
I I  I 1 1  I ~ I  II I I  1 - 1 1  
3 4 4 5 6  0 3 6 4 2 4 8  6 

t 

OR NL-3079 
UC-80 - Reactor Technology 

HFlR HEAT-TRANSFER STUDIES OF 

TURBULENT WATER FLOW IN 

THIN RECTANGULAR CHANNELS 

W. R. Gambill 
R. D. Bundy 

N A T I O N  A L LABORATORY 
operated by 

U N I O N  CARBIDE CORPORATION 
for the 

U.S. ATOMIC ENERGY COMMISSION 



i 

.. 

Printed in USA. Pr ice $1.50 . Avai lab le from the 

Of f ice of  Technica l  Services 

Deportment of Commerce 

Washington 25, D.C. 

LEGAL NOTICE 

T h i s  report was prepored o s  on account o f  Government sponsored work. 

nor the Commission. nor ony person act ing on beholf of the Commission: 

A. Makes ony warranty or representation, expressed or implied, w i th  respect t o  the accuracy, 

completeness, or usefulness of  the informotion contained in  th i s  report, or that the use of  

any information, opporatus, method, or process d isc losed in th i s  report moy not in f r inge 

pr ivate ly  owned r ights; or 

6. Assumes any l i ab i l i t i es  w i th  respect t o  the use of, or for damages resul t ing from the use of  

any information, apparatus, method, or process d isc losed in th is  report. 

Neither the Uni ted States, 

As used i n  the above, “person act ing on behalf o f  the Commission” includes any employee or 

contractor of the Commission, or employee of  such contractor, to  the extent  that  such employee 

or contractor of the Commission, or employee of such contractor prepores, disseminates, or 

provides occess to, m y  informotion pursuant t o  h i s  employment or contract w i th  the Commission, 

or h i s  employment w i th  such contractor. 

. 

. 

c 



Om-3079 

UC-80 - R e a c t o r  Technology 
T I D - 4 5 0 0  (16th e d . )  

C o n t r a c t  No.  W-7405-eng-26 

REACTOR D I V I S I O N  

HFIR HEAT-TRANSFEE STUDIES O F  TURBULE3IT WATER 

FLOW I N  T H I N  RECTANGULAR CHANNELS 

W. R. G a m b i l l  and R.  D. Bundy 

. 

DATE ISSUED 

JUN - 5 1961 . 

OAK RIDGE NATIONAL LABORATORY 
O a k  Ridge, Tennessee 

operated by 
UNION CARBIDE CORPORATION 

f o r  the 
U. S. ATOMIC ENE3GY COMMISSION 

3 4 4 5 6  0 3 6 4 2 4 8  6 



Y 

. 



. .  
. 

comms 

.. 

Abstract ........................................................... 
Introduction ....................................................... 
Experimental Program ............................................... 

System Description .............................................. 
Description of Test Sections .................................... 

Nickel Test Sections ......................................... 
Aluminum Test Sections ....................................... 
Aluminum Test Sections with Axial Spacers ..................... 

Operating Procedure ............................................. 
Ranges of Conditions ............................................ 

Results and Discussion ............................................. 
Fr ic t ion  Factors ................................................ 
Burnout Heat Fluxes ............................................. 

Review of Other Studies ...................................... 
Present Investigation, Channels Without Spacers .............. 
Present Investigation, Channels with Spacers ................. 

Heat-Transfer Coefficients ...................................... 
Preliminary Tests ............................................ 
Results Without Spacers ...................................... 
Results with Spacers ......................................... 

Acknowledgments .................................................... 
Notation .......................................................... 
Literature  Cited ................................................... 
Appendices ......................................................... 

I . Supplementary Burnout Comparisons ......................... 
I1 . HFIh Minimum Shutdown Flow Rate ........................... 

Theoretical ............................................ 
Experimental ........................................... 

I11 . Additional Natural-Circulation Studies .................... 
HFIR Natural-Circulation H e a t  Transfer t o  A i r  
Permissible Power Level fo r  HFlR Samarium Burnup 

.......... 
with Natural-Circulation Heat Removal at Low 
Pressure .............................................. 

IV . Aluminum-Water Reaction Tests ............................. 
V . Approach of Fuel Meat t o  Side P la tes  ...................... 

1 

1 

2 

2 

4 
4 
7 
12 

19 

20 

20 

23 

24 

24 
26 
30 

33 

33 
34 
43 

45 

47 

50 

55 

55 

58 

58 
63 

65 

65 

67 

69 

70 

iii 





HFIR HEAT-TRANSFER STUDIES OF TURBULENT W A T E R  
FLOW I N  THIN RECTANGULAR CHANNELS 

4 

W. R .  Gambill and R .  D .  Bundy 

Abstract 

I n  support of the High Flux Isotope Reactor program, ex- 
perimental determinations were made of f r i c t i o n  factors,  burn- 
out heat fluxes, and average and loca l  nonboiling heat-transfer 
coefficients fo r  forced-convection flow of water through th in  
aluminum and nickel rectangular channels under the following 
conditions: 
velocity = 10 t o  $5 fps, Reynolds number = 9,000 t o  270,000, 
pressure = 1 t o  39 atmospheres absolute, flow gap = 0.043 t o  
0.057 in. ,  and heated length = 12 and 18 in.' 
made t o  ascertain the effect  of an ax ia l ly  oriented cyl indrical  
spacer s t r i p  on surface temperature dis t r ibut ion and burnout 
heat f lux.  

investigations of narrow-gap heat t ransfer ,  are  i n  reasonably 
good agreement with accepted correlations.  The f r i c t i o n  fac- 
t o r s  are  i n  satisfactory agreement with the Moody chart f o r  
the re la t ive  roughness of the t e s t  sections used, the burnout 
heat f luxes are  well reproduced by the Soviet Zenkevich-Subbotin 
correlation, and the  loca l  and average heat-transfer coeffi-  
c ien ts  a re  s l i gh t ly  larger  than values predicted by the Hausen 
and Sieder-Tate equations. 

Miscellaneous experimental and analyt ical  HFIR heat- 
t ransfer  studies not described i n  a previous report on the 
natural-circulation work,* or i n  the body of this report, are  
included i n  the Appendices. 

heat f lux  = 0.1 x lo6 t o  7.4 x lo6 Btu/hr.ft2, 

A few t e s t s  were 

The r e su l t s  of these studies, unlike those of some e a r l i e r  

Introduction 

During the preliminary design of the High Flux Isotope Reactor (HF'IR),l 

some consideration w a s  given t o  the  possible influence of the proposed 
narrow fuel-plate spacing (4 .050 i n . )  on the heat-transfer coefficients,  

burnout heat fluxes, and f r i c t i o n  fac tors  characterizing the core 's  ther- 

m a l  behavior. O f  par t icular  concern were the heat-transfer coeff ic ients  

*W. R.  G a m b i l l  and R .  D .  Bundy, Burnout Heat Fluxes f o r  Low-Pressure 
Water i n  Natural Circulation, ORNL-3026 (Dec. 20, 1960). 
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reported by Levy et a1.2 for forced-convection flow of water through rec- 

tangular channels (0.1 x 2 . 5  in.) heated around the entire periphery. 

Over the range lo4 < (Re) 
given by the accepted Sieder-Tate correlation. Of further concern was 

the unusually extreme dependence of friction factors on minor surface 

roughness, as reported by Lancet4 for turbulent air flow through channels 

with 23- to 25-mil flow gaps. Although the surface of one of Lancet's 

test sections was sufficiently polished ( 3  to 6 pin. roughness) to render 

it nearly hydraulically smooth by normal criteria of relative roughness, 

Lancet reported friction factors at Re = 4 x lo4 which are approximately 
double those characteristic of a smooth duct. Of final concern was the 

possibility that coalescence of vapor bubbles across the narrow flow gap 

might produce burnout at lower-than-normal heat fluxes . 

< lo5,* these data fall 30 to 50% below values b 

Since the thermal performance level of the HFIR w i l l  be high, it was 

decided to resolve these uncertainties by conducting a limited number of 

experimental determinations of the pertient heat-transfer parameters. 

The studies, which extended over a nine-month period, resulted in the 

recommendation of correlations which were used in the final thermal design 

of the HFIR core. 

Experimental Program 

System Description 

The experimental system, depicted schematically in Fig. 1, was a 

modification of that used previously for swirl-flow heat-transfer experi- 

m e n t ~ . ~  

pumped from a 300-gal holdup tank through the indicating rotameters and 

booster pmps and into the vertical test section. The holdup tank, Uni- 

chrome lined to prevent water contamination, also served as-a  weigh tank 
for rotameter calibration. The mixing chamber was of disk-and-donut con- 

struction, the thermocouples were Chrome1 vs Alumel, and all piping (ex- 

The coolant water (distilled in all but the earliest tests) was 

cept in the earliest 

*See section on 

experiments) was type 304 stainless steel. A 

Notation for definition of terms. 

. 

2 



UNCLASSIFIED 
ORNL-LR-DWG 56102 

250 kvo DISTRIBUTION 375 kvo POWER 
TRANSFORMER, TRANSFORMER, 
220 TO 8 8 O v  0.5 TO 2 1 . 0 ~  1 

d d  
440 v 

AC 
INPUT 

- ELECTRODE /= ~~ 

MIXING 
CHAMBER ’ 

SATURABLE/ 
REACTOR 

TO DRAIN 

TANK CENTRIFUGAL 4 
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Fig. 1. Experimental Heat-Transfer System. 

wire-screen f i l t e r  was placed i n  the piping upstream of the t e s t  section. 

I n  order t o  prevent coolant flashing upon pressure letdown at the weigh 

tank, a two-pass, shell-and-tube cooler w a s  inserted upstream of the tank. 
Sta t ic  coolant pressures a t  s ta t ions P1 and P2 were read on calibrated 
Heise gages during steady-state operation, and w e r e  taken f r o m  a Sanborn 

high-speed recorder t race  f o r  the burnout reading. The t e s t  section w a s  
enclosed i n  a shield box welded from 1/4-in. mild s tee l ;  the shield was 
intended t o  protect personnel from flashing steam at  burnout and possibly 
from a violent Al-H2O explosion (which did not materialize).  

water temperature w a s  adjusted with a steam-heated c o i l  fabricated of 
1/2-in.-diam s ta in less  s t e e l  tubing located i n  the holdup tank .  
section was e l ec t r i ca l ly  isolated from the remainder of the system with 

flanged connections made with tape-wrapped bo l t s  and Teflon gaskets. 

flow through the t e s t  sections w a s  ve r t i ca l ly  downward i n  a l l  cases. 

The i n l e t  

The t e s t  

Water 
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Description of Test Sections 

Nickel Test Sections. Tests 1 through 3 were conducted with t e s t  

I n  t e s t  1, these were sections made of 0.060-in.-thick nickel plates .  

welded t o  Inconel side s t r ip s ;  separation of the composite p la tes  w a s  
provided by recessed Inconel spacer s t r i p s  a t  the edges, as shown i n  
Fig. 2 .  
the heat generation r a t e  a t  the sides of the channel. 

premature burnout would be induced by the large impressed heat f luxes i n  

the corners of the flow channel. 

i n to  s lot ted end blocks, fabricated as  shown i n  Fig. 3. 
served as flow t rans i t ions  between the terminal piping and the  rectangular 

Inconel edge and spacer s t r i p s  were used i n  order t o  decrease 

Were th i s  not done, 

The t e s t  sections were copper brazed 

The end blocks 

UNCLASSI FlED 
ORNL- LR- DWG 56103 

INCONEL SPACER 
CENTER STRIP 

INCONEL EDGE STRIP’ 

TEST f 

DIMENSIONS ARE IN INCHES 

t 
12 

P 
4 0 14 

INCHES 

0.187+ 

1 0.030 
0.032 I 

INCONEL 

TESTS 2 AND 3 

Fig. 2. Cross-Sectional View of Nickel Rectangular Test Sections. 

-. 
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UNCLASSIFIED 
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23/32 DRILL, V2 PIPE TAP--/ 

MATERIAL: A-NICKEL 

DIMENSIONS ARE IN INCHES 

'/,,DRILL, '/4 

I -  

.. 

6-E '  INDICATES PRESSURE TAP CENTER 
LINE FOR AI TEST SECTIONS (SEE TEXT) 

FLOW TRANSITION BLENDED 
FROM CIRCULAR CROSS 
SECTION TO RECTANGULAR 

PIPE TAP A 

- L ,  78 PIPE TAP 

Fig. 3. End Blocks for Nickel Test Sections. 

cross section of the flaw channel, and as points of attachment for the 

static-pressure taps, voltage measuring leads, and copper electrodes. 

Subassembly of the flow channel and end blocks is depicted in Fig. 4, and 
the final assembly is illustrated in Fig. 5. 

chined from l-in.-thick cold rolled steel, were designed to hold the in- 

crease in flow-channel gap to considerably less than 1 m i l  under opera- 

ting conditions. 

The back-up plates, ma- 
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UNCLASSIFIED 
WNL-LR-DWG 56101 

ELECTRODE 

FLOW PASSAGES ALIGNED, 

- A-NICKEL END BLOCK 

TACK WELDED AS NEC 
TO HOLD ALIGNMENT 

L--L-J _ _ _ _ -  1 
I :  I ,  

LL--LJ 
ELECTRODES (BOLTED TO SIDE FACES OF E N 0  BLOCKS1 

Six Chromel-vs-Alumel thermocouples, alternately spaced on opposite 

sides of the test section, were discharge-welded to the outer surfaces of 

the nickel plates. 

through holes in the back-up plates, as shown in Fig. 5. After the test 

section was assembled, two 3/8-in.-diam holes were drilled through each 

end block, and the electrodes were attached with stud bolts to give a 

tight press fit (as indicated in Fig. 4 ) .  

Thermocouple lead wires were brought to the outside 

In order to avoid problems which arose during welding of the thin 
Inconel edge strips to the A-nickel center strips, test sections f o r  tests 
2 and 3 were fabricated with solid A-nickel plates, with a 0.187-in. width 

of each edge milled to a thickness of 0.030 in. (see Fig. 2). 

struction, which equally well decreases heat generation at the sides of 

the flow channel, is similar to the design used by Westinghouse in their 

high-pressure bulk-boiling burnout tests.' 

tabulated in Tables 2 and 3 of subsequent sections of this report. 

This con- 

The test-section dimensions are 

6 



UNCLASSIFIED 
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ITEM NO. 111.._ 

V32-in. TYP. 

SECTION E-E 

e 
Ln 
(D 

.- 

5 
SECTION A-A 

Fig. 5 .  Nickel Test Section Assembly. 

I n  copper-brazing the end-block jo in t  f o r  the second t e s t  section, 

some d i f f i cu l ty  was encountered because of the change i n  cross section; 

the th i rd  se t  of end blocks w a s  consequently modified by cutting, by the 
Elox process, a 1/8-in.-deep recess ( t o  the l e f t  of l i n e  A-A/ of Fig. 3 )  

t o  conform t o  the new cross section of the t e s t  section. 
Tests following t e s t  3 were conducted with Aluminum Test Sections. 

aluminum t e s t  sections f o r  three reasons: (1) t o  decrease the temperature 
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drop between the outer and inner surfaces of the heated w a l l ,  thus in- 
creasing the r e l i a b i l i t y  of the derived heat-transfer coefficients,  ( 2 )  t o  

be t t e r  match the character is t ics  of the e l ec t r i ca l  system with an 18-in. 

heated length (which was specified f o r  the  HFIR core at about t h i s  time), 

and ( 3 )  t o  determine whether aluminum, which w i l l  be used f o r  the reactor 

fuel-plate cladding, gives burnout r e su l t s  i n  agreement w i t h  those obtained 
with nickel surfaces. 

Since no d i rec t  method of joining a higher resistance material t o  

aluminum appeared feasible,  an al ternate  design fo r  preventing heat-flux 

peaking around the edges of t he  f l o w  channel became necessary. 

lems involved i n  maintaining a nearly constant heat f l ux  around the pe- 
riphery of the flow channel are  delineated i n  Fig. 6, where it i s  shown 

The prob- 

UNCLASSIFIED 
ORN L- LR-  DWG 56107 

CONSTANTx, UNIT DEPTH, SEMICIRCULAR CROSS SECTION AT CURVED EDGE. 

CURVED FLAT RIGHT ANGLE 

b = g f 2 x  

( v h / A h ) C U R V E D  - (vh /Ah)RIGHS ANGLE - - -  g+'  - 
(vh/Ah ) FLAT (Vh/Ah)FLAT 9 

Fig. 6. Peripheral Heat-Flux Variation f o r  a Rectangular Test Sec- 
t i o n  of Constant W a l l  Thickness. 

.. 
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t ha t  f o r  a constant w a l l  thickness, the e l ec t r i ca l ly  heated volume per 

uni t  in te rna l  surface area i s  given, f o r  e i ther  a semicircular o r  r ight-  
angle edge, by the sum of the flow gap and w a l l  thickness divided by the 

flow gap. Since 

4 
sections (g = 50 mils and x = 35 m i l s ) ,  the  heat f lux  at the sides of the 

flow channel would peak by a fac tor  of 1.7, were x constant. 

Vh/% i f  q/Vh i s  constant. For the dimensions of the aluminum t e s t  

A similar analysis for  a rectangular channel with unequal f la t  and 
curved w a l l  thicknesses (see Fig. 7) yields a re la t ion  for approximating 
the curved-wall thickness necessary f o r  a uniform peripheral heat-flux 

dis t r ibut ion.  If g = 50 m i l s  and = 35 m i l s ,  the f i n a l  equation given 
i n  Fig. 7 indicates t ha t  x 
These dimensions were used i n  making a number of aluminum t e s t  sections, 

which were fabricated by ro l l ing  a soft  type 1100 aluminum tube of the 

appropriate wall thickness onto a lubricated, hard-rubber mandrel of rec- 

tangular cross section with semicircular edges, following which the inser t  

w a s  withdrawn and a round-edged sizing disk pushed through. 
dimensions (tabulated i n  Table 3 )  were suff ic ient ly  close t o  those speci- 

f i ed  and quite consistent among the t e s t  sections used. 

must be 24 m i l s  i f  $I /4  a a b  i s  t o  be unity. 

The f i n a l  

Also changed f o r  the aluminum t e s t  se r ies  was  the location of the 
terminal static-pressure taps, which were moved t o  B-B/ of Fig. 3 i n  order 

t o  avoid reliance on somewhat uncertain end-loss corrections f o r  f r ic t ion-  
factor  calculations. The pressure-tap hole a t  B-B/ w a s  not i n i t i a l l y  com- 

pleted through the test-section wall, since it could have become plugged 
during the subsequent brazing operation. After furnace brazing with 

Eutectic 190 compound, the hole was extended through the test-section wall 

by an electrical-discharge machining technique (Elox process), which leaves 

no in t e r io r  m e t a l  burr t o  dis turb the flow pattern about the measurement 

point.  The end blocks i n  these t e s t s  were also made of type 1100 aluminum. 

9 
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assembly. 
wall s l i gh t ly  t o  cause a p a r t i a l  embedding of the  thermocouple bead i n  the 
surface; t races  of t h i s  indentation were v i s ib l e  a f t e r  tes t -sect ion ais- 
assembly. 

spaced nominally at 2-in. ax ia l  intervals  on a l te rna te ly  opposing sides of 
the t e s t  section. A t  four stations,  a thermocouple w a s  a l so  placed at the 

edge of the f la t  portion of the aluminum wall t o  obtain data  on the  l a t e r a l  

temperature d is t r ibu t ion  (see Fig. 8 ) .  The calculated maximum increase of 
flow gap permitted by the 1/2-in.-thick, type 304 s ta in less  s t e e l  back-up 

plates  was 1.17 mils under operating conditions of 500°F (back-up tempera- 

t u re )  and 600 psia  (water pressure).  

In te rna l  coolant pressure during a t e s t  expanded the aluminum 

A t o t a l  of 12  thermocouples was  used i n  each t e s t ,  with s ta t ions  

An aluminum t e s t  section i s  shown i n  various stages of assembly i n  

Figs. 9 through 13. 

typ ica l )  congruency obtained between t e s t  section and Mycalex insulators .  

Figure 11 gives an indication of the excellent (and 

Aluminum Test Sections with Axial Spacers. Four t e s t s  were conducted. 

with centered spacer s t r i p s  of s l igh t ly  f la t tened cyl indrical  cross section 

running the length of the  flow channel. 

ro l l ing  0.056-in. -0. d . s ta in less  s t e e l  tubing ( 6-mil w a l l )  u n t i l  the  dimen- 

sion across the f l a t s  was nominally 50 mils. The spacers w e r e  s lo t ted  a t  
the ends t o  allow thermal expansion, pulled through the  flow channel, and 
then centered l a t e r a l l y  by 30-mil pins inserted through both channel w a l l  
and spacer-tube s lo t  at  each end of the test  section. The spacer tube w a s  
then closed off a t  the  ends, placed under tension, and welded t o  cross pins 

placed i n  the terminal piping attached t o  the end blocks. Since the spacer 
occupied the center of the flow channel, the pressure taps w e r e  moved lat-  
e ra l ly  u n t i l  t h e i r  centerlines were midway between the edge and the  center 
of the flow channel. 

the test  section, one d i r ec t ly  over the spacer, and one at  each side of the 

central  thermocouple. A t  each of three intermediate thermocouple stations,  

two thermocouples were used, one over the spacer and one t o  the side.  

There were thus f ive  s ta t ions a t  nominal 3-in. intervals ,  involving a t o t a l  

of 12  thermocouples. 

The spacers were m a d e  by l i g h t l y  

Thermocouples were grouped i n  threes at each end of 

Final spacer dimensions are given i n  Table 1. 
Net flow areas, equivalent diameters, and heated surface areas f o r  

a l l  t e s t  sections are  tabulated i n  Table 2, as calculated from dimensions 

4 
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A - L 6 .  ,. uauIL uu11+,uLleflt,s WI u r n n u n  Yest-Section Assembly. Top t o  bottom: backup plate, 
Mycalex insulator, t e s t  section and end blocks, Mycalex insulator,  and backup plate .  
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Table 1. Spacer Dimensions" f o r  
Tests 8 Through 11 

Test No. hs ( i n . )  Ws ( i n . )  gs ( i n . )  
~~ ~~~ 

8 0.048 0.067 0.00% 
9 0.046 0.069 0.004 
10 0.054 0.059 0.001 
11 0.052 0.061 0.001 

?letermined a f t e r  termination of t e s t .  

,-TEST- SECTION WALL 

Table 2. Net Flow Area, Equivalent Diameter, and 
Heated Surface Area f o r  All Test Sections 

Test No. a f ( i n . 2 )  De ( i n . )  4, (ft2> 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

0.0457 
0.0470 
0.0527 
0.025% 
0.0267 
0.0267 
0.0278 
0.0279 
0.0229 
0.0247 
0.0235 

0.0827 
0.0863 
0.093% 
0.097% 
0.0995 
0.0994 
0.1045 
0.0920 
0.0750 
0.0808 
0.0773 

0.166% 
0.1685 
0.1667 
0.1341 
0.1360 
0.1356 
0.1352 
0.1381 
0,1349 
0.1386 
0.132% 

. I  

measured after t e s t  termination. When the measurements at  the  burnout 

s i t e  differed s ignif icant ly  from the average value for the  en t i re  t e s t  

section (two instances), the average value was  used i n  reducing the heat- 
t ransfer  data and the loca l  value was  used i n  burnout calculations. The 



.. 

equivalent diameter was taken as four times the net flow area divided by 

the wetted perimeter. 
calculating af and De f o r  t e s t s  8 through 11, but 

the spacer were not present. 

of two possible cases: 
the heat flowed from the aluminum surface in to  the water film, as  with no 

spacer; and i f  the spacer did touch the wall, the heated area was s t i l l  

essent ia l ly  the same, since the spacer was  approximately square and the 

covered w a l l  area w a s  approximately equal t o  the area of the sides of 

the spacer s t r i p .  

The presence of the spacer w a s  accounted f o r  i n  
was calculated as  i f  

This approach i s  jus t i f ied  by consideration 

i f  the spacer did not touch the test-section w a l l ,  

5-l 

Operating Procedure 

During each t e s t ,  the  outside w a l l  temperatures were allowed t o  

equi l ibrate  a number of times before burnout. Data suitable f o r  calcu- 
l a t ion  of heat-transfer coeff ic ients  and f r i c t i o n  factors  were collected 

during these periods of steady s t a t e  operation. 

f o r  equilibration because of the  generally high heat fluxes and f i l m  co- 
e f f ic ien ts  and the re la t ive ly  small heat capacity of the t e s t  section. 

The physical operations performed during preparation of a t e s t  section 

and following burnout are  l i s t e d  below: 

L i t t l e  time was required 

Channel Measurements Before Brazing 

1. Measure inside width and thickness 

2. Measure outside width and thickness 
3. 

After Brazing 
Adjust heated length t o  12  or 18 i n .  

1. 

2. I n s t a l l  voltage-tap lugs 
3. Remove pressure-tap burrs from inner surface 

(when d r i l l e d )  

4. Clean tube in t e r io r  

5. Measure outside width and thickness 

6. 
7. 

D r i l l  or Elox pressure-tap holes through channel 

Measure heated- and vol twe-tap lengths 
Measure water condition (pH and e l ec t r i ca l  re- 
s i s t i v i t y )  
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After Test 

1. Check thermocouples f o r  t ightness 

2. Measure burnout location 

3. Measure water condition 

4. Measure channel outside width and thickness at  
several ax ia l  positions 

5. Measure channel inside width and thickness a t  
several ax ia l  positions 

6. Measure wall thickness a t  several ax ia l  posit ions 

7. Examine inner wall f o r  deposits a t  several posi- 

8. Determine in t e r io r  surface roughness with pro- 

t ions  

filometer a t  several ax ia l  posit ions 

Ranges of Conditions 

The heat f l u x  was varied from 0 .1  x lo6 t o  7.4 x lo6 Btu/hr.ft2, the 
ex i t  coolant pressure from 1.1 t o  38.6 atmospheres absolute, the heated 

length from 12.0 t o  18.8 in . ,  and the flow-channel equivalent diameter 

from 0.075 t o  0.105 i n .  Velocit ies ranged from 10.2 t o  85.4 fps, cor- 

responding t o  loca l  Reynolds numbers from 9.0 X lo3 t o  2.7 x lo5. Both 

aluminum and nickel t e s t  sections were used, and the  a f te r - tes t  surface 

roughnesses varied from 45 t o  200 pin. rms. Local heat-transfer coeffi-  

c ien ts  ranged from 3120 t o  38,200 Btu/hr.ft2."F, and burnout heat f luxes 
from 3.04 x lo6 t o  7.36 x lo6 B t u / h r - f t 2 .  

.. 

Results and Discussion 

Data pertinent t o  the eleven t e s t s  are given i n  Table 3. The last 
column of Table 3 and a l l  of Table 4 r e l a t e  only t o  the conditions a t  

burnout, with which each t e s t  w a s  terminated. Since exis t ing correlations 

f o r  f ,  h, and $bo are generally supported by many data  obtained i n  other 

studies, it w a s  f e l t  t ha t  selection of the  exis t ing equation which best  
represents the new data  would lead t o  more r e l i ab le  recommendations than 

development of new correlations based only on the present data. 
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Table 3. Forced-Convection Burnout Test Conditions 

Test Section Water Condi- 
tionajb 

"1 

E (OF) No. Flow Gap x (in.)" 
Material L Gap Width (pin. rms)& PH Pe (ohm-cm) 

(in*) (in.)& (in.)" Flat Curved 

1 

2 
3 
4 
5 
6 
7 
gd 
9d 
10d 

1ld 

A-nickel plates separated 
by Inconel spacers 

I1 

11 

Type 1100 aluminum 
11 

I 1  

11 4, ' 

11 

11 

I1 

11 

12.01 

12.13 
12.00 
18.27 
18.29 
18.14 
18.28 
18.53 
18.28 
18.78 
18.05 

0.043 

0.045 
0.049 
0.053 
0.054 
0.054 

0.057 
0.064 
0.054 
0.056 
0.0% 

1.062 

1.044 
1.075 
0.498 
0.505 
0.506 
0.501 
0.500 
0.500 

0.499 
0.498 

0.060 

0.060 
0.060 
0.035 
0.035 
0.035 
0.035 
0.035 
0.036 
0.037 
0.038 

( side spacer ) 

(side spacer) 
(side spacer) 

0.028 
0.025 
0.025 
0.027 
0.026 
0.027 
0.027 
0.028 

200 

c 

c 

63 
65 
65 
6C-75 
6575 
5MO 
4565 
6590 

C 

C 

C 

6.69 
6.70 
6.63 
6.50 
6.86 
6.40 
6.50 
6.62 

C 

C 

C 

215,000 
145,000 
210,000 
260,000 
123,000 
210,000 
205,000 
135,000 

123.8 

123.8 
129.0 
124.2 
96.5 
91.6 

120.2 
112.4 
113.4 
116.4 
109.2 

a 

bWater pH and pe determined at 23.3 t o  29.5"C. 
C 

%n these tests, an axially oriented, centered spacer s t r ip  of slightly flattened cylindrical cross section 

Average value, determined after termination of test .  

Not measured. 

w a s  used. 



IU tu Table 4. Forced-Convection Burnout Te-st Results 

kfi (lo6 Btu/hr*ft2) 

Experimental Predicted 
('2 'bo 

Zenkevich- 
Subbot i n  ' (ref. 19) (ref. 2 1 )  

' Menegus 
(fPS la 

1 

2 
3 
4 
5 
6 
7 

sa 
10d 
114 

560 
465' 
535 
550 
566 
160 
355 
521 
465 
50 5 
462 

453 
414 
3% 
441 
426 
317 
358 
422 
413 
4 0 4  
459 

26.0 
46.0 
90.0 
36.0 
54.0 
46.5 
74.9 
49.3 
47.1 
64.0 

4.8 w t  quality 

31.8 
35.4 
35.8 
45.5 
30.4 
54.1 
85.4 
38.4 
46.0 
42.5 

G = 6.42 X lo6 

3.55 
3.84 
3.74 
3.64 
2.62 
3.42 
6.15 
3.26 
3.21 
3.01 
3.19 

3.89 
4.20 
4.03 
4.34 
3.04 
4.99 
7.36 
3.67 
3.59 
3.25 
3.36 

3.80 
3.58 
5.90 
5.21 
4.29 
6.04 

10.47 
5.02 
6.45 
6.69 

3.58 
4.36 
5.75 
4.40 
3.98 
4.65 
8.09 
4.60 
5.92 
6.12 

2.70 
3.50 
4.52 
3.70 
3.38 
4.62 
6.57 
3.75 
4.06 
4.28 

%he corresponding mass velocities varied from 5.75 x lo6 t o  17.00 x lo6 lb/hr-f t2 .  
$urnout occurred 1/8 t o  3 / 8  in. upstream of the heated exit, except i n  one t e s t  when it occurred at  

Equilibrium reading just before violent pressure fluctuation a t  burnout (which occurred only during 
1 1/4 in. upstream. 

this t e s t ) .  

section w a s  used. 

'bo 

C 

%n these tests,  an axially oriented, centered spacer s t r ip  of sl ightly flattened cylindrical cross 

%lethod i s  inapplicable when net s t e m  i s  generated. The bulk-boiling correlation of ref .  14 gives 
= 4.31 X lo6 Btu/hr.ft2. 



I. 

Frict ion Factors 

Thirty-two f r i c t i o n  factors  calculated f o r  t e s t  1 deviated ( fo r  the 
re la t ive  roughness of the specific channel) from the conventional Moody 
correlation7 by ?13$ (average) and k46$ (maximum). The r e su l t s  of t h i s  

t e s t  gave no indication of the unusually extreme dependence of f r i c t i o n  
factor  on minor surface roughness tha t  was reported by L a n ~ e t . ~  Tests 2 

and 3 gave inordinately small f r i c t i o n  fac tors  because of improperly lo-  

cated pressure taps.  
since the reduction of D caused by the presence of the spacers i n  the 

re la t ive ly  narrow (0.5 i n . )  experimental flow channels would not be repre- 
sentative of the spacer pat tern and corresponding change of De i n  an HFIR 

core. 

No f calculations were made f o r  t e s t s  8 through ll, 

e 

The majority of the fr ic t ion-factor  data were obtained during t e s t s  

4 through 7, which were characterized by a re la t ive  surface roughess 

( € / D e )  of ~ 6 . 4  X I n  these t e s t s ,  the pressure taps  were made 

through the wall of the t e s t  section i n  order t o  avoid terminal pressure- 

drop corrections f o r  f calculations and t o  obviate possible influences 

of turbulence generated by the  upstream end-block threads. 

The r e su l t s  of these t e s t s  - 66 points, a l l  under nonboiling condi- 

t ions  - are  shown i n  Fig. 14 as  the isothermal f r i c t ion  factor  versus 

the bulk Reynolds number. The bulk-to-wall viscosi ty  factor,  1.02 

(p /p 
heat i s  exchanged i n  order t o  account f o r  changes i n  the turbulent ve- 

l oc i ty  prof i le  of the f lu id .  
heated-test r e su l t s  increased, however, when t h i s  factor  w a s  used, that 

is ,  the heated-run data, when converted t o  an isothermal basis, f e l l  
f a r the r  above the isothermal data than when the r a t i o  was omitted. 

i s  ordinarily included i n  the fr ic t ion-factor  equation when b w  

The displacement of the present r e su l t s  from 

Some confirmation of the agreement of the present f r i c t i o n  factors  
8 with conventional correlations may be found i n  a Westinghouse study, 

i n  which three points are  reported fo r  smooth 53-mil flow gaps at  Reynolds 

numbers of 5 x lo4 t o  2 x lo’. 
of the usual Moody curve. 

nesses a t  Re S lo5, there w a s  no e f fec t  of surface roughness over the 

range 6 < E < 25 pin. 

I n  th i s  case, the points f e l l  within +lo$ 

It w a s  a l so  reported that f o r  a l l  gap thick- 
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f I S 0  

2 

10-2 
5 ~ 1 0 ~  104 2 5 105 2 5 x IO5 

( R e ) b  

Fig. 14. Friction-Factor Data for Thin Rectangular Channels. 

DATA FROM TESTS 4-7 

A dimensional uncertainty of 0.001 in. in a flow gap of 0.050 in. 

corresponds to a.n uncertainty of 6.1% in the friction factor and a 2-mil 

uncertainty to 12.8%. 

and the data scatter in Fig. 14 combine to justify a design recommendation 

for f of 

The dimensional tolerances of the test sections 

Of all the data points, 85% fall on or below this recommendation. 

Burnout Heat Fluxes 

Review of Other Studies. Data on burnout heat fluxes for water flow- 

ing through thin rectangular channels at low and moderate pressures are 

sparse. Westinghouse workers have reported their results9 for flow gaps 

of 50 to 101 mils, but these tests were conducted primarily at 2000 psia 

under conditions of net steam generation. 

Levy and co-workers2 reported data for water at 65 to 138 psia flow- 

ing at 6 to 53 fps through 0.118 x 2.405-in. test sections. In these 

r 
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studies, heat production ra tes  i n  the corners of the t e s t  sections were 

high, i n  simulation of what would be extraordinarily intense gama and 
neutron side-plate heating, and burnout occurred a t  the corners a t  heat 

fluxes approximately one-third those character is t ic  of c i rcu lar  pipes. 
Since, i n  t h i s  case, the heat f l ux  peaked i n  the corners, a comparison 
of the actual  loca l  f l ux  with the predicted burnout f lux  would be more 

pertinent than the comparison of channel-average and predicted burnout 

fluxes which was used. I n  i l lus t ra t ion ,  the r e su l t s  of a Westinghouse 
investigation'' may be ci ted wherein the r a t i o  of edge t o  f la t - face heat 

fluxes was varied from 1.34 t o  2.05 by a l te r ing  the thickness of the 

heated metal at the  narrow face. 
burnout fluxes as  much a s  60% greater than the experimental values of 

mean f la t - face f lux  a t  burnout, but the agreement between prediction and 

experiment was within the usual +35% when the peak value of edge heat 

flux, estimated by an e l ec t r i ca l  analog method, w a s  used. 

The WAPD burnout equationsg predicted 

A single t e s t  reported i n  the  literature' '  gave an ear ly  indirect  

indication tha t  flow gaps can be reduced t o  very small dimensions without 
strongly influencing the burnout heat f lux.  

mum heat f l ux  of 7.9 X lo6 Btu/hr-f t2  w a s  at tained (without burnout) when 

15°C water w a s  pumped a t  51.6 fps  through two para l le l  flow channels, 

each 0.010 X 0.197 X 0.787 i n .  
i n  the paper, i s  taken as  atmospheric, Bernath's extended burnout cor- 
relation12 predicts a ho of 11.7 X lo6 Btu/hr-f t2  fo r  t h i s  case, so the 

operating heat f l ux  reached approximately two-thirds of the predicted 
bumout value without fa i lure ,  although the gap was only 10 m i l s .  

I n  the t e s t  reported, a maxi- 

I f  the ex i t  coolant pressure, not stated 

Most pertinent t o  the problem of flow-gap ef fec ts  on 4bo i s  the 
study of Kafengauz and Bauarov,13 which was encountered toward the close 
of the present investigation. 
ward through ve r t i ca l  rectangular nickel t e s t  sections of 2-in. length 

a t  ve loc i t ies  of 3.0 t o  88.5 fps .  

from 79 t o  8 mils, and no effect  on burnout was noted f o r  gaps larger  

than -28 mils. A t  the minimum gap of 8 m i l s ,  the effect  was maximum, tha t  

is ,  burnout occurred simultaneously with the i n i t i a t i o n  of local  boil ing.  

I n  contrast, fo r  a l l  flow gaps greater than -28 mils, the  $bo was -3.6 

Subcooled water a t  40 atm was pumped up- 

The flow gap was incrementally reduced 
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times the heat f l ux  at i n i t i a t i o n  of loca l  boil ing.  

study strongly indicate tha t  gap dimensions do not- influence the 6 
the gap i s  decreased t o  a s ize  comparable t o  maximum bubble diameters. 

The r e su l t s  of t h i s  

u n t i l  bo 

Present Investigation, Channels Without Spacers. The burnout r e su l t s  
of the present study are  outlined i n  Tables 3 ( t e s t  conditions) and 4 ( t e s t  

r e s u l t s ) .  
heat f l ux  measured at  burnout by multiplying by the r a t i o  of the e l e c t r i -  

c a l  r e s i s t i v i t i e s  a t  the measured e x i t  and average surface temperatures. 

This conversion i s  based on q/V 

Since current density and wall thickness were constant with length, the  

r e s i s t i v i t y  r a t i o  alone was suff ic ient  for correction of average 4 t o  
ex i t  4. 

The heat f lux  a t  the  burnout s i t e  was obtained from the average 

= j 2 p  and 6 = (q/Vh) x, whence C#I = j 2 p x .  h 

The experimental ex i t  burnout f l u e s  for t e s t s  1 through 7 were com- 

pared with values calculated from eight potent ia l ly  applicable burnout 

correlations, with the r e su l t s  shown i n  Table 5. 

c 

The correlation equations, along with the ranges of experimental 

variables on which they are  based, are  outlined i n  Table 6.  The simple 

Table 5. Comparison of Experimental and Calculated 
Burnout Fluxes 

Error" ($) 
C orre l a t  i on Reference 

Average Maximum 

Jacobs and Merrill 

Hoe and Senghaus 
Bernath 
Buc hberg 

G r i f f  i t h  

Menegus 

McGill and Sibbi t t  

Zenkevich and Subbotin 

15 
16 
12 

17 
18 
19 
20 
21 

47.9 
37.8 
26.8 
26.1 
22.8 
14.8 
14.3 
14.8 

71.6 
74.0 
46.5 
37.8 
37.9 
42.7 
47.3 
30.6 

a Calculated minus experimental, divided by experimental, 
times 100. 
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Table 6. Boiling Burnout Correlations with Which HFIR Experimental Burnout Data Were Compared 

7 

' Ref el  
ence 

15 
- correlation" Variable Ranges Proponents 

Jacobs and 
Merr i l l  

I 

'bo = Jr (tbl, 5, Di, P, G ) ,  see footnote b I tbi = 72444°F P = 34-187 atm 
%-= 6.l327.4 i n .  G = 0.17 X lo6- 

7.79 x lo6  l b / h r * f t  D, = 0.075-9.306 in .  
I 

Atsub = 1-60"F 

P = 136 atm 
.G = 0.2 X lo6- 4 = 1590 GO * 4 4 3  At0 108 bo sub 8.0 X lo6 l b / h r * f t 2  

Hoe and 
Senghaus 

Bernath' 

16 

12 
= [9,600 (5) + -1 x 

De + - 

D d 1.2 i n .  P = O.?-204 atm 
Atsub = G328"F V = 0.3-156.2 f p s  

Buc hberg 'bo sub I D. = 0.226 in .  P = 17-204 atm = 520 G O e 5  

A tm,h  = ?-160"F V = 5-30 fps  
17 

- 
18 

- 
19 

Grif f i t h e  
~~ 

Atsub = 0-280°F P = 1-204 a t m  

x = 0-70% v = -110 f p s  

Atc,,h = 0-263°F 

De = 0.14-21.2 i n .  P = 1-150 atrn 

v = 0-54 fps  

d Menegus 

D. = 0.143 i n .  P = 17-204 atm 
I tb, = 8X50"F v = 0 . G O  fps  

McGill and 
Sibbi t t  

20 

21, 
22 

- 
De = 0.16-0.47 i n .  P = 102-210 atm 

= 396 G O a 5  Lh.= 7.3-63 i n .  G > 0.2 X lo6 l b / h r * f t 2  

Zenkevich and 
Subbotin 

- L . -  AtSUb > 18°F 
~ 

%nits  of variables are as  given i n  the Notation section of t h i s  report .  
bThe complete expression i s  too lengthy t o  reproduce here. 
'Also applicable t o  f lu ids  other than water. 
%ach of t h e  numerical coefficients (a,  BoJ '$1, yo, y 1 ,  and 61) varies  with pressure. 



Zenkevich-Subbotin correlation, Eq. (9), i s  i n  good over-all  agreement 
with the  data, gives the smallest maximum error ,  and, i n  the authors’ 
estimation, can probably be extrapolated with greater  confidence than 
such a r b i t r a r i l y  s t a t i s t i c a l  correlat ions as those of Jacobs and Merrilll’ 

and of Menegus.19 

the Zenkevich-Subbotin correlat ion be used with a burnout uncertainty 

fac tor  of 1.3, t h a t  i s ,  

For KFIR design, it w a s  accordingly recommended t h a t  

The 1.3 uncertainty fac tor  i s  based on the  maximum sca t t e r  of both the  
present data and the  Soviet data (-870 poin ts ) .  

cable when Atsub > 18OF, G > 0.2 x lo6 l b /h r . f t2 ,  and at  moderate or high 

pressures, say P > 600 psia  (a discussion of the  pressure e f f ec t  follows).  

The dimensionless density group should be evaluated a t  t he  saturat ion tem- 
perature corresponding t o  system pressure, and t he  w a t e r  velocity,  tem- 

perature, and pressure a t  t he  burnout location. 

Equation (10) i s  appli-  

Although Eq. (9 )  f i t s  the  present data, specif ic  t o  the  HFIR geometry, 
within 15% (average) and 31% (maximum) and the  or ig ina l  Soviet 
f o r  1500 < P < 3085 ps ia  within -10% (average) and 30% (maximum), t he  cor- 
r e l a t ion  w a s  further tes ted  w i t h  all other readily available burnout data 

i n  order t o  determine the  agreement a t  lower pressures. The burnout data 

compiled by Menegus” and by Bernath12 i n  the  development of t h e i r  cor- 
re la t ions  were used f o r  the  comparison. 
lb/hr . f t2  and/or Atsub < 18°F were excluded. 
i s  shown i n  Fig.  15 as percentage prediction e r ro r  versus pressure leve l .  

For t he  105 points taken from Menegus,lg the  average and maximum er rors  

were 66.8% and 355.6%, respectively; t he  corresponding er rors  for the  91 

points taken from Bemath’* were 35.7% and 343.0%. 
ment appears bes t  i n  the  range 600 < P < 2200 psia .  
increasingly poor agreement as the pressure decreases from-600 t o  14 
ps ia  i s  uncertain; it may be caused by an a l t e r a t ion  i n  the mechanism of 

Tests f o r  which G w a s  c0.2 X lo6 

The r e su l t  of the  comparison 

The over-all  agree- 

The reason f o r  the  

, 
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400 

350 

300 

." 
- FOR ALL POINTS, A& > 18OF AND G > 0.2 x 10' Ib/hr. f t 2  

PER CENT ERROR = 
EXPT 

( CALC - EXPT ) too 

0 '" 

J P (psia) 

Fig. 15. Variation of Prediction Erro r  with Pressure Level for 
Zenkevich-Subbotin Burnout Correlation. 

the boiling process, by a greater range of experimental inaccuracies 

arising from the large number of investigators who have worked in the low- 

pressure region, by a simple failure of the correlation when extended to 

low pressures, o r  to the large hydraulic instabilities which characterize 
certain low-pressure equipment arrangements. 

Eq. ( 9 ) ,  and of a more generalized dimensionless correlation developed by 
Zenkevich, 22 ' 23 has been noted by Subbotin for burnout at atmospheric 
pressure2' and by Zenkevich for burnout in the range 220 < P < 514 psia.23 
Evidence contrary to such a trend of large errors at low pressures is 

given in Appendix I, where the high-velocity straight-flow burnout data 

for the 22 tests reported in ref. 5, taken at pressures of 10 to 74 psia, 

The inapplicability of 
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are  shown t o  be predicted reasonably well by the Zenkevich-Subbotin cor- 
re la t ion  (average and maximum errors  of 22% and 70%). 

The water used i n  t e s t s  1 through 3 was not demineralized, and it 

l e f t  scaly surface deposits composed pr incipal ly  of calcium and magnesium 

salts. 

pin. rms i n  these t e s t s ,  but the use of demineralized water i n  t e s t s  4 
through 11 reduced the maximum af te r - tes t  surface roughness t o  75 pin. 

rms. The burnout heat f l ux  did not appear t o  be s ignif icant ly  influenced 
by the  surface roughness, a resu l t  i n  accord with the conclusions of a 

memorandum25 which indicated that surface microroughness (consisting of 

elements smaller than bubble diameters which do not a l t e r  the  effect ive 

heat-transfer area)  does not influence the  peak 4 .  
t ha t  cer ta in  arrangements of macroroughness elements - l a t e r a l  grooves, 

f o r  example, as discussed i n  r e f .  26 - can enhance burnout fluxes, pos- 

s ibly without a proportionate increase i n  pumping power. 

The in t e r io r  surface roughness a f t e r  burnout w a s  as  large as 250 

It appears, however, 

Burnout safety fac tors  - that is ,  r a t i o s  of minimum probable burnout 

heat f luxes t o  maximum operating heat fluxes - were calculatedz7 f o r  the  
HFIR design as it existed i n  January 1960. 

f o r  the case of burnout attainment by power-level increase (which de- 
creases A t  

a "hot patch" at  the core ex i t  - t ha t  i s ,  a localized increased heat in- 

put which does not s ignif icant ly  a f fec t  the subcooling of the coolant at 
the  burnout location. The reactor burnout margins are now somewhat dif-  

ferent  because of s l igh t  changes i n  core specifications.  

The burnout fac tor  w a s  -2.7 

and increases $ simultaneously), and -3.6 f o r  the case of sub 

Supplementary comparisons between the high-velocity axial-tube-flow 
burnout ,data of ref. 5 and four burnout correlat ions were made with the 
r e su l t s  outlined i n  Table 9 i n  Appendix I. 

-. I n  order t o  minimize 

heat generation i n  the longitudinal spacers, they were m a d e  from l igh t -  
wall s ta in less  s t e e l  tubing. The spacer dimensions a re  given i n  Table 1, 

and the r e su l t s  of the burnout t e s t s  i n  Table 4. Five test  sections with 

solid spacer s t r i p s  of square cross section (50 X 50 mils) were p a r t i a l l y  

fabricated but were not tes ted when it w a s  decided that spacers would not 
be needed i n i t i a l l y .  

30 



. 

The experimental burnout fluxes were compared with the same eight 

correlations with which the empty-channel data were tes ted (Table 6), and 

the r e su l t s  a re  given i n  Table 7. 
Subbotin correlation a re  i n  e r ror  by only an additional per cent f o r  the 
spacer t e s t s ,  Gr i f f i t h ' s  and Buchberg's correlations show a large improve- 

ment re la t ive  t o  the empty-channel data, and the remaining methods are  a l l  
i n  poorer agreement than with the empty-channel data.  

The predictions of the Zenkevich- 

Table 7. Comparison of Experimental and Calculated 
Burnout Fluxes 

Error" ($) 
Correlation ' Reference 

Average Maximum 

Hoe and Senghaus 
Bernatn 
Jacobs and Merril l  

Menegus 
McGill. and Sibbi t t  
Zenkevich and Subbotin 

G r i f f  i t h  

Buchberg 

16 

12 

15 

19 

20 

21 

18 

17 

77.2 

76.6 

69.3 

59.5 

31.6 

15.7 

13.5 

9.8 

95.7 

105.9 

79.0 

88.3 

49.8 
31.7 

17.2 

16.6 

a Only the  correlations of Gr i f f i t h  and of Jacobs and 
Merril l  are  applicable t o  t e s t  No. 11 (bulk boi l ing);  the 
other correlations were applied only t o  tests 8 through LO. 

A s  indicated i n  more d e t a i l  i n  a following section dealing with heat- 

t ransfer  coefficients,  a simple extended-surface analysis (with h assumed 

as  lo4) indicates t ha t  an aluminum spacer s t r i p  attached t o  adjacent 
aluminum heated plates  bounding a 50-mil flow gap would ac t  as a cooling 

f in ,  i f  l e s s  than 39 mils wide, and as an insulating s t r ip ,  i f  more than 

39 mils wide. The "critical" width i s  reduced t o  -6 mils i f  the s t r i p  i s  

solid and made of s ta in less  s t ee l .  Since the spacer used was a tube with 

a 6-mil-wall thickness, some insulating e f fec t  was  present. 
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Aside from the  insulating tendency of the s t r ip ,  the burnout heat 
flux i s  decreased by s t r i p  inser t ion i f  G, tbl, and P are  fixed, since 

the reduced flow area gives, fo r  the same G, a lower t o t a l  weight flow 

rate ,  which corresponds t o  a greater coolant temperature r i s e  and there- 
fore smaller ex i t  subcooling for  a given $. 
sul t ing from a smaller ex i t  subcooling wil l  appear when empty-channel and 
spacer data a re  compared, but w i l l  not show up i n  the comparisons with 

correlation equations, since i n  such comparisons the experimental values 
of G, AtSUb, e t c  . , were used. 

was made a t  the Savannah River Laboratory, 
and sil icone-plastic spacer r i b s  were fixed i n  r ec t angu la  channels 

(heated from one side only) during a 20-test se r ies  with water a t  l o w  
pressure. 

This decrease of re- 

One other (more extensive) study of the e f fec t  of spacers on burnout 

where full-length aluminum 

The r e su l t s  were approximately correlated by the equation 

2400 XI 

where 

%IO' 
= percentage reduction i n  

gs = rib-to-heated surface clearance, i n . ,  

x/ = half-width of r i b  t i p ,  f t ,  
x = heated-wall thickness, f t ,  

k = thermal conductivity of heated surface, Btu/hr*ft- 'F. 

Equation (11) applies when the  wall i s  cooled from one side only; f o r  
cooling both sides with opposed r ibs ,  

cooling both sides w i t h  unopposed r ibs ,  4$o M 0.5 of Eq. (11). 

and k = 123 Btu/hr-f t ."F) ,  Eq. (11) indicates a 4.9$ decrease i n  db0 i f  

the spacers are  opposed. If apglied t o  the average experimental condi- 

t ions  f o r  t e s t s  8 through 11 of Table 4 (gs = 0.0035 in . ,  x' = 0.00238 f t ,  

x = 0.003 f t ,  and k = 10 Btu/hr-ft. 'F), Eq. (11) gives a bumout heat flux 

0.7 of Eq. (ll), and f o r  

If applied t o  the HFIR core (g, = 0, x' = 0.00208 f t ,  x = 0.00416 f t ,  
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reduction of 27.7%. 
of t e s t  10 with t e s t  3, at constant corrected values of G, P, and A t  

indicate tha t  the largest  decrements i n  $o caused by the presence of the 
spacers were 25% and 33% ( i n  t e s t s  €4 and 9, respectively).  Although more 

t e s t s  would be required t o  reach firm conclusions, it appears t ha t  Eq. 

(11) i s  sui table  f o r  estimation of the maximum decrements of $, caused 

by spacers. 

Comparisons of t e s t s  8, 9, and 11 with t e s t  2, and 

sub' 

Heat-Transfer Coefficients 

Preliminary Tests.  Early determinations of average heat-transfer 

coeff ic ients  f o r  the  nonboiling regime (15 t e s t s )  over the Reynolds number 

range 2.8 X lo4 t o  1.05 X lo5 were made with the nickel t e s t  sections 
( t e s t s  1 through 3 of Table 3 and 4 ) .  
data of Levy2 by a fac tor  of 0.34 t o  2.16 because of several complicating 

factor6 which were essent ia l ly  eliminated i n  the successive t e s t s  with 

aluminom t e s t  sections - namely, use of untreated water as coolant, wall 
temperature drops large i n  re la t ion  t o  the over-all temperature drop, and 
what appeared t o  be significaEt eddy-current heating i n  the s t e e l  t e s t -  

section back-up plates .  

The r e su l t s  differed from the average 

After axial sectioning of the tes t  sections following burnout, a 
visual  examination of the inner surfaces revealed the presence of white 

and gray-tan surface deposits. 
and chemical analyses indicated tha t  the  corrosion deposits were composed 

pr incipal ly  of calcium and magnesium sa l t s ,  along with some i ron and si l i-  

con. 
defilming i n  boric acid and i n  chromic-phosphoric acid solutions t o  be 
-0.5 t o  2.0 mils f o r  t e s t s  1 through 3. Microscopic examination after 
defilming revealed numerous small p i t s ,  some as  deep as  10 mils. Since 
the thermal conductivity of the surface deposits i s  
Btu/hr.ft-'F, the thermal resistance of s m a l l  thicknesses of such deposits 

i s  lmge  and tends t o  obscure the water-film temperature drop used i n  

calculations of heat-transfer coefficients.  Similar t e s t s  on the surface 

deposits generated i n  tests 5 and '7 ( a f t e r  the change t o  a l l  s ta in less  

piping, aluminum t e s t  sections, and d i s t i l l e d  w a t e r )  indicated thicknesses 

Subsequent semiquantitative spectrographic 

The thickness of the oxidation product w a s  determined by e lec t ro ly t ic  

t o  be -1 
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of only 0.03 t o  0.09 mils, which were too s m a l l  t o  s ignif icant ly  a f fec t  
the derived heat-transfer coeff ic ients .  The w a l l  temperature drop was  

great ly  decreased by changing from 60-mil-thick nickel t o  35-mil-thick 
type 1100 aluminum a f t e r  t e s t  3 .  

eliminated a f t e r  t e s t  2 by changing t o  s ta in less  s t e e l  back-up p la tes  
e l ec t r i ca l ly  isolated along a bol t  row. 

f o r  water a t  high Reynolds numbers are qui te  large (3120 < hx < 38,200 
Btu/hr. ft2. "F i n  t h i s  study), t h e i r  r e l i ab le  measurement requires much 
care and regard f o r  such factors .  

The eddy-current heating w a s  effect ively 

Since heat-transfer coeff ic ients  

A s  a r e su l t  of these considerations, only the heat-transfer coef- 

f i c i e n t s  derived from the aluminum t e s t  sections a re  reported here. 

t e s t s  were conducted as quickly as  possible i n  order t o  minimize A1203 
formation, and i n  general las ted no longer than 1 hr. 

All 

Results Without Spacers. The heat f l u x  w a s  based on the  coolant heat 
absorption r a t e  and the  in te rna l  heated surface area. 

drop through the w a l l  d id  not exceed 4 0 ° F  during coefficient determinations 
with the aluminum t e s t  sections and w a s  calculated according t o  Atw = $x/2k. 
T h i s  simplest solution t o  the conduction equation f o r  the case of volu- 
metric heat generation was checked with the numerical zone-type solution 
of Stein and G ~ t s t e i n , ~ '  which includes the influence of the thermal de- 
pendencies of the  thermal and e l ec t r i ca l  conductivities, and w a s  found t o  
involve an e r ro r  i n  A t  

re f .  30 and values of thermal conductivity f o r  pure aluminum from the 
Internat ional  C r i t i c a l  Tables. 31 

For each of the t e s t s ,  a plot  of the length var ia t ion of the pertinent 

The temperature 

< 5s. Elec t r ica l  r e s i s t i v i t y  data were taken from 
W 

temperatures w a s  made, as  i l l u s t r a t ed  by Fig. 16 f o r  steady s t a t e  No. 8 
of t e s t  No. 7. Except f o r  the sca t te r  of the measured wall temperatures, 

which i s  la rger  than i n  nearly any of the 30 other experimental steady- 
s t a t e  runs, Fig. 16 i s  typ ica l  of the length var ia t ion graphs prepared. 
Wall saturation temperatures were taken from steam tab les  t o  correspond 

t o  the measured terminal s t a t i c  pressures. The coolant bulk temperature 

was assumed t o  vary l inear ly  with x, and a zone calculation indicated 
tha t  the error incurred by t h i s  assumption w a s  negligible. 
t ransfer  coeff ic ients  were computed a t  each axial temperature-measurement 

Local heat- 

I 
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Fig. 16. Typical Plot of Variation of Pertinent Temperatures and 
of Heat-Transfer Coefficient with Heated Length. 

35 



s ta t ion  w i t h  
J 

and the resul t ing curve was graphically integrated t o  obtain an average 
h f o r  the t e s t  section. 

calculations, including those at  the l a t e r a l  locations. Measured h values 
can vary with x f o r  three reasons: 

layer, laminar-turbulent boundary-layer t ransi t ion,  and var ia t ion of cool- 
ant physical properties with temperature. 

crease of h because of entrance-region thermal boundary-layer development, 

as  well as the subsequent increase of h associated with a favorable change 

of physical properties, may be noted. The i n i t i a l  sharp d ip  i n  curves of 
h versus x associated with coincidence of thermal and hydrodynamic start- 
ing sections32 w a s  sometimes, but not always, observed. 

All measured temperatures were used i n  these 

development or  growth of the boundary 

I n  Fig. 16, the i n i t i a l  de- 

The 31 derived average heat-transfer coeff ic ients  are  compared i n  

Fig. 17 with the  Sieder-Tate equation,3 

(Nu)bm = 0.027 (Re):*8 (Pr)kI3 ( ~ 3 / p ~ ) O * ’ ~  J 

and with the mean and minimum curves through the data col lect ion of Levy 
and co-workers.2 

< 1.67 x lo5, a re  obviously i n  be t t e r  agreement with the usual formulation 
than with the lower-than-normal data  reported by Levy. None of the  present 
data f a l l  more than 26% below the l i n e  representing Eq. (12), whereas the 

mean data  of r e f .  2 are  32 t o  57% lower over the Reynolds number range 

2 X lo4 to 1 x lo5.  
deviate negatively by more than 10% from Eq. (12), and it appears t ha t  

b m  
The data, which cover the range 1.14 X lo4 < (Re) 

Of the  new data plot ted i n  Fig. 17, only three points 

(Nu)bm = 0.024 (Re):*8 (Pr);l3 (%/pw) 0 . 1 4  

J 

i s  a reasonably conservative design relat ion.  



. 
t 

Fig. 17. Average Heat-Transfer Coefficients f o r  Thin Rectangular 
Channels Compared with the Sieder-Tate Correlation and with the D a t a  of 
Levy. 

Sl ight ly  be t t e r  correlation of the same data  was obtained when it was  
reduced according t o  the Hausen equation: 

as shown i n  Fig. 18. 
t rans i t ion  and turbulent flow regimes and supposedly takes in to  account 

conditions i n  the  thermal intake region. 

Eq. (14) when it i s  reduced by 68, which i s  given by 

The Hausen ”._ - corge_lation3* i s  applicable t o  both the 

Only two points f a l l  below 
c_c- - 
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(Re):/3 - ( 2 5  

Fig. 18. Average Heat-Transfer Coefficients f o r  Thin Rectangular 
Channels Compared with the Correlation of Hausen. 

(Nu)bm = 0.109 - 125 1 (Pr);l3 [ 1 + r<J'] (:y*" , (15) 

and which w a s  recommended as  the design correlat ion f o r  average h under 

HFIR conditions. 
Some 240 loca l  heat-transfer coeff ic ients  were derived from the  

measurements. Local heat-transfer coeff ic ients  exhibit more sca t t e r  than 
mean values because of necessary reliance on point measurements and the  
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c 
absence of averaging over the whole t e s t  section, which tends t o  suppress 

the deviation of extreme values. 
x/De 2 30 were imposed on the f i n a l  data treatment. 
drop condition was necessary i n  order t o  exclude t e s t s  where A t  

small tha t  only minor thermocouple and other experimental inaccuracies 
could introduce very large errors  i n  the derived h values. 

t i on  limits the data  considered t o  those obtained a t  measurement locations 
re la t ive ly  f r e e  from part icular  entrance-condition influences. I n  the  

presently proposed HF’IR core, the f u e l  plates  w i l l  extend 3 i n .  a t  top and 

bottom beyond the act ive (fueled) length, so  t ha t  an x/De of 30 w i l l  ex i s t  

as a hydrodynamic intake region. 

The conditions tha t  Atf 2 1 5 ° C  and 
The f i l m  temperature- 

f was so 

The x/De condi- 

The local  h predicted by the  Hausen equation may be obtained by d i f -  

ferent ia t ion of the correlation f o r  h since, by definit ion,  m’ 

hx/D (g) 
h =  m 

X 

With reference t o  Eq. (14), l e t  

so that 

h m = K [l + py3] 
From Eq. (16) : 
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and 

with the result tha t  

The data of t h i s  study are  shown plotted according t o  Eq. (21) f o r  a l l  the 

data  meeting the  c r i t e r i a  noted above (177 points)  as Fig. 19, and f o r  

t e s t  No. 7 only (56 points)  as Fig. 20. 

on o r  above the l i n e  representing Eq. (21), 95$ above Eq. (21) when re-  

duced by lo$, and 99% when reduced by 25%. 

t ion,  corresponding t o  

I n  Fig. 19, 92% of the data  f a l l  

It appears t ha t  a 10% reduc- 

(Nu)bx = 0.105 - 125 (Pr);? [ 1 + - 1 (".)'"I - - , (22) 
cl, x 1 3 x  

. 

. 
represents a reasonable design recommendation. 

Two other studies recently reported confirm the range of heat-transfer 
coeff ic ients  reported here. 
values f o r  flow of low-pressure air  a t  70 C t 
in.- i .d .  type 310 s ta in less  s t e e l  tubes and through Nichrome rectangular 
channels measu r ing  1 .5  i n .  x 0.125 in .  x 1 2  i n .  long. For the range 

lo4 < (Re)f ( T d T f )  < 3 x lo4, the best  l i n e  through the rectangular- 

channel data i s  6 t o  15% higher than the  best  tube-data l ine .  

cooled both 0.333-in.-i.d. tubular and 1.25-in. X 0.047-in. rectangular 
t e s t  sections with superheated steam over the following ranges of the 

variables : 

Stanley and C ~ n w a y ~ ~  determined loca l  h 
C 500°F through both 0.44- b 

Heine~na.n~~ 
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Fig. 19. Local Heat-Transfer Coefficients for Thin Rectangular Chan- 
nels  Compared with the Correlation of Hausen. 

300 < P < 1500 psia 

470 < tb < 900°F 

520 < tw < 1290°F 

23 X l o 3  < 9 < 287 x lo3 Btu/hr.ft2 

25 x lo3 < Re < 370 x lo3 

30 < Atf < 550°F 

He concluded that there is no observable difference between the rectangular- 

channel data and the round-channel correlation in the 

to 121, and that there is no reason to expect any important differences 

at larger values of %/De. Heineman also noted that the vena contracta 

D range from 60 \/ e 
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UNCLASSIFIED 

ORNL-LR-DWG 56441 

HEAT FLUX = 0.4 x IO6 -6.3 x406Btu/hr.ft2 
WATER TEMPERATURE = 7 9 " - 3 5 Z o F  

VELOCITY = 10.2 - 8 5 . 4  f t lsec 
~ l o c o l  = 3120 - 3 8 , 2 0 0  Blu /hr . f t2 .0F 

A t ,  1 15oc 

"/De 2 30 E 
5 1 o3 2 5 1 o4 

21s 
(Re),, - -125 

Fig. 20. Local Heat-Transfer Coefficients f o r  Thin Rectangular Chan- 
nels  Compared with the Correlation of Hausen. 

caused by the  sharp-edged entrance condition of h i s  t e s t  section influenced 
h (increasing i t)  up t o  an $/De of -60. 
and of r e f s .  33 and 34 appear t o  lend confidence t o  the standard heat- 

transfer-coefficient correlations when applied t o  the turbulent flow of 

f lu ids  through th in  rectangular channels and t o  strongly suggest the  in- 

va l id i ty  of the  data  of Levy e t  a1.2 

The data  of the  present study 

H e i n e ~ n a n ~ ~  also measured a few wall-temperature prof i les  across the 

width of his test  section and found tha t  the  s l igh t  increases i n  temperature 

? 

42 



4 

measured a t  points one-sixth of the width from the edge caused a maximum 
change i n  the centerline coefficient of -5%. 
of the present data from t e s t s  4 through '7 were made f o r  nominal HFIR 

steady-state conditions - tha t  is, (#I = 0.8 X lo6 t o  1.4 x lo6 Btu/hr.ft2 

and 

of h was  10.9s. 
crease with heated length, were negative. The studies of Heineman were 

made with much larger  average values of A t  

present t e s t s ,  and the smaller l a t e r a l  var ia t ions of h reported by h i m  

are  probably more character is t ic  of turbulent flow through uniform-flux 

rectangular channels. 

Fifteen similar comparisons 

z 33°C - and it w a s  found tha t  the average l a t e r a l  var ia t ion 
Most of the variations, which tended generally t o  in- 

than were measured i n  the f 

Results with Spacers. I f  a full-length spacing s t r i p  between pa ra l l e l  

f l a t  plates  i s  assumed t o  be oriented pa ra l l e l  t o  the flow direct ion with 
negligible contact resistances between the spacer and heated w a l l s ,  it i s  

possible to  make a simple t o  determine the  approximate s t r i p  
width above which the s t r i p  ac t s  as an insulator and below which it ac t s  

as a cooling f i n .  i s  the width of a rectangular plane spacer (see 

Table l), l e t  W /2 = b = one-half spacer thickness. 

then 

If W 
S 

If g i s  the flow gap, 
S 

%in - - *fin surface 

clno f i n  *fin base 

and f o r  t h i s  case, 

tanh mg 
r l =  mg Y 

where m = &F'. From E q s .  (23)  and (24)) 

the c r i te r ion  i s  therefore: - 
%in - 9no f in '  For the condition 
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(26) 
tanh mg 

m 2b = 

For HFIR conditions - t ha t  is, g = 0.050 in . ,  h 2 lo4 Btu/hr*ft2-"F, 
and k = 120 Btu/hr.ft."F - Eq, (26) i s  sa t i s f ied  by 2b = 0.039 in .  

conditions of the spacer t e s t s  ( t e s t s  8 through 11 of Tables 3 and 4 )  - t h a t  

is, g = 0.057 i n .  (av), h 2 lo4, and k = 10 - the  equation i s  sa t i s f i ed  by 

2b = spacer width = 0.006 in .  The s ta in less  s t ee l  spacers used i n  the 
t e s t s  were tubular (6-mil wall)  and were not cooled internal ly;  i n  the 

sense of t h i s  analysis they should act  approximately as  miniature I-beams 

w i t h  a 12-mil web thickness and -30-mil flange width ( the width of the 
f la t tened portion of the tube adjoining the aluminum w a l l ) .  
surface temperatures over the spacers would accordingly be expected t o  be 

higher than those at the sides of the spacer. This proved t o  be the case, 

as shown i n  Table 8 .  The data va r i ab i l i t y  are due p a r t i a l l y  t o  probable 

spacer vibrat ion and t o  variations i n  the axial spacer-to-wall clearance 

(given i n  Table 1). The reason f o r  the unusually large temperature in- 
creases measured during t e s t  9 i s  not known. The maximum increases oc- 

curred within the i n i t i a l  5 i n .  of the heated length i n  t e s t s  8 and 9, 
i n  the downstream half i n  t e s t  10, and at  -\/2 i n  t e s t  11. 

50 X 50-mil aluminum spacers i n  an HFIR core should r e su l t  i n  smaller 
temperature increases than those given above; the estimated maximum i s  
6°C. 

For the 

The outside 

The use of 

Table 8. Temperature D a t a  f o r  Tests 8 Through 11 

Minimum t Maximum t Over-all 
Test Increase a t  Increase a t  Maximum t A t  9 

("C 1 ( " a  ("C) 
No. 9 = 1.5 x lo6 9 = 1.5  x lo6 Increase (Btu/hr*ft2 ) 

% 1 

9 7 
10 0 

11 0 

9 10 1.90 x lo6 
20 22 2.05 x lo6 
7 10 3.03 x lo6 
8 9 3.1% x lo6 
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An experimental and theore t ica l  study of the e f fec t  of spacers on 

p la te  temperature dis t r ibut ions w a s  conducted at Bat te l le  Memorial 

I n ~ t i t u t e ~ ~ - ' '  i n  connection with a proposed nuclear reactor cooled by 

supercr i t ical  water. 
oriented e i ther  para l le l  t o  the flow direct ion or normal t o  the  f u e l  

p la te .  It was  found, i n  general, t ha t  the use of such discontinuous 

spacers resulted i n  s l i gh t ly  lower maximum surface temperatures than were 
measured i n  the absence of spacers. 

par t  t o  increased stream turbulence caused by flow readjustment at  the 

leading edges of the spacers. 

Discontinuous cyl indrical  spacers were considered, 

This decrease was at t r ibuted i n  large 

Post-test examination" of the inner surface of the  t e s t  section used 

i n  t e s t  9 revealed a narrow band of localized corrosion at tack along the 

portion of the aluminum surface contacted by the  spacer tube. The band, 

-1/16 i n .  wide, extended the f u l l  length of the t e s t  section. The a t -  

tacked region appeared t o  be covered by a bulky white corrosion product 

superimposed over a thinner layer  of golden-colored corrosion product. 

Enlarged views of the sections studied are  shown a f t e r  e lec t ro ly t ic  de- 

filming i n  Fig. 21. The attack resulted i n  some rippling of the surface 

and i n  numerous p i t s  (6.1-mil maximum depth). The observed at tack could 

be attr ibuted41 t o  galvanic coupling between the aluminum and s ta in less  

s teel ,  t o  concentration-cell contact corrosion, o r  t o  f r e t t i ng .  I n  any 

event, it appears t ha t  use of unattached spacer s t r i p s  under high- 

velocity, high-temperature conditions with aluminum i s  impractical except 

f o r  very short-term applications. 
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Fig. 21. Two Views  Showing Type of Attack Experienced by Type 1100 
Aluminum Heat-Flux Specimen on Area Contacted by Stainless  S tee l  Spacer 
Tube. 5.9X 
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(Listed units are  used except where otherwise noted) 

net flow area of coolant passage, i n .  2 

in te rna l  heated surface area, f t 2  

cross-sectional metal area, f t 2  

half spacer.width (g + 2x i n  Fig. 6 only), in .  
constant-pressure specific heat of coolant, Btu/lb. OF 

diameter of flow passage 

equivalent diameter of flow passage, f t  

inside tube diameter, f t  

axial temperature r i s e  of coolant, OF 

e l ec t r i ca l  potent ia l  acrbss test section, vo l t s  

f r i c t i o n  factor,  dimensionless 
flow gap, in . ;  acceleration of gravity, 4.18 x lo8 ft/hr2 

clearance between spacer and heated surface, in .  

coolant mass velocity, 1b /hr - f t2  

channel-average Grashof number, Dzp2g!3(At )f/p2, dimensionless 

surface heat-transfer coefficient,  Btu/hr-ft* -OF 

height of spacer (see Table l), in .  
enthalpy of coolant f luid,  Btu/lb 

e l ec t r i ca l  current through test section, amp 
current density i n  heated metal, I/A 

X' 
thermal conductivity, Btu/hr*ft2 OF/ft 

channel-average von Ka~-man  number, 2f Re2, dimensionless 
length of test section, f t  
l a t en t  heat of vaporization of coolant, Btu/lb 
Nusselt number, hDe/k, dimensionless 
heated in te rna l  perimeter of t e s t  section, i n .  
s t a t i c  pressure of coolant, psia  

Prandtl number of coolant, C p/k, dimensionless 

heat-transf er Tate, Btu/hr 

electrical resistance of tes t  section, ohms 
Reynolds number, D G/p, dimensionless e 

amp/ft2 

P 
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t 
T 

atf 

ntW 

at sub 

V 

'h 
W 

wS 
X 

X e 
B 
E 

rl 

P 

P 

'e 
9 
4f 

temperature, "F 
absolute temperature, "R 
f i l m  temperature drop, (tw - tb), "F 

w a l l  temperature drop, (two - t,), "F 
degree of subcooling of coolant, (tsat - tb), "F 

l inea r  coolant velocity, fps  

heated-wall volume, f t 3  

coolant weight flow rate ,  lb/hr 

width of spacer, 2b, in .  

l oca l  axial length (measured from beginning of heated length), f t ;  
thickness of heated w a l l ,  f t  

exit vapor quali ty,  w t  % steam 
volumetric coefficient of thermal expansion of coolant, ("F)'l 

average height of surface microroughness elements, f t  

thermal f i n  eff ic iency 

dynamic v iscos i ty  of coolant, Ib/hr.ft 

coolant density, lb/f t3;  e l e c t r i c a l  r e s i s t i v i t y  of metal, ohm-ft 

e l e c t r i c a l  r e s i s t i v i t y  of coolant water, ohm-cm 

heat flux, 4%' Btu/hr-ft* 

indicates  functional dependence 

SubscriDt s 

a 

b 

bo 
c a l c  
f 
h 

i 

i so 
Z 

Zb 

m 
maX 

min 
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afterheat 

bulk (mixed-mean) value 

burnout 
calculated 
f i l m ;  f r i c t i o n  
heated 

in te rna l  

i sot  hermal 

of l iqu id  

loca l  boiling 

mean value 

maximum value 
minimum value 

V 

c 



nb 
0 

S 

sat  

V 

w 

X 

1 

2 

nonboiling 
out side 

of spacer 

saturation 

of vapor 
at inner surface of heated w a l l  
local ;  cross-sectional 

a t  test-section i n l e t  

at  test-section ex i t  
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AFPF2DICES 

I n  these appendices, several miscellaneous experimental and analyti-  
ca l  HFIR heat-transfer studies, previously reported ora l ly  or  i n  outline 

form by l e t t e r ,  are presented i n  greater de t a i l .  

Appendix I .  Supplementary Burnout Comparisons 

Supplementary comparisons between the high-velocity axial-tube-flow 
burnout data of r e f .  5 and four burnout correlations were made with the 

r e su l t s  outlined i n  Table 9. 

parison concerns the re la t ive  effectiveness of various types of burnout 

correlations when applied t o  conditions f a r  removed from those of the 

t e s t s  from which they were developed. Equation ( 2 7 ) ,  for example, i s  
s t a t i s t i c a l l y  derived and represents the data on which it i s  based42 with- 

i n  a maximum deviation of 16%. 

ever, where the ve loc i t ies  are  much higher and the heated lengths con- 
siderably shorter, the agreement between prediction and experiment i s  

poor. The a rb i t ra ry  s t a t i s t i c a l  nature of the 24-term Jacobs-Merrill 
burnout equationL5 i l l u s t r a t e s  the point even bet ter ,  since the data of 

r e f .  5 are  i n  disagreement with i t s  predictions by more than 1000% a t  the 
highest velocit ies,  where t e s t  ,conditions were such tha t  only the tube 

diameter was i n  the recommende6') variable range f o r  the  correlation. 
Povarin-Semenov equation, 4 3  on the other hand, was developed specif ical ly  
f o r  high velocity conditions and gives good agreement with the data, 

especially when the constant i s  increased by 19$, a s  i n  Eq. (29) .  
or iginal  paper, the method w a s  recommended f o r  P = 500 t o  600 psia  and 

appeared t o  be most accurate f o r  veloci t ies  greater than 4 5  fps, i n  which 

range the maximum error  was 22%. 

An important point i l l u s t r a t ed  by t h i s  com- 

When applied t o  the data of r e f .  5, how- 

The 

I n  the 

The generalized, semitheoretical correlation of Griffi th18 i s  based 

on a burnout model and appears t o  be considerably more sat isfactory over 

a very broad variable range than the s t a t i s t i c a l  correlations.  G r i f f i t h ' s  

equation also yields predictions i n  good agreement with limited burnout 

data  f o r  nonaqueous f lu ids  - benzene, n-heptane, n-pentane, and ethanol, 
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Table 9 .  Supplementary Comparisons of Four Burnout Correlations with High-Velocity Burnout Data f o r  Tube Flow from Ref. 5 

Eq. Proponents No. 
Correlationa 

Errorb ($) 

Minimum Average Maxiimum 
7 

Refer- 
ence Variable Ranges 

27 Mirshak, Durant, 
and Towel1 

6 G r i f f i t h  

9 Zenkevich and 
Subbot i n  

28 Povarin and 
Semenov 

29' Povarin and 
Semenov 

ho = 479,000 (1 + 0.0365 V )  X De = 0.21-0.46 in .  42 34.2 49.5 77.6 

x (1 + 0.00507 A t s u b ) ( l  + 0.0131 P) 4, = 19-24 i n .  

P = 25-85 p s i a  

Atsub = 9-135"F 

V = 5 4 5  f p s  ( 6 5  t e s t s )  

See Table 6, Eq. ( 6 )  - 18 17.7 37.4 55.6 

(See Table 6 )  2.0 21.5 70.4 21, 
22 

8.5 24.2 39.0 db0 = 985,000 (1 + 0.00945 Atsub) X Di = 0.045-0.118 i n .  43 
x [ ( V  + 26.2) /26 .2Ioe8  4, = 0.315-1.575 i n .  

P = 514 psia  

Atsub = W362"F 
V = 11.8-147.7 fps  (31 t e s t s )  

Eq. ( 1 3 )  with constant of 985,000 changed 
t o  1.17 x lo6 

2.7 17.1 52.5 43 

%ni t s  i n  equations are  Btu/hr.ft2,  fps, l b / h r * f t 2 ,  O F ,  and ps ia .  

bAxial-flon data  used i n  comparison taken from r e f .  5 (p. 21, Table 2,  tests 1 through 221, f o r  which V2 = 24 t o  174 fps,  
P2 = 10 t o  74 psia,  (Atsub)2 = 78 t o  222"F, Di = 0.18 and 0.31 in. ,  and h0 = 2.23 x lo6 t o  17.25 X lo6 Btu/hr.ft2.  Error computed 
as calculated minus expermental, divided by experimental, times 100. 

'Constant of Eq. ( 2 8 )  changed by authors t o  obtain best  f i t  with data  of ref. 5. 

0 V 



for example. 

good account of itself, especially in view of its simplicity and the fact 

that the pressures are much lower and the velocities generally much higher 

than in the tests from which it was developed. 

The Zenkevich-Subbotin equation again gives a reasonably 

4 

0 .  
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Appendix 11. HFIR Minimum Shutdown Flow Rate 

A theore t ica l  and experimental study w a s  made of t he  minimum forced- 

convection downflow rates permissible fo r  af terheat  removal following 
core shutdown. 

Theoretical 

Two cases were considered: the  f i r s t  w a s  based on = 61,000 

Btu/hr.ft2, P2 = 500 psia, and t = 120°F; and the  second w a s  based on 

= 120°F. 
bl 

= 45,000 Btu/hr.ft2,  P2 = 27 ps ia  (pool head only), and t 
bl 

The af terheat  f l u x  estimates of H i l ~ e t y ~ ~  predict  a maximum fuel-plate 

heat f l u x  a t  the inner radius of the f u e l  annulus of 42,000 Btu/hr.ft2 
a t  1.0 sec. Six f a i l u r e  o r  i n s t a b i l i t y  and three supplementary c r i t e r i a  

were applied with the  following resul ts :45 

C ri  t e r i  on 

1. 

2. 

3. 

4. 
5. 

6. 

7. 
8. 
9. 

~~ ~ ~ 

Steady-flow burnout 

G r / K a  = 2 

Inception of l oca l  boi l ing 

Inception of bulk boi l ing 

Posit ive slope of W e  curve (based on loca l  

Posi t ive slope of W-LIP curve (based on bulk 

= 400°F ( tw max 
(Re), = 4 x lo3 
d t  same as i n  normal operation (65°F) 

-- 

boil ing)  

boi l ing)  

(vl )min ( fps )  

Case 1 Case 2 

0.65 0.95 

0.85 (0.71) 

0.83 1.44 
0.65 1.10 

0.62 1.13 

0.59 1.11 

1.12 (bo a t  -305°F) 

1.78 1.62 

2.86 2.11 

The steady-flow burnout values were calculated with Eq. (10) .  
The theore t ica l  cr i ter ion46 tha t  coolant downflow with thermal buoy- 

ancy i s  metastable i f  
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applies only t o  a single-phase coolant; since bulk boiling occurs a t  a 
higher veloci ty  i n  case 2, the c r i t e r ion  i s  i r re levant  i n  t h a t  case. The 
var ia t ion of t he  dimensionless r a t i o  C/Ka with V i s  shown for the  two 

cases i n  Fig. 22. 

10’ 

5 

2 

100 

5 

2 

lo-’ 

5 

2 

10-2 

5 

2 

* 

- 
Fig. 22. HFIR Downflow S t a b i l i t y  with Afterheat, G r / E  vs  V .  
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Criter ion 3 - the  inception of loca l  boil ing - was estimated by 
i t e r a t ive ly  calculating the flow veloci ty  at which (t,),, calculated from 

> 
4 (tw)nb = t b + Atf - - t b + G  

equalled the local-boiling wall temperature, ( tw) Zb, calculated from the 

Jens and Lottes relation47 

at  the end of the channel. 

by the i n i t i a t i o n  of loca l  boil ing i s  found graphically as the intersec- 
t i on  of the l i nes  (tw)nb versus x and (t ) 
48. 
a t  which t 

A graphical application of t h i s  method, where- 

versus x, i s  given i n  ref. w Zb 
The c r i t e r ion  of bulk-boiling inception w a s  calculated as the  veloci ty  

= tsat at P2. 
b2 

Cr i t e r i a  5 and 6 are  based on a general examination of the var ia t ion 
of pressure drop with flow r a t e  i n  a single heated channel. 

and 24 show th i s  var ia t ion as  calculated f o r  afterheat cases 1 and 2 with 

the homogeneous-flow method of Leib,4g as  res ta ted by Fraas.” Other ma- 

t e r i a l  concerning this approach t o  two-phase flow s t a b i l i t y  may be found 
i n  discussions by Bonilla,’l R ~ b e r t s , ’ ~  and A 1 t m a 1 1 . ~ ~  

i s  decreased, Dp a lso  i n i t i a l l y  decreases; but with a simultaneously in- 
creasing water temperature, loca l  boil ing begins near the flow e x i t  (point 

a ) .  
greater  f rac t ion  of the  heated length, and Dp decreases a t  an increasingly 

slower r a t e .  The dotted curves, which indicate modifications of the sol id  

curves due t o  loca l  boiling, were calculated with Reynolds’ method.54 

additional flow decrease brings the ex i t  water t o  saturation, and bulk 

boiling begins a t  point b. Further decreases i n  W produce increased D p ’ s  

up t o  point d, a f t e r  which the e f fec t  of smaller flow ra t e s  overtakes the 
e f f ec t s  of increased specific volumes, and AP’s decrease with decrease of 
W once more, the curve merging asymptotically with the  single-phase vapor 

Figures 23 

As the flow r a t e  

With fur ther  lowering of the flow rate ,  loca l  boil ing occurs over a 

An 

0 
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W ,  RELATIVE WEIGHT FLOW RATE 

Fig. 23. Flow Rate-Pressure Drop Relation f o r  the HFTR, Afterheat 
Case 1. 

flow curve. 

a region where d(AP)/dW i s  negative i s  l i ke ly  t o  be dangerous, whereas a 
posit ive value of d(AP)/dW indicates s t ab i l i t y .  A more recent s t a b i l i t y  

A s  pointed out i n  d e t a i l  i n  re fs .  48 through 53, operation i n  

analysis developed by B i ~ k ~ ~  predicts t ha t  i f  a l l  the  terms a(APf)i/aGi 
fo r  a core are  positive, flows will be stable; and i f  two or  more of the 

p a r t i a l  derivatives a re  negative, flows will be unstable. If, however, 

only one of the derivatives i s  negative, the f l o w s  may or  may not be stable, 

depending upon design conditions. 
the f r i c t i o n a l m  i n  the i t h  channel, and G.  i s  the coolant mass veloci ty  
i n  tha t  channel. 

I n  the  p a r t i a l  derivative, (AF'f)i i s  

1 

Supplementary c r i t e r i a  7 through 9 are  of secondary in t e re s t .  Number 

7 w a s  calculated with the heat-transfer-coefficient correlations presented 

previously. Number 8 w a s  based on the poss ib i l i ty  that some pulsation of 

the flow rate could occur if  operation were i n  the t rans i t ion  flow regime; 

though such is the case f o r  tubes, other studies56 indicate tha t  such 

c 

. 

pulsations a re  very mild or  nonexistent for paral le l -plate  channels, 
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Fig. 24. Flow Rate-Pressure Drop Relation f o r  the HFIR, Afterheat 
Case 2. 

Cri ter ion No. 9 i s  based on a 65°F coolant temperature r i s e  t o  give the 

same axial thermal s t resses  as  i n  normal 100-Mw operation. It w a s  a l s o  
calculated by a c r i t e r ion  similar t o  Eq. (30) tha t  i f  the veloci ty  were 

constantly reduced i n  proportion t o  the temporal decrease of thermal power 
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/bo INCIPIENT BURNOUT 
/bo, TEST 1 /bo, TEST 2 

I 

. 

- - ------e- 
20 

0 

( t o  keep d t  constant at 65°F as the power changed), the minimum stable 
downflow velocity would be 0.20 fps .  

Experiment a1  

Two t e s t s  were conducted with 18-in.-long aluminum t e s t  sections 
heated e l ec t r i ca l ly  and cooled by a decreasing w a t e r  downflow a t  nearly 

c o n s t a t  4.  
$ = 76,500 Btu/hr*ft2 (a t  burnout), P2 = 515 psia, and t 

Coolant veloci ty  a t  incipient burnout w a s  0.75 fps, and (tw)max attained 
400°F at VI = 1.10 fps. 

Fig. 25. 
f o r  each c r i te r ion .  

ducted with $ = 40,800 Btu/hr.ft2 (at burnout), P2 = 27.1 psia, and 

Test 1, approximating case 1 conditions, was made with 

= 117°F. 
bl 

The complete data from both t e s t s  are shown i n  

The agreement with the predictions i s  considered sat isfactory 

Test 2, approximating case 2 conditions, was con- 

350 

300 

2 50 

- 200 
V 

X 
v 

a 
I - 

.b 
150 Y 

400 

50  

0 

Fig. 25. Variation of Maximum Surface Temperature i n  HFIR Minimum 
Downflow Tests. 
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t = 137°F. Coolant veloci ty  at incipient  burnout w a s  1.48 fps.  I n l e t -  

water temperature var ia t ions ra ther  strongly a f f ec t  the burnout veloci ty  

i n  the low-pressure case (by causing a large f r ac t iona l  change i n  the  e x i t  

b l  

and the  observed Vbo i s  i n  good agreement w i t h  prediction (2%) when sub), 
the  warmer i n l e t  water of the  experiment i s  taken i n t o  account. 

It may be concluded that a minimum shutdown flow rate of 5% (V = 2 
f p s )  would be safe. 
veloci ty  f ac to r  of 1.08. The proposed 10s shutdown flow rate w i l l  be con- 

servatively safe, according t o  a l l  the thermal and flow c r i t e r i a  employed. 

The burnout safety factor ,  e.g., i s  -27, and the coolant temperature rise 
i s  less than that corresponding t o  normal full-power operation. 

T h i s  estimate includes an average/minimum coolant 

, 

. 



Appendix 111. Additional Natural-Circulation Studies 

Measurements of burnout heat fluxes, surface temperature dis t r ibu-  

t ions,  and flow osc i l la t ions  - and correlations f o r  burnout heat flux - 
have been reported*7 for natural-circulation flow i n  both HFIR and other 

geometries. 

which have been made i n  the meantime are presented here. 
The r e su l t s  of two other natural-circulation studies58* 

HFIR Natural-Circulation Heat Transfer t o  Air 

8 

A series of s i x  tests was made i n  order t o  determine the heat-transfer 
capabi l i t i es  of a ve r t i ca l ly  oriented HFIR aluminum t e s t  section i n  an es- 

s en t i a l ly  i n f i n i t e  environment of atmospheric air. 
vated by a desire  t o  determirre the heat flux which would produce a m a x i m u m  
metal temperature of 1020°F - t ha t  is, 200°F below the  melting point and 

the  maximum permissible i n  the event of an accident during shipment of a 
used fuel-element assembly. 

The tests were moti- 

The heated length of the t e s t  section was  18 in . ;  t o t a l  length, 21 
Outer in . ;  average f l a w  gap, 0.052 in . ;  and average gap width, 0.499 in .  

surface temperatures, which were recorded at  various heat fluxes with 

twelve Chrome1 vs  Alumel thermocouples located on both f ront  and r ea r  

faces, approached t h e i r  equilibrium values slowly because of heat-capacity 

lag. 
temperature-time curves t o  approach a slope of zero. 
tures were calculated by extrapolating the measured values t o  i n f i n i t e  
t i m e  - t ha t  is, t o  a zero value of the reciprocal of the number of cycles. 

Several hundred recording cycles were usually required f o r  the  
Equilibrium tempera- 

The results of this experiment are plotted i n  Fig. 26. 
corresponding t o  the l i n e  drawn through the  data  points are: 

The values 

(tslrf ace )- 
C O N  

d Corrected 
(Btu/hr-ft ) 

0 79 
1 x io3 298 
2 x io3 491 
3 x io3 667 
4 x io3 837 
5 x io3 997 

5.15 x io3  1020 
6.70 X lo3 1220 (m.p.) 
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(Btu/hr*ft2) 

Fig. 26. Maximum Surface Temperature vs H e a t  Flux f o r  Natural C i r -  
culat ion of Atmospheric Air Through a Ver t ica l  HFIR Test Section. 

e 

66 . 



According t o  the HFIR afterheat f l ux  estimates of H i l ~ e t y , ~ ~  a maximum 
fuel-plate 4 of 5150 Btu/hr-ft2 w i l l  be reached approximately 1 hr and 
35 min a f t e r  core shutdown. 

The occurrence of the highest measured temperatures toward the center 

of the tes t  section was an indication of the re la t ive  importance of radia- 
t i v e  heat transmission f o r  t h i s  case. The calculated maximum conduction 

r a t e  t o  the ends of the aluminum section w a s  '7% of the generation rate. 
The maximum aluminum oxide thickness at  the end of the  t e s t  w a s  reported 

t o  be 0.07 mils, which corresponds t o  a maximum temperature correction 

of 5°F. 

Permissible Power Level f o r  HFIR Samarium Burnup with Natural-Circulation 
Heat Removal at Low Pressure 

I n  order t o  f i x  the length of time necessary f o r  samarium burnup i n  a 

pa r t i a l ly  used HFIR core, calculations were made t o  determine the power 

leve l  a t  which water i n  natvsal. c i rculat ion under pool head would ex i t  
from an HFIR core at the  saturation temperature. The following values 

were fixed: 
J Active fuel-plate length 

Total  fuel-plate length 

Flow gap 

Control p la te  extensions 

Submergence of top of core beneath 

Height of bottom of core above 

Fuel-annulus inside diameter 
Fuel-annulus outside diameter 
Metal-t 0-wat  e r  rat i o  
Pool water temperature 

Hot-channel average heat f l ux  

pool surface 

bottom of pool 

18 in .  

24 in .  
0.050 i n .  
3 f t  a t  each end 

17 f t  

5 ft 

5.444 i n .  
15.712 i n .  
1 .0  
110°F (rmx) 
1.42 times core-average 
heat flux 

The island heat load w a s  neglected. 
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If it i s  assumed that the average e x i t  f l u i d  temperature i s  equal to 
a power l eve l  of 4.0 Mw i s  required. The hot channels, however, tsat' 

would produce net steam ( 4 . 4  w t  $ qual i ty  at  exit) .  
pressure losses  - contraction, eqansion, turning, acceleration, and 
f r i c t ion  - gives an upward water veloci ty  of 0.95 fps, which corresponds 

t o  laminar flow. 

ac t  effect ively as a draft tube, since heat-loss calculations for the  

cylinder indicate that the  maximum decrease of core-exit water tempera- 
tu re  across the 3-ft-exit length would be only 1.1"F. 

Consideration of a l l  

The upper 3-ft-long control-cylinder extension would 

If it i s  assumed that the hot-channel ex i t  water i s  saturated, the 

average water velocity decreases t o  0.67 fps  and 2.0 Mw are required t o  
establish the assumed condition. 
would be subcooled i n  t h i s  instance by 36°F. 

Water leaving the average channels 
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Appendix IV. Aluminum-Water Reaction Tests 

Y 

. .  

I n  the ear ly  stages of the  experimental program, there was  some con- 

cern over the poss ib i l i ty  of a violent Al-H20 chemical reaction a t  burn- 

out. A ser ies  of three qual i ta t ive t e s t s  w a s  conducted, wherein a type 

1100 alwninum tube was f i l e d  t o  one-half i t s  i n i t i a l  diameter (l/8 i n . )  
over a l - in .  length i n  order t o  loca l ly  peak the heat flux. The tube w a s  
connected t o  electrodes and submerged i n  water i n  an open 55-gal drum, i n  

the manner sketched below: 

TUBE 
CROSS SECTION 

The system w a s  visual ly  observed from above with a suspended mirror as  

the current through the tube was gradually increased with a Variac until 
f a i lu re  occurred. I n  stagnant water, the  f a i lu re  phenomenon was  very 

quiet, and no f l a sh  w a s  v i s ib le .  

length at  -6 f p s  with a small propeller mixer, the failure w a s  loud and 

the f l a sh  v is ib le .  
f a i lu re  and an accompanying bright f lash .  The observations seemed reason- 

able, since increased ve loc i t ies  allow greater  heat f luxes and therefore 
increased energy storage rates i n  the metal before burnout, as w e l l  as 

increasing the chance that a water eddy will penetrate the steam layer  

t o  the molten metal surface at  burnout. It w a s  concluded tha t  the  reac- 

t ion  would not be an experimental problem. 
no violent chemical e f fec ts  were noted i n  any of the t e s t s .  

When water w a s  directed over t he  l - in .  

A 40-fps j e t  from a copper tube produced a quite loud 

A safety shield was  used, but 

I n  the most recent study of metal-water reactions,60 Epstein indi-  

cates t ha t  explosive reactions require tha t  the m e t a l  be above i t s  melting 

point and i n  a f ine ly  divided form (droplet diameters < 500 p ) .  

num, the explosive reaction temperature i s  given as 1170°C (2138'F). 

For alumi- 
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Appendix V .  Approach of Fuel Meat t o  Side P la tes  

It i s  undesirable t o  extend the f u e l  a l loy i n  the f u e l  p la tes  a l l  the 

way t o  the side plates,  since decreased ve loc i t ies  and heat-transfer coef- 

f i c i e n t s  i n  the corners would lead t o  s ignif icant ly  increased metal tem- 

peratures. Estimates of the permissible fuel-meat approach were m a d e  with 

the analyt ical  predictions of Eckert and Lo$' f o r  the loca l  heat-transfer 
coeff ic ients  i n  corners of noncircular flow passages. 

which i s  based on turbulent flow of a f l u i d  with a Prandtl number of unity 

and on equality of the eddy d i f fus iv i t i e s  of heat and momentum transfer ,  
gives the following var ia t ion of the minimum distance from the corner (x)  
with the  angle subtended by the sides of the  corner (p) if  the loca l  h i s  

t o  be 0.8 of the channel-average h: 

This analysis, 

Corresponding 
B H F T R X  

"/De (mils) - (deg 1 
90 0.034 3.4 

60 0.081 8.1 

45 0.257 25.7 

30 0.470 47.0 

- 

The Prandtl number of the HFIR cooling water i s  2.8 at (t ) b m  
(tb '2, maxi 
c ien t  accuracy. 
da ta  fo r  heating air  i n  noncircular ducts. 

outer edges of the fue l  plates  and the side p la tes  i n  the inner and outer 

fue l  annuli are 32.70 deg and 44.75 deg, respectively, it w a s  decided t o  

l i m i t  the  minimum rad ia l  approach of the f u e l  m e a t  t o  1/16 i n .  

and 1.7 a t  
or  probably close enough f o r  the  analysis t o  apply with suffi- 

The analysis has been confirmed within -20$, with a f e w  
Since the angle between the 
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