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ABSTRACT 

Convective and radiative heat tranpfer within a vertical 
cylindrical annulus open at the ends has been investigated.. Data 
for natural convective heat transfer from the lnner cylinder are 
compared with data for natural convective heat transfer .from. 
isolated surfaceo. The rate ()f hP.at tran:Jfer ai:L''-'!.lS 'tflc annulu:.; - - t • • --

by conductiou anti r:-r.>nveotion i.5 ~..:ale.ulated by means of a pseudo
effective thermal conductivity, the resulting values being up to 
·1. 8 times the effective conductivity for a completely enclosed 
annulus. Radiative heat transfer from the inner to the outer 
cylinder was calculaten using a digital eomputer program based on 
the absorption factor method of Gebhart. 
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SUMMARY 

Heat transfer within vertical cylindrical annuli has been corre
lated both in terms of the Nusselt number versus the Rayleigh number 
and in terms of an effective thermal conductivity versus the Grashof 
number. Results from this study include: (1) experimental data on· 
the radiative and convective heat ·transfer within a vertical annulus 
open at the ends, and (2) correlation of the resistance to heat flow 
within the annulus in terms of an effective thermal conductivity. 

It has been shown that existing correlations for natural con
vective heat transfer from isolated vertical surfaces can be applied 
to convective transfer within annuli open at the en.ds. However, the 
temperatures of both the inner cylinder and the air within the 
annulus are increased because of inward radiation from the outer 
cylinder. 

Ps-eudo-effe.cti ve thermal conductivities for the vertical annulus 
open at the ends are 1.2- 1.8 times the effective conductivities for 
a completely enclosed annulus. Convective motion for the open-ended 
annulus is negligible below a Rayleigh number of approximately 100, 
whereas convection is negligible below· a Rayleigh number of 1700 for 
a completely enclosed annulus. 
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I. INTRODUCTION 

The Waste Calcining Facility at the Idaho Chemical Processing 
Plant (ICPP) converts aqueous radioactive wastes to free-flowing 
granular solids by a fluidized bed calcining process (l). The granular 
solids, containing the bulk of the fission products from th~ original 
liquid waste, are stored within cylindrical bins in an underground 
vault. 

Heat generated by radioactive decay of fission products within 
the stored solids must be removed at temperatures where: (l) the 
structural integrity of the storage vessel is not threatened, and 
(2) fission product volatilization is not possible. :Removal of hea.t 
solely by cond\l.ction to the ourround.i.IJ8 soil may result in excP.ssl~e 
tempe:tatures within the stored wast.Ps ~c.); thuo, addi Llonal means of 
heat :removal e,re provided. The :heat is currently removed by natural 
convection from the bins to the air in the vault followed by a combi
nation of convection and radiation to the vault wall. The major 
portion of the heat is ultimately removed by conduction through the 
soil sur:rounding the vault wall. 

This study was undertaken to determine the rate of heat flow 
within an air gap, separating a heated vertical cylinder from a 
surrounding shroud, in a system which geometrically simulates a 
portion 9f one of the storage bins containing solidified waste at 
the ICPP~3). A determination of the quantity of heat transferred by 
radiat1 .. on and the combined mechanisms of convection and conduction 
is necessary in understanding the overall energy transport. A 
generalized correlation is needed to·provide a means of predicting 
the resistance to heat flow wi thi.n an air-filled annulus bpen at 
both ends. 

Heat transfer across an enclosed fluid-filled(~n2uGys has been 
extensively studied and reported in the lite·rature ,.; ' . The 
insulating effect of enclosed vertical air layers is well known 
(brick walls and double-glass windows), and the phenomenon of natural 
circulation induced by temperatnre gradients within an enclosed space 
has been thoroughly investigated. However, no reports of studies of 
heat transfer by natural convection within an annulus open at both 
ends have been fotmd it: the li teratul:"e. 

Data for heat transfer within Pnr.-lGEfH'l fluid-f.i.lle<l spaces h1CV} 
ln.:en eor:r·elated by two different formulaee5~ne presented by Jacob 4 
and the other by Grober, Erk, and Grigull . Both correlations 
employ the ratio of an effective thermal conductivity to thenormal 
conductivity (based on arithmetic mean temperature~ of the fluid as 
a measure of the extent of ronvectivc motion .i.u the annulus. Jacob's 
correlation is: 
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where: 

k 
e 

k 

= 

= 

k /k e = 

effective thermal conductivity across the annular 
space, Btu/hr-ft-OF 

(1) 

thermal conductivity of the fluid based on arithmetic 
average temperature, Btu/hr-ft-°F 

(NG'r · g86TS 3 
__ J.l2 ) Grashof number based on annular spacing, dimen-

L/S = 

C,n == 

sionless 

ratio of height to annular separation, dimensionless 

constants depending 9n flow characteristics, dimension
less. 

In the laminar range of Grashof numbers between 2 x 104 and 2 x 10 5 , 
C = 0.18 and n = 1/4. In the turbulent ra.nge of Grashof numbers 
between 2 x 10 5 and 1.1 x 10 7 , C = 0.065 and n = 1/3. The exponents 
of 1/4 and 1/3 are conventional for laminar and turbulent flow, 
respectively. 

Data for heat transfer within both vertical and horizontal 
annular spaces (closed at the ends) separated by c9n~tant temperature 
surfaces are presented by Grober, Erk, and Grigull ~ 5 J. The data are 
correlated by: 

where: 

k, k = 
e 

k /k e = K (N / )n 
Ra 

as previously defined 

( 2) 

(N~a =N~r Npr) = Rayleigh number based on annular separation, 
dimensionless 

K,n = constants, dimensionless 

The values of K and n are dependent on the Rayleigh number. For 
Rayleigh numbers between 6 x 103 and 10 6 , K = 0.11 and n = 0.29; 
for Rayleigh numbers between 10 6 and 10 8 , K = 0.40 and n = 0.20. 
The values of n do not agree with the familiar values for laminar 
and turbulent flow. 
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Values of ke in the above correlations can be determined from: 

= 
(3) 

where: 

= convective heat transfer rate, Btu/hr 

= annular spacing, ft 

log mean area of thP annular opace, rL 2 

= surface temper~:~;~ure nf i rmer oylindc.r, n:r 

Tz = surface temperature of mJt.er cylipder, °F. 

Ostro.ch derived dimensionless tempera.tur.e and velocity profiles 
for nft~ral convective heat transfer·from an isolated vertical 
plate 5 . At some distance from the heated surfac~, depending on the 
Prandtl number of the fluid, the velocity and temperature profiles . 
p~com·e essentially· flat. For fluids having a Prandtl number of 0. 72 
(air at normal temperatures) the profiles flatten at a dimensionless 
d:j.stance, n, of about 4. The .definition of n is: 

where: 

n 

y 

X 

N 
Gr,X 

= 

= 

= 

n = (Y./X) 4 NGr,X 
4 

( 4) 

dimensionless width of VE"loci ty and tl!:nlpe:rature proflle 

thickness of boundary layer, consistent units 

· vertical height of plate, consistent units 

Gr~elwf uunicer based on vertical height, X. 

Because of the relatively large diameter of the heated cylinder 
used in tp.is study, the boundary layer theory as proposed by Ostrach 
i'or fl~t surfaces can be applied with little error.. At a ·Gro.shof 
number of 108 and a plate height of 27 inches (approximately that used 
in this study·) the· maximum boundary layer thickness is about an inch. 
The boundary layer thickness increases along the height of the surface, 
at·taining the maximum thickness at the top of the cylinder. 
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Ideally, there should be no effect of a nearby surface on natural 
convection from a given surface unless the boundary .layers interact. 
Therefore, correlations using the conventional Nusselt and Rayleigh 
numbers for natural cdnvecti ve heat trans fer should apply only unti 1 
the annular separation is less than two boundary layer thicknesses. 
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II. EXPERIMENTAL PROCEDURE AND 

DESCRIPTION OF EQUIPMENT 

The equipment used in this study was fabricated to simulate 
geometrically a portion of one of the actual solids storage bins. 
Heat was supplied to an inner cylinder and was dissipated by the 
mechanisms of radiation' conduction' and convection to the annulus 
and the surroun~ing shroud. Temperatures of the source, shroud, and 
the inlet and outlet air were measured to permit calculation of the 
heat transfer rates by the various mechanisms. The flow of air 
through the annulus, measured by a hot-wire anemometer, was used in 
a calculation of the emissivity nf' the r;tainlc~e; ::; Le~l su't-t'acE;>s;. 
Al~h01lgh thl;'! seomct1·y or i.h!:c' apparatus simula.t~">A a specific uni L, ·Ll'le 
rasulto have ueen correlated. in. a manner useful in predicting the 
resistance to heat flow within an air-filled annulus. 

Test Equipment and Procedure 

A cut-awey view of the test equipment is shown in Figure 1. 
Two electrical resistance heaters, butted together axially, supplied 
heat to the source. Heat was trru1sferred by conduction through the 
solid aluminum-filled center to the walls of the eight-inch-diameter 
pipe surrounding the heat source; a constant heat flux at the surface 
of the inner cylinder resulted from insulating the ends of the source. 
Heat was transferred from the surface of the source by radiation and 
convection to the surr.01.mdingo and· b.Y uaLural conve.ction to the air 
within the space. Buoyancy of the heated air within the annular gap 
cauf" .·:J a positive flow of air upward through the open· ends of the 
ve::.·tical annulus. 'lhe apparatus was designed t.o permit placement of 
a concentric shroud around the heat source. Shrouds of various 
diameters were constructed to provide the several annular spacings 
used in the study. Small spacers were used to separate the heat source 
from the air inlet pipe at the bottom of the shell (Figure 1). 

The power to the source was measured by a wattmeter .iustalled in 
the electrical line to the parallel-wired resistance heaters. The 
electrical power was con.tro.l.JP.d m$nually by a powerstat connected to 
a 220-volt power supply. 

A cross-sectional view of the heat !';nnrce is ohown in Figure 2. 
Unff.-')1'1"{! contact resistance between the heaters and the aluminum 
filler was insured by close-tolerance machining and forced fitting. 
The shell of the heat source was fabricated by welding an eight-inch 
cap to an eight-inch Schedule 40 pipe, both of Type 304 stainless 
steel. The inside surface was machined to a slight taper (0.004 
inch in the 2·r-inch length)_ to match the aluminum metal filler by ru1 
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Hot Air 

Figure 1. Experimental Equipment 
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"interference" fit . Befor e fitting 
the aluminum into the stainless 
steel p i pe, the bottom weld cap was 
f i lled with insulation and the 
b ottom electrical heater was in
serted into the fille r . After 
fitting the electrical heaters, 
the aluminum metal and the stain
less steel case were forced 
together and the top of the unit 
was covered with insulation . This 
type of fabrication makes val id 
the assumption of uniform radial 
heat conduction impljP.o in the 
R.nRlysis of the test n:•sults . 

Shrouds were fabricated of 
l / 8- inch thick sheets of Type 304 
stainles s steel. Shrouds wi t h 
diameters of 9 . 3 , 14 . 0 , 20 . 6 , and 
32 . 6 inches we r e fabr i cated to 
provide annular spacings of 0 . 35 , 
2 . 7, 6 , and 12-inches, respec
tive l y . 

The source and one of the 
test shrouds were placed in the 
48- inch- dia.mP.t.Pr rhamber . Ports 
at th~center of the bottom and 

Insulat ion ----

112" Dia . 
electr ic heaters ----... 

AI meta l 

Type 304 
stainle~~ ~tccl 

Insu la t ion -----

Figure 2 . Cross - Secti on of 
Cylinori ral Heat Source 

27" 

2'' 
t 

top of the c;hamber provided channels for the inlPt. and outlet o.ir 
flc.fw·, respectively . The top of .the chamber was removable for 
changing shr ouds . Iron- constantan the rmor.onpl es , conner.tcd to i:1 

~omrnon recorder, were spot- welded to the outside surface or the shell 
of the heat source and to the ins i de surface of t he shroud at vari ous 
angular and vertical positions as shown in Figure 3 . 

1\.fter eleL.:Lrleal power was applied to t.he heatero, the: tem.tJt:!ra
tureG of the source and the shroud were checked at hourly intervals 
until steady state was established. There were no hysteresis effects, 
and steatly state temperatures were independeut of the direction of 
power changes . The air was heated as it f l owed upwar d through the 
annular space , and the air temperatur es at t.hP inlet and outlet WeLe 

n.:~ortled . 'l'l!e room containing the apparatus was large enough to 
insure a constant air temperature at the inlet to the a i r space during 
a given test . HowevP.r, the inlet air temperature did vary somewhat 
from day to day . 

Si nce the emissivi ty of the stainless steel is quite sensitive 
to oxidation , the emissivity was cal culated for the actual material 
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used. Inlet and outlet air temperatures and the air flow rate were 
measured for an air gap of 0.35 inches, and a heat balance across the 
air gap was used to c~lculate the emissivity of the stainless steel. 

6 ~"From Top 

14t"From Top 

Figure 3. Location of Thermocouples on 
Cylindrical Heat Source. 
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III. DIFFERENTIATION BETWEEN RADIATIVE AND 

NATURAL CONVECTIVE HEAT TRANSFER RATES 

Electrical power delivered to the centerline ·resistance heaters 
was dissipated from the surface· of t,he cylindrical heat source by 
the mechanisms of radiation and natural convection. The total ~ate 
of heat dissipated from the surface of the source is given by: 

~- = QR + Qc 
(5) 

where: 

QT = total rate of power supplied to the source, Btu/hr · 

. QR = heat tran~ferred by radiation, Btu/hr 

Qc = heat transferred by conduction and convection, Btu/hr. 

TI1e heat transferred by radiation from the surface of the source 
was calculated by the methods given in Appendix B. The rate at 
which heat was transferred by natural convection and conduction, Qc, 
was calculated as the difference between the total power input, Qr, 
and the calculated radiative heat transfer :t·~:~.te. A calibration of 
the wattmeter used in these·tests showed a ma,ximnm deviation of .l 

five p17rcent, A di:c~t.!t determination of the natural convective heat 
transfer rate from the source was not feasible because of the complex 
temperature gradients within the annulus. 

Heat Transfer Rates 

Calculation of the heat transferred by radiatiop. from .the sou,rce 
to the shroud was complicated by·the temperature profile that existed 
along the length of the shroud (see Appendix A)~ Also, the radiative 
transfer through the open. B.:i:'elil.S o.t the ewls. of the annulus becomes 
significant with increasing source-to-shro~d SJY'I.ri nr;~. 

The formulae used to calculate the radiative heat transfer ra.tes 
are presented and discussed in detail in.Appendix B; only a summary 
of the methods used is :present@d here.. For the ~Smallest annular 
spaclng, 0. 3) inch, radiative tr$-Q~fer was .calculated on the basis 
of infinite concentric cylinders~BJ. This assumption permits neglec
ting the small areas at the ends of the annulus and results in a view 
factor (based on the area of the inner cylinder) of unity between the 
concentric cylinders. For the larger annular spaces, the area of the 
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annular ends was significant and the view factor from the inner to the 
outer cylinder was less than unity. 

Radiative heat transfer rates for the 2 .. 3-, 6-, and 12-inch 
annular spacings were calculated by the procedures outlined in Appen
dix B. The ·procedure giver; :i,n Appendix B uses the absorption factor 
method reported by Gebhart~7J. The radiative heat.transfer rates 

. _given) in Table I are those calculat"ed by approximating the temperature 
. of the shroud by a series of constant temperature surfaces as presented 
in Appendix B. 

Convective heat transfer rates from the inner cylinder, when 
heated without a shroud, were calculated using the simplified formula 
for heat transfer from vertical surfaces to a.i.r: 

= 
( 6) 

where: 

A = area of inner cylinder, ft 2 

Tl = surface temperature of the cylinder, °F 

Ta = ambient air temperature, °F 

h = heat transfer coefficient, Btu/hr-ft2-°F. 

The he~::~.t transfer coeffir.ient was calculated by (6): 

h = 
(7) 

Radiative heat transfer rates for the cylinder in an open room 
were determined by difference between the calculated convective rates 
and the total power delivered to the source. A heat source in a 
large room approx~mat~G the ideal ~ase of a non-gray body radiati~g 
to black surround2ngs ~6). The rad2ant heat transfer rates determ~ned 
by difference between the total heat input and the calculated natural 
convective heat transfer rates was used to determine th~ ~verage 
emissivity of the source by the following relationships~6J: 

= 
(Sa) 

where: 

£ = emissivity of the source, dimensionless. 
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Ta"':lle I 

HEA'::.' :i:'RAN3FER BALANCE AT THE SU;RFACE OF THE HEATED CYLINDER 

Source~ to-Shroud -Total Heat Source Wall Radiative ]:at Natural Convective 
J..nnular Sps.cing Input,QT Tenperature Transfer 2 Q~ Heat Trans fer 2 ( Qcl 

(inches) (Btut1.:r) . (OF) (3tu/hr) (% (Btu/hr) (%) 

0.35 170 120 49 29 121 71 
360 2Cl 193 54 167 46 
680 209 .285 41 395 59 
760 225 386 51 374 49 

2.7 360 145 193 54 167 46 
760 210 480 63 280 37 
990 240 614 f2 376 38 

1380 286 892 ·55 488 35. 

f-' 
1710_ 325 1173 (:1) 537 3l· 

1\) 2210 370 1608 T3 602 27 

6 360 140 188 c:;·::> 
-~ 172 48 

550 175 334 61 216 39 
680 195 431 ·63 249 37 

1020 233 681 e; 339 33. 
1360" 275 900 66 460 34 
1710 305 1130 56 580 34 

12 170 110 96 .- ,- 74 44 )"::: 

'360 :.35 184 51 176 49 
680 181 418 61 262 39 

1090 220 657 60 433 40 
1360 245 840 62 520 38 
1710 275 1078 E3 632 37 

Heat Tre.ns fer 550 125 365 66 185 34 
without a Ehroud 1020 150 670 6E 350 34 

1590 190 1020 61+ 570 36 
2390 2~0 1500 63 890 37 
3426 300 2130 63 1290 37. 



Emissivity of the stainless steel surfaces (shroud and heat source) 
was also determined from heat transfer measurements across the small 
air gap (0.35 inch). Measurements of the net air flow (by hot-wire 
anemometer) through the air gap and the inlet and outlet air tempera
tures were used·to calculate the heat removed by natural convective 
flow. Tests were conducted at Rayleigh numbers less than 2000 to 
insure minimal radial convective heat transfer across the air gap. 
Radiative heat transfer rates were calculated by subtracting from the 
total power delivered to the heat source the heat removed by axial 
convective flow and that transferred by cond~ction across the air 
gap. 

The following formula was used to calculate the emissivity of 
the stainless steel surfaces: 

a 
(T 4 - T ~) 

( 8b) 

where: 

El (source emissivity) = €z (shroud emissivity) 

Data used in calculating the emissivities are shown in Table A-VI, 
Appendix A. The emissivities thus determined varied between 0.64 
and 0.91, with an average of about 0.7 for five tests. This value 
for emissivity was used for all stainle::;s steel surfaces when ca.l
culatiug l'au.iati vt hca.t tran11 f~r rRt.AR (see Appendix B). 
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IV. DATA COMPARISON AND· CORRELATION 

Natural convective heat transfer from either cylindrical or flat 
vertical surfaces is widely discussed in the literatur~ and data cor
relations are given relating dimensionless Nl)flselt ~d Rayleigh numbers 
based on the height of the plate or cyUnder~ 4 ,5,6,7J. Data from 
this study, when compared with the correlations presented for heat 
transfer from isolated surfaces, showed good agreement. This indicates 
that nearby surfaces have little effect on the mechanism of natural 
convective heat transfer. 

An effective thermal conductivity across A. fluid-filled ~:t.uuullJ~ 

includeD B.l'lj'" o:.f'l'ect Oi' natU:rA.l Ciroula.tiOl1 W i l_.hin the annuJ,:uB (ll ,) ,b). 
Heat transfer c:urrPlationo a.re usually based on the temperature dif
ference between the surfaces forming the enclosure. However, when 
the enclosure is open at the ends, as in this study, the fluid 
flowing through the annulus provides an additional heat sink. Data 
from this study are evaluated by calculating pseudo-effective thermal 
conductivities for annular spaces open at the ends and. comparing with 
the effective thermal conductivities for enclosed spaces preSented in 
the literature. The pseudo-effective thermal conductivities calculated 
herein are 1.2 - 1.8 times the effective thermal conductivities for 
equivalent enclosed spaces. 

A correlation using modified Nusselt and Rayleigh nUlnbers is 
presented using the temperature differencF.' between the confining 
walls as a basis for the definition of the heat transfer coefficient. 
However, not all of the heat is transferred along a linear tempArRt.l.trli 
gradient between ~hF.' two ourface~ uecause some heat is lost to the 
flowing air stre~.- Therefore, extrapolating this correlation beynnr'l 
the limits of tnesA t.P9ti mo.y nc..t lit: warranted. 

1. Heat Tn1uster t'rom Isolated and Shrouded Cylinders 

The surface tempPrRt\u-o of the l1t:aL .. soUrce .was essAnt.ially 
Constant for A. given power le·vt:l·;. n.ci atte~pt .·was made to measure. the 
temperatures inside the aluminum-filled center. The variation of 
surface temperature of the source as a function of the reciprocal of 
the annular space is shown in Figure 4 for three typical heat fluxes. 
The independent variable (annular spacing) was plotted in reciprocal 
form so that data from tests without a shroud. (limit of S as S + "") 
could be included in Figure 4. At a given heat flux, the source wall 
temperature decreased with increasing·source-to-shroud spacing, the 
temperature of the source being lowest when heated in the open room. 

A comparioon of the conventional data correlation for heat 
transfer from isolated cylinders with the data from this study is 
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shown in.Figure 5. No significant trends in data from this study are 
discernable; however, the presentation in Figure 5 does show that the 
correlations for heat transfer from isolated surfaces could be U&ed 
to estimate heat trans·fer rates from shrouded surfaces. A factor 
that might contribute to the data scatter evident in Figure 5 is the 
fact that these tests were conducted near the laminar-t9-turbulent 
transition re&ion defined by a Rayleigh number of l0 9 (6J. 

A more detailed study of the effect of nearby surfaces on 
natural convective heat transfer would require a knowledge of the 
temperature an~ air· velocity variations within the annulus. The 
acquisition of!these data was beyond the scope of this study. How
ever~ because radiation from nearby surfaces tioes re~ult in higher 
temperatures o:f the gas and of the prima.cy surface, the act.ual .. values 
of a1.1y heat transfer C'oefficients are :Lnr.:reased slightly, 

2. Annular Spaces with Ends Open or Closed 

The data for heat transfer through annular spaces with 
closed or open ends is shown in Flgure 6(5;, The correlation pre
sented by Grober, Erk, and Grigull was developed for heat transfer 
through both vertical and horizontal annuli over a wide range of 
Prandtl numbers: arid annular spaces. The ratio of ke/k determined in 
this study can be described by the following equation: 

= 
( 9) 

The mechanisms uf heat tram;fpr 1•Tithin vcrtici;;l.l H.rlrttlle.r 
;:.,l,!(j,Ct-!K op~n a.t the ends l~ not completely analogous to heat t.rFtm::for 
with;i .n pnrlo~ed annular s!Jaces. At least-:·part of the difference is 
the heat sink provided by the air stream flowing through the annulus 
when the annular ends are open. 

At the point where the ratio (kp/k) is unity ( log1 o ke/k = 0), 
i.t. is assumed th~.t llU eonvccti v.e motion occurs and that all heat is 
transferred by simple conduction. A :RayJe..igh munber of 1700 l~ con
oid~]:~u a~ the .L~mi ting value for the start· of free convection in . 
completely enclosed annular spaces. For annuJar spaciiis open o.t boLh 
endo; colWect.ive motion in the annulus apparently starts a.t a Rayleigh 
number of abo11t 100. For the case under study, a Rayleigh number of 
1700 is, obtained for an annular space of about 0. 3 inch; a Rayleigh 
number of 100 is obtained for an annular spa.ce of about 0.1 inch. 

Data from +.his study are compared in Figure 7 with the 
correlations by Jaeob for· heat transfer within enclosed spaces between 
parallel walls. Values of L/S reported by Jacob range from about 3 
to 42. Values of L/S in this study ranged from 2.25 to 77. Data 
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preventP.d determining formulas similar to those given by 
However, this comparison indicates· that air circulating 
an annulus increases the pseudo-effective thP.rmal conduc
especially at the smaller annular spacings. 

The data scatter in this study, compared with Jacob's, may 
have been caused by the geometr;-: and temperature.differences. 
Da.ta used by Jacob were obtained for heat transfer between parallel 
plates, both of which were at different but constant temperatures. 
Data for this study were obtained for heat transfer between concen
tric cylindrical surfaces where the temperature of the source was 
constant, but where the shroud temperature increased linearly with 
height. 

3. Lorenz-Typ~ Data Correlation 

The data from this study can be correlated in the form 
originally propose.d by Lorenz, as shown in Figure 8, where: 
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= 
( 10) 

and the modified Nusselt (Nr{u) and Reyleigh (NR~) numbers ar·e based 
on the annular spacing. 

where: 

s 

k 

The definition of the modified Nusselt number is: 

= 
= 

= 
h s 

c 
k 

annular spacing, ft 

(11) 

thermal coi:1ducti vi ty based on arithmetic mean tempera
ture of the air, Btu/hr-ft-OF 

and he, the heat transfer coefficient., is defined by: 

with 

he 

Qc 

Al 

Tl 

T2 

= 

= 

= 

= 
= 

heat transfer coefficient, Btu/ln·-ft2_oF 

convective heat transfer rate, Btu/hr 

area of inner cylinder-, ft 2 

temperature of inner cylinder, OF 

mean temperature of outer cylinder, °F 

(12) 

Application of both boundary layer theory and empirical 
methods has shown that the exponents of the Rayleigh-number for 
laminar and turbulent fluw are 1/11 and 1/3, :respectively. Correlation 
of the data from this study by the method of Lorenz resulted in an 
exponent of 0.27, indicating that the flow was in the transition zone 
between laminar and turbulent flow.. The conditions for the cessation 
of convective flow can be established as shown below; radiative heat 
transfer will be neglected. 
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At the point where convective motion ceases., heat transfer 
within the annulus is_by conduction as giv:en by the following equation: 

q = 
k A~ (Tl -~rz2 

s (13) 

For any Rayleigh number, the rate of heat. transfer (by conduction and 
convection) is calculated by: 

q = 

If there exists a Rayleigh number for which the modified Nusselt num
ber Criw = hcS/k) equals one, then he = k/S·. Substituting this value 
of he l.g Equation ( 14) yields Equation ( 13.) which is: for pure eonduc
t:i;on. Thus~ the necess~ condition for conve·ctive motion to cease 
is :Nm1. =· l. 

<::onvecti ve motion was: ·observed to disappear· at Rayle:Lgh num
bers ·below 100 for the vertical annulus with open ends; this compares 
w>ith. a· Reyleigh number below 1700. quote.d for a complete-ly enclosed' 
annulus( 5 J • · 
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V. CONCLUSIONS 

The results of this study show that data for natural convective 
heat transfer fro~ a shrouded, vertical cylinder agree reasonably 
well with the conventional Nusselt-Rayleigh number correlation for 
natural convective heat transfer from isolated vertical surfaces. 
Thus, the nearby surface (as close as 0.35 inch) did not significantly 
affect the mechanism of natural convective heat transfer. However, 
reflection of radiant energy from the shroud increased the temperature 
of the source and the air within the annulus over that for the case 
of an open source. 

Heat transfer within the annular space was compared with the com
bination of natural convection and thermal conduction through an 
enclosed annular space. A pseudo-effective thermal conductivity, 
defined fur ru1 annulus open at the ends, was 1.2- 1.8 times the 
effer.tive thermal conductivity for an equivalent enclosed annulus. 
The increase in effective conductivity can be attributed to the heat 
transferred to the air flowing through the annulus. Thus, an annulus 
open at the ends offers less resistance to heat transfer than a 
corresponding enclosed annulus. 

Data from this study were also correlated in terms of modified 
Nusselt and Rayleigh numbers. 

Convective motion was observed to disappear at Rayleigh numbers 
below 100 for the vertical annulus with open ends; this compares wit~ 5 ) 

Tiayleigh numbers heJow 1700 quoted for a completely enclosed annulus . 
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Al = 
A2 = 
A3 = 
A4 = 

A2 = a 
A2b = 
A. 

2C: 

J\.2.d :::; 

A2 ::;; 

e 

aik 
::; 

Bik = 

F.k = l· 

i,k = 
g :::: 

he = 
K· = l 

L = 
Npr = 

I 
111 Gr = 

N~u = 

NNu :: 

n = 
Qc • 
QR = 
Qr.1 = .L 

r = 

VI. NOMENCLATURE 

surface area of internally heated cylinder, ft 2 

surface area of concentric shroud, ft 2 

surface area of donut~shaped surface at top of annulus, ft 2 

surfacP. area of donut-shaped surface at bottom of annulus, 
ft2 

elemental area on surface of concentric shroud, ft2 

elemental area on surface of concentric shroud, ft 2 

clemenLal area 011 s u.r f Fl.r' P o:f:' oonccntril: sliL'UUd, n2 

t:!!lt:=liH::!ntal area on surface of concentric shroud, ft 2 

elemental a:rP.A. 0D. iiiurfacc c.f' cuueentl:'ic shroud, ft:l 

constant coefficient terms in simultaneous equations 

dimP.nsionless absorption factor, fraction of radiant heat 
emitted from surface i and absorbed at surface k, dimen
sionless 

view factor from surface i to surface k, dimensionless 

arbitrary subscripts referring to A.rea A 

local acceleration of gravity. ft/sPc 2 

natural convection heat transfer coefficient, Btu/hr-ft 2-oF 

Ei/17(i, dimensionless 

vertical height, ft 

Prandtl numb~r 

Grashof number based on annular spacing as the characteristi~ 
length 

NussF>lt number 1Ht~~·:1. ·un annular spat.:lng as the characteristic 
length 

Nusselt number based on height as the characteristic length 

total number of surfaces, or exponents, depending on context 

heat trru1sf'er rate by natural convection, Btu/hr 

heat transfer rate by radiation, Btu/hr 

total heat transfer rate at surface of inner cylinder, 
Btu/hr 

radius of internally heated cylinder, f't 
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s 
T 

T 
a 

wi 
X 

y 

aik 

f3 

.!:!. 

E 

n 

jJ 
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1J 

= 

= 

= 
= 
= 
= 
= 
= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

Rayleigh number based on annular se.paration as the 
characteristic length 

Rayleigh number based on height as the characteristic 
length 

annular spacing between parallel surfaces, ft. 

a surface temperature, °F 

ambient temperature, oF 

radiant heat flux from surface i, Btu/hr-ft 2 

vertical plate height, feet or inches 

thickness of uum1dary layer, feet or inches. 

GREEK SYMBOLS 

the quantity F ikpl<., dimensionless 

T-1 coefficient of thermal expansion, 

an incremental change 

thermal emissivity of a surface, dimensionless 

dimensionless width of velocity and temperature profile 

viscosity, lbm/ft-sec 

reflectivity, dimensionless 

Stefan-Boltzmann's constant, Btu/ht-ft 2- 0 R4 

kinematic viscosity, J.l/p, ftL/sec 

- 23 -



VII . REFERENCES 

1. B. R. Wheeler, et al, A Comparison of V-arious Calcination Pro
cesses for Processin Hi h-Level Radioactive Wastes, USAEC Report 
No. ID0-14622~ April 1964 . 

2. D. E. Black and B. R. Dickey, Mathematical and Experimental 
Anal sis of Heat Dissi ation from lindrical Sources Buried in 
Soil, USAEC Report No. IN-1032, December 19 ). 

3. J. R. Bower, Ed., Chemical and Process Development Branch Annual 
Report, Fiscal Yeai· 1965, US.MC Report No. ID0-14661 ~ (Febrn,R.:ry 
19hh) 1 

4. M. Jacob, Heat Transfe:r, Vol. I, John Wiley and Sons, Inc. • New 
York, ( l9 49 ) . 

5. H. Grober, S. Erk, and U. Grigull, Fundamentals of Heat Transfer, 
McGraw-Hill Book Company, New York? (1961). 

6. W. H. McAdams, Heat Transmission, McGraw-Hill Book Co., Inc., 
New Xork, (1960 . 

7. B. Gebhart, Heat Transport, McGraw-Hill Book Co., New York, (1961). 

8. R. B. Bird, e~ al, Transport Phen()mena, John Wiley ann Sons, Inc., 
New· York, (1960). 

9. F. Kreith, Radiation Heat. 'T'ransfer for G-a(;~t.:raft and ::iolar Power 
Plant Desig~ ·:--International Book Company, Scranton, Pa. , ( 1962 

- 24 -





APPENDIX A 

-SUMMARY OF DATA 

The data and calculations used in the body of the report are 
summarized herein. All of the data are given in terms of the source
to-shroud annular spacing and the total heat delivered to the heat 
source. 

The linear temperature profile along the shroud is plotted in 
Figures A-1, A-2, A-3, and A-4. The designated points represent 
locations where the temperatures were measured, As shown by these 
figures, increasing the heat flux at the· surface of the source in
creased the temperature gradient. 

Temperatures of the various surfaces used in the calculations 
are given in Table A-I. The average temperature of the shroud and 
the temperatures of the five .. elemental areas are tabulated. The 
average temperature of the shroud is defined as the temperature 
at the vertical midpoint of the shroud. The temperatures of the 
elemental areas were determined by dividing the shroud into five 
equal segments and determining the temperature at the vertical 
midpoint of each segment. 

The thermal emissivity used for stainless steel and carbon steel 
surfaces was 0.7 and 0.75, respectively(6). The surface of the source 
and shroud was stainless steel Type 304; the enclosing chamber was 
carbon steel. 

Areas used in the calculatlor1s a1·c given in Table A-II. 

The various dimensionless groups and parameters resulting from 
correlations given in the text are given in Table A-III. The physi
cal constants for air were evaluated at the arithmetic average 
temperature of the inlet ~1d outlet air. 

Data used to prepare Figure 8 are tabulated in Table A-IV. 
Fluid properties were evaluated at a film temperature defined as. 
the average temperature between the cylindrical source and the average 
air temperature in the vertical annular space. Nusselt and Rayleigh 
numbers were evaluated based on the height of the heated vertical 
cylinder. The heat trartsfe1· (;OeffiCients usPn in the Nusselt number 
were based on the temperature difference between the heated cylinder 
and the average air tern1Jel·ature in the annulu.s. 

As indicated in the text, the emissivity of the source was 
determined by two separate tests. The shroud, also fabricated from 
Type 304 stainless steel, .. was assumed to have the same emissivity. 
Data for calculating the emissivity of the source and shroud is 
summari :t.ed in Tables A-V and A-VI. 

A-l 
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Table A-I 

TEMPERATURES OF THE VARIOUS SURFACES 

Average Temperature of 
Source-to-Shroud Total Heat Surface Temp. Average Temp. Elemental Areas Temp. of .Air Tem;e. 
Annular Spacing Input of Source of Shroud 2a 2·o 2c 2d 2e Annular Ends In Out 

(inches) (Btu/hr) (oF) (oF) (oF) (oF) (oF) (oF) (oF) (oF) (oF) (oF) 

0.35 170 110 85 68 120 
360 170 125 82 125 
680 209 152 82 148 
760 225 153 88 154 

2.7 360 145 93 90 92 95 97 100 68 69 90 
760 210 112 100 106 112 120 126 69 68 115 
990 240 128 120 125 130 135 140 70 68 131 

1380 286 149 134 142 150 158 166 75 68 151 
1710 325 166 150 160 170 175 180 80 68 170 
2210 370 190 170 180 .190 200 210 80 68 190 

;I> 6 360 140 90 50 85 90 94 98 68 76 112 I 
w 550 175 98 90 94 98 102 106 76 73 135 

680 195 103 95 99 103 106 110 79 79 154 
1020 238 113 105 109 113 117 121 82 78 176 
1360 275 132 120 126 132 138 144 85 82 186 
1710 305 141 125 133 141 149 157 87 82 204 

12 170 110 87 85 86 87 88 89 80 80 98 
360 135 97 95 96 97 98 99 79 81 116 
680 181 102 lOO lOl 102 103 104 82 88 117 

1090 220 110 102 105 110 113 116 82 82 136 
1360 245 113 105 109 113 117 121 80 74 144 
1710 275 118 110 114 118 122 126 85 76 184 

No Shroud(e) 550 125 73 
1020 160 76 
1590 190 69 
2390 240 71 
3420 300 75 

(a)S~urce was heated in an open room to provide. a comparative basis. Air temperature given for these tests is the 
ambient temperature. 



Table A-II 

AREAS. OF THE VARIOUS SURFACES 

Source-to-Shroud Area of Area of Elemental Area(a) Area of 
Annular Spacing Source Shroud of Shroud Annulus 

(inches) ( ft2) (ft2 ) ( ft 2 ) ( ft 2 ) 

0.35 5.08 5.48 1.095 0.058 

2.7 5.08 8.26 l. fl54 0.78 

6 5.08 12.18 2.43 1.91 

12 5.01) 19.20 3.84 5.40 

(a)The area of each elemental su:r.face on the shruud is l/5 of the 
total area. 

The emissi.vi ty of carbon 8teel surfaces was a8sumed to be 0. 75. 
No measurement was made of the emissivity of the carbun steel sur
faces at the annular ends. The data used to calculate the emissivity 
of stainless steel, as explained in the text, is summarized j,n 

Table A-VI. Qflow is the amoupt of heat. ni s~ipatcd by LlH::! tree
flow·ing ai.L ::; Lrea.m. 

A-4 



Table A-III 
PARAMETERS(a) USED IN DATA CORRELATIONS 

Source-to-Shroud Total Heat h Modified (a) 
Anr,ular Spacing Input Grashof No .. Prandtl No. Rayleigh No. 

k. /k 
c Nusselt No. 

(inches) (Btu/hr) NGr' Npr NR&' (Btu/hr-ft 2-°F) NNu' ·_e_._ 

0.35 170 700 0.738 517 1.28 0.67 1.27 

360 2690 0.732 1970 1.48 0.77 1.43 

680 3600 0. 732 2710 2.48 1.37 2.48 

760 3720 0.730 2710 1.89 1.04 1.88 

2.7 360 13.0 ~ 10 5 0.742 9, 7 X 10 5 7.70 0.67 9.9 

760 11.2 X 10 5 0.740 8.3 X 10 5 5.11 0.49 7.2 

990. 14.0 X 105 0. 738 10.3 X 105 7.50 0.52 9.6 

1380 15.7 X 1·) 5 0.736 11.~ X 105 6.16 0.55 7.7 

1710 13.9 X 105 0. 735 10.0 X 105 7.45 0.68 9.5 

~ 2210 17.6 X 10 5 o. 734 . 12.9 X 105 7.12 0.67 9.2 
I 

Vl 
9.8 X 106 7.2 X 106 6 360 0.735 13.9 o.68 22.2 

550 '14. 7 X 106 0.730 10.7 X 106 11.2 0.55 17.7 

680 14.3 X 106. 0.728 10.4 X 106 . 10.5 0.53 16.5 

1020 19.2 X 106 o. 725 13.9 X 106 10.3 0.53 16.3 

1360 23.2 X 106 0.720 16.7 X 106 12.0 0.63 19.0 

1710 23.2 X 106 0.718 16.8 X 106 12.9 o.69 20.5 

lr, c:. 170 3.7 X 107 0.740 2.7 X 107 19.8 o.61 41.0 

360 6.3 X 107 0.735 4.6 X 107 .27 .8 0.91 58.0 

680 13.0 X 10'7 0.730 9.5 X 107 19.9 0.66 42.0. 

1090 16.7 x io7 0.728 12.1 .X 107 23.5 0.77 48.7 

1360 20.7 X 101 0.725 15.0 X 107 23.2 o.78 48.8 

1710 20.2 X 10:" 0.720 14;5 X 107 23.0 o.79 48.2 

(a} 
All term~ are dimensionless except as noi;ed. 



Table A-IV 

CONVENTIONAL NUSSELT AND RAYLEIGH NUMBERS 

Source-to-Shroud Total Heat 
T1-Tair Annular Spacing Input Rayleigh No. Nuss.elt 

(inches) (Btu/hr) (OF) x (lo-9) No. 

0.35 170 8 0.12 

.360 66 0.75 68 

680 04 u.yl) 110 

'(60 104 0.96 141 

-;;,' '( ~f1n G; 0.93 73 

760 98 1.29 72 
990 140 1.36 G7 

1380 176 1.92 77 

1710 206 l. 64 59 
2210 241 1.90 54 

6 360 411 0.55 lOll 

550 71 0.73 83 

680 7R 0. 71 ell 

1020 lll 0.76 77 

l360 1111 0.93 79 
1T1U 162 0.93 86 

12 170 ?l 0.29 100 

360 36 0.43 135 

680 79 0.81 8Y 
1090 lll 0.89 100 

1360 136 1.07 97 

1710 145 0.99 106 

.No Shroud 550 52 0.83 102 

10~0 Cl4 1.05 117 

1590 121 l. 38 128 

2390 169 l. 54 J38 

3420 225 l. 54 147 
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Table A-V 

CALCULATED EMISSIVITY OF SOURCE IN OPEN ROOM 

Total Heat 
Input 

(Btu/hr). 

Radiant Heat 
Transfer Rate(a) 

Temperature of 

550 

102"0' 

1590 

2390 

3.420 

(Btu/hr) 

365 

670 

1020 

1500 

2130 

the Source 
(OF) 

125 

160 

190 

240 

300 

Calculated 
Emissivit;y: 

0.76 

0.79 

0.91 

0. 71 

0.64 

( a)Radiant heat transfer rate was the difference between total input 
rate and the cal<.:ulated natural convective heat transfer rate. 

Table A-VI 

EMISSIVITIES RARED QN HEAT TRANSFER ACROSS 0.35-INCH GAP 

·Heat Transfer Rates 2 Btu/hr 

Q.r Qflow Qcond -~ 
Calculated 

Test Emissivity 

A 316 53 nR 205 0. 77 

B 683 123 187 373 o. T4:' 

8 1025 17.0 269 586 0. 73 
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APPENDIX B 

DETERMINATION OF RADIATIVE HEAT TRANSFER RATES 

The calculation of the net rate of heat transfer by radiation 
from each surface is described herein. 

Assumptions basic to the methods developed below are: 

1. Heat flux and temperature at the wall of the cylindrical 
heat source are constant. 

2. ·rhe temperature of the shroud is a linear ftmction of its 
height. 

3. All surfaces are considered either grey or black. 

4. The absorptivity of a surface is equal to its emissivity 
and independent of the source temperature of the incident 
radiation. 

5. Radiation and reflection processes are diffuse. 

Assumptions used in calculating the net radiative heat transfer 
from each surface are: 

1. Concentric cylinders of infinite length (applies only for 
small air gaps) . 

-
2. A linea~ t.P.mpera.ture p~ofile on the surface of the shroud to 

determine an average temperature and calculate the net heat 
transferred by radiation between the source, shroud, and 
the two annular ends. 

3. Approximation of the temperature on the surface of the 
shroud by the use of elemental areas, each at an average 
constant temperature. 

B.l Infinite Cylinders 

The radiative heat transfer rates calculated by this method are 
based on r.nnstant temperatures on the surface of t:q.e shroud and i~;,mer 
cylinder. The following formula is available in the ~iterature(8J 
for this case: 

= 

(B-1) 

B-1. 



where: 

the subscript l refers to the inner surface (source) 

the subscript 2 refers to the outer surface (shroud) 

T2 = . mean temperature of the shroud. 

Because this formula neglects the areas at the annular ends, it was 
used only for the 0.35-inch annular separation where the view factor 
between the two concentric surfaces was approximately unity. Results 
calculated from this formula are given in Table B-1 

Table B-I 

RADTA'T'TVE HEAT TR/\.NSFiill TIATE3 FRO.tvl SOU}{C~ 
FOR 0.35-INCH ANNULAR SEPARATION 

Total Heat(a) 
Input 

(Btu/hr) 

170 

360 

680 

760 

:Radiation Heat 
Transfe!' Rates 

(Btu/hr) 

49 
193 

285 

386 

(a)Total heat input is the electrical 
power oelivered to the cylinder source. 

B.2 Absorption Factor Method 

The absorption factor method(7) was used for both the four-surface 
and eight-surface cases. The derivation of the necessary equations 
will be followed by application to the data from the 2.7-, 6-, and 
12-inch annular spacings using both the four-surface and the eight
surface cases. 

·The energy emitted from a grey surface within an enclosure of n 
surfaces can be represented by: 

Rate at which energy is emitted by surface i 

w. 
l 

= OE:.T. 4 
l l 

B-2 

= A.W. 
l l 



A radiant heat balance between any surface j and the other surfaces 
yields 

Q. = W.A. 
,J J J 

B .. W .A. - • • • • - B W A 
JJ J J nj n n 

n n 
= W.A. 

J J 
E B .. W.A. = 
i=l lJ l l 

W .A. (1-B .. ) - ~ B .. W.A. 
J J JJ i=l lJ ~ l 

i~j 

(B-2) 

where 

Qj 

A. 
J 

B .. 
lJ 

= 

= 

net radiant heat transfer rate from surface j, Btu/hr 

area of surface j, ft 2 

absorption factor between surfaces i and j 

Wi radiative heat flux from surface i, Btu/hr-ft2 

The absorption factor Bij is defined by 

B.. = 
lJ 

total fraction of the energy emitted from surface i 
that is absorbed by surface j 

Equation (B-2) has been written as above to emphasize the fact 
that the absorption factor for surface j is not necessarily zero, even 
for the case in which surface j does not "see" itself. Though a sur-: 
face can "see" itself only 'when that surface is concave, the absorption 
factor B .. cru1 be greater than zero since somP. of the radiation emitted 
frnm j d.~ be real;lsorbed. Consider the absorption factor from surface 
1 (the inner cylindrical heat source) to the general surface J 

B . = 
iJ 

(total heat absorbed at surface j from 1) 
(total heat emitted from surface 1) 

Then the rate at which heat is radiated from 1 and absorbed at j is 
given by 

where 

F 1· J 

F. • 
J 

::.. 

= 

Heat absorbed = 

dimensionless vi P.W fl:l.C'tOl' between surface 1 and j 
(see Appendix C) 

emissivity of surface j (see Appendix A, same as 
absorptivity) 

B-·3 



The rate at which direct radiation from surface l is rP.flected at 
surfC:it:e j is given by 

Radiation from l reflected 

= Flj(l-Ej) A1W1 = FljpjAlWl 

where the reflectivity Pj is given by: 

1-E = p 
j j 

Since F .p. is reflected at the ith surface under conditions of dif
fuse ra~Iation, the fraction of this indirect radiation absorbed at 
surface j is 

Indirect l'a.\1 i H.!..!. on absorbed at ,i = 

T11P. total fraction of heat absorbed at suri'ace j from surface l can 
then be written as 

n 

= ( F + E F
1

. p . B. . ) 
lj j i=l ~ l lJ 

(B-3) 

For a system of n surfaces, n simultaneous equations each of the 
form of Equation (B-3) are obtained: 

B,..,. 
LJ 

B . 
nJ 

= 

= 

= 

Eq~ations B-4 can be rearranged and simplified by letting 

= 

The system of equations can finally be written in the form: 

B-4 

(B-4) 



= -F .. £. 
nJ J 

(B- 5) 

After the absorption factors are determined by solution of the set 
of simultaneous Equations (B-5), the net radiative heat transfer 
rate from any surface j may be calculated by Equation (B-2). 

Equations (B-5) and (B-2) were solved ou the IBM-7040 computer 
at the National Reactor Testing Station. The input data for the 
solution of these equations for the four-surface and eight-surface 
cases are shown in TableR B-II and B-III and in Tables B-IV and 
B-V respectively. The labels given in these tables refer to the 
areas designated in Figure B-1. 

A short computer program, written for the IBM-7040 , was also 
used to determine the radiative heat flux from each of the surfaces. 
The results are shown in Tables B-VI and B-VII for the four-surface 
and eight-surface cases, respectively. Net heat transferred from 
<:i. aurface iR Rhown as a positive value, net heat transferred to a 
sur~ace is shown as a negative value. 

B.3 Comparison of Results 

The eight-surface case is believed to be more accurate than the 
four-surfac e case because the linear temperature profile along Lhe 
height of the shroud is taken into consideration. However, the 
differences in radiative heat transfer rates form the inner cylin
der are not too great. The radiative heat transfer rates from the 
inner cylinder, calculated by both methods, are given in Table B-VIII. 

Cal-culation of the radiative heat tranR~er rates could only have 
been ~alculated economically on a computer. For the 0.35-inch annular 
spacing of source to shroud, 1'adio.tive hP.a-L trancfer rates were deter
mined by assuming that the cylinders were infinite in length. As 
the annular spacing is increased, the area at the ends of the annuli 
becomes a larger radiative heat sink. The results obtained for the 
eight-surface case most clearly show this effect by the fact that 
certain areas on the shroud emitted more radiant heat than they 
received from the Buurcc. 
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Four-Surface Case 

3 

Eight-Surface Case 

Fig. B-1. Areas Used for Determining the Radiative Heat 
Transfer Rates From the Surface of the Source 
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Table B-II 

CONSTANT COEFFICIENTS FOR CALCULATION OF RADIATIVE HEAT TRANSFER 
RATES FOR THE FOUR-SURFACE CASE 

Source-to-Shroud 
a;, 

1 

Annular SEacinf!i i l 2 _3_ 

2.7" l -1.000 . 282 ( ) .008 
2 .174 .904 a .015 
3 .054 .159 -1.000 

"4 .054 .159 .087 

6" 1 -1.000 .258( ) .021 
2 .108 .877 a .036 
3 .054 .219 -1.000 
4 .054 .219 .027 

12" 1 -1.000 . 216 ( ) .042 
2 ·.087 .877 a .060 
3 .039 .213 -1.000 
4 .039 .213 .048 

.008 

.015 

.087 
-1.000 

.021 

.036 

.027 
-1.000 

.042 

.060 

.048 
-1.000 

(a)Note that a2~ for all cases has a value greater than -1.000, since surface 
2, the concave shrou , can "see" itself. 

Table B-III 

CONSTANT VECTORS FOR CALCULATION OF RADIATIVE HEAT TRANSFER RATES 
FOR THE FOUR-SURFACE CASE 

.Source-to-Shroud .!!'. 1 E 1 j lh ' 
4 Annular SEacinf!i i 1 2 _3_ 

2.7" 1 0 .406 .126 .126 
~ .G.50 .224 .371 . ~71 
3 .0196 .035 0 .203 
J, .0196 .035 .203 0 

6" 1 0 .252 .126 .126 
2 .602 .287 .511 .5_11 
3 .049 .084 0 .063 
4 .049 .084. .063 0 

12" 1 0 .133 .091 .091 
2 .504 .28'( .497 .497 
3 .098 .140 0 .112 
4 .098 .140 .112 0 
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Table B-IV 

O::!ONSTANT COEF?ICIEKTS FOR CALCULATION OF RADIATIVE HEAT 'TRANSFER RATES 
FOR THE EIGHT-SURFACE CASE 

Source-to-Shroud a .. 
l 

Annular Spacing i l 2a 2b 2c 2C. 2e 3 4 

2.7" l -1.000 .051 .057 .060 .0;1 .050 .008 .008 
2a .165 - .946 .033 0 0 0 0 .048 
2b .180 .033 - .946 .033 0 0 0 0 
2·:! .180 0 .033 - .946 .033 0 0 0 
2d .180 0 0 .033 - .94-t .033 0 0 
2e .165 0 0 c . 03-3 - .946 .048 0 
3 .054 0 0 0 .057 .102 -1.QOO .087 
4 .054 .102 .057 0 ) 0 .087 -1.00-:::l 

6" l -1.000 .042 .051 .072 .051 .042 .021 .021 
2a .096 - .955 .030 .006 0 0 0 .105 
2b .126 .030 - .955 .020 .006 0 .012 .063 

td 2c .150 .006 .030 - .. 955 .030 .006 .015 .015 I 
co 2d .126 0 .006 0.03 - .955 .03 .063 .012 

2e .096 0 0 .oo6· .03 - .955 .105 0 
3 .054 0 .015 .017 .048 .132 -1.000 .027 
4 .054 .132 .048 .027 .015 0 .027 -1.000 

12" l -1.000 .039 .045 .048 .04~ .039 .042 .042 
2a .o;,4 - .961 .033 .015 .oo:: 0 .006 .144 
2b .060 .033 - .s;6l .033 .015 .003 .012 .105 
2c .063 .015 .033 - .961 .033 .015 .Opl .051 
2d .060 .003 .015 .033 - .961 .033 .105 .012 
2e .054 0 .003 .015 .033 - .961 .144 .006 
3 • 039 0 .009 .036 .075 .102 -1.000 .048 
4 .039 .102 .075 .036 .009 0 .048 -1.000 



Table B-V 

CONSTANT VECTORS FOR CALCULATION OF RADIATIVE HEAT TRANSFER 
RATES FOR THE EIGHT-SURFACE CASE 

Source-to-Shroud F .. E. 
l. 

Annular SEacing i 1 2a 2b 2c 2d 2e 3 4 

2. 71
' 1 .o .. 385 .420 .420 .420 .385 .126 .126 

2a .119 .126 .077 0 0 0 0 .128 
2b .133 .on .126 .077 0 0 0 .133 
2c .140 0 .077 .126 .077 0 0 0 
2d .133 0 0 .on .126 .077 .126 0 
2e .119 0 0 0 .077 .126 .128 0 
3 .0196. 0 0 0 0 .048 0 .204 
4 .0196 .048 0 0 0 0 .204 0 

6" 1 0 .224 .294 .350 .294 .224 .126 .126 
2a .098 .105 .070 .014 0 0 0 .308 

tJ:j 2b .119 .070 .105 .070 .014 0 .035 .112 I 
\0 2c .168 .Ol4 .070 .015 .070 .014 .063 .063 

2d .119 0 .. 014 .070 .105 .070 .112 .035 
2e .098 0 0 .014 .070 .015 .308 0 
3 .049 0 .018 .035 .147 .245 0 .063 
4 .049 .245 .147 .035 .028 0 .063 0 

12" 1 0 .126 .140 .147 .140 .126 .091. .091 
2a .091 .091 .077 .035 .007 0 0 .238 
2b .105 .on .091 .077 .035 .007 .021 .175 
2c .112 .035 .077 .091 .077 .035 .084 .084 
2d .105 .007 .035 .077 .091 .077 .175 .021 
2e .091 0 .007 .035 .077 .091 .238 0 
3 .098 .024 .028 .119 .235 .336 0 .112 
4 .098 .336 .235 .119 .028 .014 .112 0 



Table B-VI 

RADIATIVE HEAT TRANSFER RATES FROM ALL SURFACES 
DETERMINED FOR THE FOUR-SURFACE CASE 

Total Heat(a) Radiative Heat Transfer Rates 
Source-to-Shroud Input (Btu/hr) 
Annular SEacing (Btu/hr) 1 2 3 4 

2.7" 360 220 - 178 - 21 - 21 
990 650 - 538 - 56 - 56 

1710 121:::; -1017 - 99 - 9Y 
2210 1599 -1318 -140 -140 
3010 2572 -2157 -207 -207 
3720 3426 -2~76 -275 -:275 

6" 360 244 - 147 - 49 - 49 
550 379 - 239 - 70 - 70 
680 474 304 - 85 - 85 

1020 723 - 478 -123 -123 
1390 976 - 652 -162 -162 
1710 1221 - 828 -196 -196 

12." 170 119 - 57 - 31 - 31 
360 232 - 1.23 - ')') - ~5 
68o 441 188 -127 -127 

1020 691 - 333 -179 -179 
1380 877 - 429 -223 -223 
1710 1107 - 562 -273 -273 

(a) Total rate of heat input is the electrical power delivered to the 
cylindrical source. 
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Table B-VII 

RAD:ATIVE HEAT TRANSFER RATES FROM ALL SURFACES 
DETERMINED FOR THE EIGHT-SURFACE CASE 

'Total He a-: (a) Radiative Heat. 'Irans:'er Rates 
Source-tc-Shroud Input (Btu/hr) 
Annular Spacin!?j (Btu/hr) 1" 2a 2b 2c 2d 2e _3_ 4 

2.7" 360 193 - 35 - 59 - 50 - 54 - 24 - 15 -:- 15 

760 48o - 59 -105 -110 -12.9 - 90 - 2 - 1 

990 614 -107 -144 -136 -133 - 81 - 74 - 61 

1380 892 -112 -182 -194 -201 -158 - 21 - 12 

1710 1173 -207 -258 -246 -238 -161 - 33 - 30 

2210 1609 -281 -348 -340 -318 -212 - 56 - 52 

tJ:j 6'' 360 189 - 48 - 44 - 30 - 24 - 10 - 68 - 52 
I 

1-' 550 334 - 72 - 26 - 60 + 5 - 29 - 84 - 68 1-' 

680 431 - 89 - 4o - 79 - 7 - 40 - 96 8b 

1020 681 -130 - 76 -126 - 37 - 67 -131 -113 

1380 90J -168 -104 -163 - 52 - 76 -183 -156 

1710 113) -213 -140 -207 - 75 - 92 -222 -185 

12" 170 96 -13 - 8 - 6 - 4 + 23 - 60 - 55 

360 184 + 19 '7 -I 7 - 3 + 29 -111 -105 

680 413 - 6 - 38 - 40 - 33 + 4 -156 -150 

1020 657 - ~9 -71 - 64 - 50 - 32 -228 -205 

1380 84J - 55 - 88 - 87 - 68 -100 -278 -253 

1710 1073 - 84 -121 -122 -101 - 37 -319 -294 

(a) Total ra:;e of hes::; input is t-he electri ::al power delivered to the 
cylin·:.ri·:al s :>urce. 



Table B-VIII 

SUMMARY OF RADIATIVE HEAT TRANSFER RATES 

Source-to-Shroud 
Annular Spacing 

(inches) 

2.7 

6 

12 

'l'ota.L Heat 
Input(a) 

(Btu/hr) 

360 
990 

1710 
2210 
3010 
3720 

360 
550 
680 

1020 
1380 
1710 

170 
360 
68(:) 

1020 
1380 
1710 

Total Radiative Heat Transfer Rates 
From the Source lJsi ng: 

Four-Surface Case Eight-Surface Case 
(Btu/hr) (Btu/hr) 

220 193 
650 614 

1215 1173 
1599 1608 
2572 2491 
3426 3350 

244 188 
379 334 
474 431 
723 681 
976 900 

1221 1130 

119 96 
232 184 
441 410 
691 657 
077 840 

1107 1078 

(a) Total rate of heat 1'nput 1's th 1 t · 1 d 1· d e e ec r1ca power e 1vere 
to the cyl1ni'l:ri r.R.l sollrr.P.. 
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APPENDIX C 

VIEW FACTOR DETERMINATION 

View factors between the various surfaces form an integral part 
of the solution for radiative heat tr~sfer rates. Shape factor 
curves, available in the literature (9 J, and view factor algebra were 
used to calculate the various view factors given in this appendix for 
the 2.7-, 6-, and 12-inch annular spacings. 

l. View Factors for the Four-Surface Case 

View factors between the surfaces in the four-surface case are 
given in Tables C-I, C-II, and C-III. The surfaces represented by 
numbers in the tables and shown in Figure C-1 are defined by the 
following: Surface l --heat source, or cylinder; Surface 2 --shroud, 
or outer cylinder; Surface 3 --top of vertical annulus; and Surface 
4 --bottom of vertical annulus. 

The view factors, F . and F22 , were obtained directly from published 
view factor curves(9). ~lgebraic ~anipulation by basic view factor 
algebra and the use of the symmetrical geometry of the system were used 
to obtain the other view factors. · 

View factors between various 
surfaces as a function of the 
annular spacing are shown in Figure 

~~;~ f~~t~;:'" o~a~~~r o~t~r r~~~~~~:;s 
"seen" by the inner cylinder, which 
decreases as the annular spacing 
increases. That fraction· of the 
ends of the annulus "seen"·by the 
s:rrfa?e 1, F13 or FlY.' incre~ses 
w1th 1ncreas1ng annular spac1ne. 
The view factor F22 , representing 
the fraction that the outer cylin
der "sees" of itself, passes.through 
a maximum with increasing annular 
spacing. 

2. View F~ctors for the Eight-;::_ 
Surface Case 

As mentioned earlier, the 
radiative heat transfer formulas werP. 

C-1 

Surface I 
Heated 

Cylinder 

Surface 2 
Shroud 

Surface 4 
Bottom Plate 

Figure C-1. Surfaces Used 
for Four-Surface Solution of 

Radiative Heat Transfer Rates 
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Surface i 
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Surface i 
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Fij 

Surface i 
1 

2 
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4 

TABLE C-I 

VIEW FACTORS FOR 2. 7-INCH ANNUlAR 
SPACE IN THE FOUR-SURFACE CASE 

Surface j_ 

1 2 3 4 

--- .94 .028 .028 

0.58 0.32. 0.05 0.05 

0.18 . -53 --- .29 

0.18 -53 .29 ---

TABLE C-II 

VIEW FACTORS FOR 6-INCH ANNULAR 
SPACE IN THE FOUR-SURFACE CASE 

Surface j. 

1 2 3 4 

--- 0.86 0.07 0.07 

O.;)p 0.41 0.12 0.12 

.. 18 -73 --- 0.09 

.18 -73 0.09 ---

TABLE C-III 

VIEW FACTORS FOR 12-INCH ANNULAR 
SPACE IN THE FOUR-SURFACE CASE 

Surface j 

1 2 3 4 

--- 0.72 0.14 0.14 

0.19 0.41 .20 .20 

.13 . 71 --- 0.16 

.13 . 71 0.16 ---
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Figure C-2. Effect of Annular Separation on 
View Factors for Four-Surface Case 

-o 
F22 

-A 

12 14 

derived for this case by dividing the area of the shroud into five equal 
elemental areas, each at a constant temperature. View factors used in 
the eight-surface case are given in Tables C-IV through C-VI. The five 
elemental areas on the shroud are designated 2a through 2e as shown in 
Figure C-3. As shown in Tables C-IV through C-VI, the elemental areas 
on the shroud could "see" themselves as well as neighboring elemental 
areas in addition to the source and the a.nnf1J.ar ends. 

Some values of the various view factors appear repeatedly because of 
the symmetry of the system. The view factor.s from surface 1 to the ends 
and from each end to surface 1 are identical in both the four- and 
eight-surface cases. The sum of the view factors from the inner cylin
der to each elemental area on the surface of the shroud must equal the 
view factor between the inner cylinder and the entire shroud within the 
accuracy of values read from the shape factor curves. 

The effect of annular spacing on the view factors from the heat 
source (surface 1) are graphically shown in Figure C-4. As expected, 
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Fig. C-3. Surfaces Used for Eight-Surface Solution 
of Radiative Heat Transfer Rates. 

1 

--
0.55 

.60 

.hO 

o.6o 

0.55 

0.18 

0.18 

Table C-IV 

VIEW FACTORS FOR 2. 7 -INCH ANNULAR SPACE 
IN THE EIGHT-SURFACE CASE 

2a ::!b 
. ·-

2c 2d 2e 

.17 .19 .20 .19 .. 17 

0.18 0.11 0 0 0 

0.11 0.18 0.11 0 0 

0 0.11 0.18 0.11 0 

0 0 0.11 I 0.18 0.11 

0 0 0 I 0.11 0.18 
l 
I 

0.34 0 0 0 I 0.19 
' 

0.34. I 0.19 0 0 0 ' I 

C-4 

3 

0.028 

0 

0 

0 

0 

0.16 

--
0.29 

·-- 4 i 
I 
I 

o.o28 I 
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Table C-V 

VIEW FACTORS FOR 6-INCH ANNUlAR SPACE 
IN THE EIGHT-SURFACE CASE 

2a 2b 2c 2d 2e 

0.14 0.17 0.24 I 
0.17 0.14 

0.15 0.10 0.02 0 0 

0.10 0.15 0.10 0.02 0 

0.02 0.10 0.15 0.10 0.02 

0 0.02 0.10 0.15 0.10 

0 0 0.02 0.10 0.15 

0 0.05 0.09 0.16 0.44 

0.44 0.16 O.OC) 0.05 0 

Table C-VI 

VIEW FACTORS FOR 12-INCH ANNUlAR SPACE 
IN THE ·EIGHT-SURFACE CASE 

2a 2b 2c 2d 2e 

0.13 I 0.15 0.16 0.15 0.13 I 
0.13 I 0.11 0.05 0.01 0 

I 
0.11 0.13 0.11 0.05 0.01 

0.05 0.11 0.13 0.11 0.05 

0.01 0.05 0.11 0.13 0.11 

0 0.01 0.0) 0.11 0.13 

0 0.03 0.12 0.25 0.34 

0.34 0.25 0.12 0.03 0 
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Figure C-4. View Factors for Eight-Surface Solution As 
Affected by Annular Separation 

• 0 -= 

12 

the view factors from surface.l to the elemental areas on the shroud, 
surface 2, decrease with an increase in the annular spacing. 

... 

14 

As in the earlier case, algebraic manipulation and. use of symmetry 
were used to determine many. of the vi~w factors for the eight-surface 

. case. The complexity in calculating the view factors increases rapidly 
with the number of surfaces. Since the accuracy ot' view factors 
generally decreases.as the number of surfaces increases, the approxima
tion of a large surface by a number of smaller surfaces is justified 
only if the temperature of the large surface varies significantly. 
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