s were performed to determine the extent of coolant 

channel t empera tu re change due to rod-spacer - induced mixing. The as-ymmetric 

heating conditions were produced by turning off selective hea te r s in the 19-rod 

bundle. This, in effect, produced t empera tu re differences in adjacent coolant 

channels. Experimental resu l t s were determined for the individual outlet coolant 

channel t empera tu re s under various asymmet r i c heating conditions. By com­

par ing these resu l t s to predic ted values assuming no in ter-channel mixing, the 

effect of the rod spacers in changing the coolant channel t empera tu re differences 

were determined. 

T-ypical a symmet r i c heating resu l t s a re shown in Figure 23 for the th ree rod 

bundle configurations that have been tested. These resul ts were determined with 

no power supplied to H-2, in o rder to c rea te a c ross -coolan t channel t empera tu re 

difference from Channels A to B. Channels B receive only two-thirds the tes t 

rod heat input that Channels A receive . Under zero crossflow conditions, the 

predic ted c ross -coo lan t channel t empera tu re differences, shown in the f i rs t row 

of F igure 23, were determined by applying the 2/3 factor to the measu red axial 

t empera tu re r i s e of Channels B obtained under symmet r ic heating conditions. 

As is evident from Figure 23, there is considerably g rea te r in ter-channel mixing 
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taking place with the helical-fin configuration, as compared to the ring spacer 

bundle, both of which have P / D = 1.05. This can be attr ibuted to the fluid tend­

ing to follow the helical path of the fins and the R-L-N fin configuration, for 

which fins on adjacent rods tend to mix the fluid in the same direct ion. As ex­

pected, due to zero spacing between elements , the smooth-tube rod bundle ( P / D = 

1.00) showed no reduction on the c ross -coolan t t empera tu re difference. 

In addition to the resu l t s shown in Figure 23, a symmet r i c heating tes t s were 

performed at other power levels and flow r a t e s . It was found that the conclusions, 

in t e r m s of percentage changes, were independent of pow^er and flow rate over 

the range investigated. 

AI-AEC-13088 
51 



VII. CONCLUSIONS AND DISCUSSION OF RESULTS 

T h r e e rod bundle con f igu ra t i ons w^ere t e s t e d u n d e r condi t ions of t u r b u l e n t 

long i tud ina l flow of l iquid NaK. T e s t i n g was p e r f o r m e d in the l o w - P e r e g i m e 

(30 to 240), and u n d e r the h e a t flux condi t ions (28,000 to 110,000 B t u / h r - f t ^ ) t ha t 

a r e c o n s i d e r e d t y p i c a l for c o m p a c t r e a c t o r c o r e s . B a s e d upon t h e e x p e r i m e n t a l 

r e s u l t s , t he following i m p o r t a n t conc lus ions can be m a d e : 

1) F o r the t igh t ly p a c k e d rod bundle hav ing a P / D = 1.00, exce l l en t a g r e e ­

m e n t w^as found to ex i s t betw^een the t h e o r e t i c a l and e x p e r i m e n t a l r e ­

su l t s for the c ladd ing c i r c u m f e r e n t i a l t e m p e r a t u r e v a r i a t i o n and the 

r o d - a v e r a g e h e a t t r a n s f e r coeff ic ient . 

2) Due to a s ign i f ican t i n c r e a s e in the i n t r a - c h a n n e l t u r b u l e n c e , neg l ig ib le 

c i r c u m f e r e n t i a l t e m p e r a t u r e v a r i a t i o n s w^ere o b s e r v e d for both the r i n g 

and h e l i c a l - f i n s p a c e r conf igu ra t ions hav ing a P / D - 1.05. 

3) The h e a t t r a n s f e r r e s u l t s for the r ing s p a c e r conf igura t ion show^ed a 

s l igh t P e d e p e n d e n c e . F o r the P / D = 1.00 rod bundle and h e l i c a l - f i n 

conf igura t ion , t h e c ladd ing a z i m u t h a l t e m p e r a t u r e d i s t r i b u t i o n s and 

the r o d - a v e r a g e f i lm coeff ic ient w^ere independen t of P e , o v e r the 

r a n g e i n v e s t i g a t e d . 

4) The e x p e r i m e n t a l r e s u l t s c o n f i r m e d the p r e d i c t e d a p p r o x i m a t e f ive- fo ld 

i n c r e a s e in the r o d - a v e r a g e Nu va lue for a c l o s e l y spaced rod a r r a n g e m e n t 

( P / D = 1.05), c o m p a r e d to t ight ly packed r o d a r r a n g e m e n t ( P / D = 1.00). 

5) F o r the r ing s p a c e r conf igura t ion , r e a s o n a b l e a g r e e m e n t b e t w e e n the 

p r e d i c t e d ( s m o o t h tubes ) and e x p e r i m e n t a l r o d - a v e r a g e f i lm coefficient^ 

was found. The h e l i c a l - f i n conf igura t ion y ie lded a 53% i n c r e a s e in the 

r o d - a v e r a g e Nu va lue o v e r the s m o o t h - t u b e v a l u e . 

6) The R - L - N h e l i c a l - f i n s p a c e r conf igura t ion p r o d u c e d a p p r e c i a b l e 

i n t e r - c h a n n e l m i x i n g , o r crossflow^. T h i s w^as o b s e r v e d for the a s y m ­

m e t r i c hea t i ng t e s t s , in which a 44% r e d u c t i o n in the c r o s s c o o l a n t - t o -

coolant channe l t e m p e r a t u r e d i f f e rence w a s found. Th i s r e d u c t i o n w a s 

m o r e than tw ice tha t o b s e r v e d for the rod bundle employ ing r ing 

s p a c e r s . 
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The study presen ted he re represen t s the f i rs t t ime that rel iable exper i ­

mental liquid metal heat t ransfe r data have been obtained for closely spaced rod 

bundles in the low-Pe reg ime . The data confirmed ea r l i e r expectations that im­

proved heat t ransfer per formance would resu l t from the effect of positive rod 

spacing and the use of rod space r s . The increased in t ra-channel turbulence 

created by the helical-fins negated any rod azimuthal t empera tu re variation, and 

significantly improved the rod-average film coefficient. The fin-induced in te r -

channel mixing, or crossflow, •was observed to be significant. For an actual 

ZrH reactor core , the added crossflow w îll be important in reducing c ross fuel 

element t empera tu re differences, and the result ing bending s t r e s s e s which occur 

during asymmet r i c geometry and heating conditions. 

As previously indicated, great ca re was taken in the experimental loop and 

tes t section design, and in insuring a clean liquid metal sys tem. These p r e ­

cautions resul ted in obtaining rel iable data which can be applied with confidence 

in the design and analysis of compact reac tor co res . It should be noted, however, 

that the resul ts presented ea r l i e r a r e s t r ic t ly t rue only for the conditions of the 

experimental study. Care must be exercised in applying the p resen t tes t resu l t s 

to conditions other than those examined. 
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VIM. 5-kwe SYSTEM CORE VERIFICATION TEST 

The final heat t ransfer tes t would have provided information required for the 

design and evaluation for the 5-kwe Reactor Thermoelec t r ic System, which w^ould 

utilize the 1.00-in. hex-shaped, hobbed, finned, fuel rod configuration. F ig­

u res 24 and 25 show^ conceptual designs of the actual core sector and the fuel e le­

ment configuration. The presen t status of the above tes t is descr ibed below. 

A. HEATER DESCRIPTION 

The tes t rods a re special heater assembl ies which were designed to s imulate 

ZrH elements , as shown in Figure 26. The tes t heater assembly consists bas i ­

cally of four (4) car t r idge h e a t e r s . These ca r t r idge hea te r s , 4.00 in. in length 

by 5/8 in. OD, a re placed in tandem and wired in para l le l to form the heat source . 

The four car t r idge heater subassembly is centered -within a smooth or finned 

cladding tube, and positioned w îth vibrat ion-packed MgO insulation. Each heater 

assembly is capable of up to 4 kw of input power, under the tes t conditions. 

B. FINNED ELEMENT DESCRIPTION 

The finned elements were machined from Type 304 s ta inless steel tubing 

mater ia l , 1.125 in. OD with a 0.083 in. wall. The fin width w^as controlled at 

0.125 in., with a minimum fin height of 0.010 in. and a maximum fin height of 

0.050 in. The minimum tube wall thickness was 0.020 in. The dimensional 

features a r e shown in Figure 27. The method of fabrication of the finned clad­

ding tube is equivalent to that planned for the fuel element cladding for the 5-kwe 

reac tor . 

C. CLADDING THERMOCOUPLE DESCRIPTION 

Cladding thermocouples a re spaced around the inside cladding per iphery to 

m e a s u r e the rod c i rcumferent ia l t empera tu re distribution. The thermocouples 

consisted of Chromel-Alumel w^ires, surrounded by MgO insulation and sheathed 

in Inconel 600 tubing with an OD of 0.020 in. The cladding tube of each ins t ru­

mented tes t rod was drilled at specific azimuthal locations, as shown in F ig­

ure 28. The fabricated thermocouples a re located azimuthally by means of a 

special tool, designed for each hea ter . The thermocouples a re inser ted '^O.010 in. 

into the dri l l holes in the 0.020-in. wall tubing, and TIG welded. This method 
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a s s u r e s that the thermocouple measurement s will be actual wall t empera ture 

readings. 

D. TEST SECTION DESCRIPTION 

The tes t section consists of 19 e lectr ical ly heated cylindrical elements, 

a r ranged on symmetr ica l equi lateral t r iangular a r r a y s . The rod bundle config­

urat ion corresponds to a P / D ratio of 1.02. The rod bundle is contained within 

a Type 304 s ta inless s teel cyl indrical shell, which has simulated filler pieces 

attached to the inner wall to maintain a proper coolant flow distribution. The tes t 

section is instrumented to m e a s u r e inlet and outlet coolant t empera tu res . To 

achieve a uniform velocity profile at the entrance to the rod bundle, a plenum and 

bell mouth nozzle a r rangement is used at the inlet to the tes t section. 

E CURRENT STATUS OF FINAL CORE VERIFICATION TEST 

Due to the ZrH P r o g r a m fund curtai lment, no experimental tes ts •were pe r ­

formed utilizing the previously descr ibed tes t section. 
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NOMENCLATURE LIST 

Symbols 

D = rod d i a m e t e r (ft) 

D, =: hydrau l i c d ia ine te r of rod bundle (ft) 

g g rav i t a t iona l constant (lb - f t / lb^ -h r ) 

h = hea t t r a n s f e r coefficient (B tu /h r - f t - ° F ) 

k = t h e r m a l conduct ivi ty ( B t u / h r - f t - ° F) 

LTJ hea ted length (ft) 

Nu = hD, / k . = Nusse l t number (d imens ion less ) 

P = pi tch, or d i s tance between rod c e n t e r s (ft) 

P e = (Re) (Pr ) = Pec l e t number (d imens ion less ) 

P r f^C / k . P r a n d t l number (d imens ion le s s ) 

q - heat flux ( B t u / h r - f t ) 

Re = /DuD, //i Reynolds number (d imens ion less ) 

r rad ia l coord ina te (ft) 

r , = ins ide rad ius of cladding tube (ft) 

R = outs ide radius of cladding tube (ft) 

T - t e m p e r a t u r e (° F) 

W h e a t e r input power (kw) 

z - axia i coord ina te (ft) 

G r e e k L e t t e r s 

6= ax imutha l coord ina te ( rad ians) 

fJ- v i scos i ty of coolant (lb /ft~hr) 
3 

P= dens i ty of coolant (lb /ft ) 

Si^bscripts 

b = bulk coolant 

F flow development , fuel o r MgO region of 

t e s t rod 

f ' coolant 

H " hea ted region of t e s t rod, t h e r m a l prof i le 

deve lopment 

1 ms ide , local 

o outs ide 

S s p a c e r r ings 

w = cladding wal l 

Other 

A T „ _ _ , _ cladding t he rmocoup le co r r ec t i on factor CORR ^ ^ 

A T - a v e r a g e fi lm t e m p e r a t u r e drop 

NA = not appl icable 

P / D - p i t c h - t o - d i a m e t e r ra t io 

R~L-N = r i g h t - l e f t - n e u t r a l configurat ion 

T / C t h e r m o c o u p l e 

T ^ (9) - T. d i f ferent ia l between cladding inner wall 

t e m p e r a t u r e and bulk coolant t e m p e r a t u r e 

z--,/D cladding t he rmocoup le locat ion with r e ­

spec t to veloci ty prof i le development 

z „ / D , cladding t h e r m o c o u p l e locat ion with r e ­

spec t to t e m p e r a t u r e prof i le development 
"H' h 

Z - T / L = c ladding t he rmocoup le locat ion with 

r e s p e c t to heated length 

ZJ-^/D - cladding t he rmocoup le location with r e s p e c t to 

middle s p a c e r r ings 

•7r/6 

( ) ( )d9 a v e r a g e value 
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