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THE THEnlAL TRME3PORT PROPERTIES OF HEIJIWJI, €BLIUI'd-AIR 
MIXTURES, WATER, A;ND TU13ING STEEL USED I N  TI-IE CACHE 

PROGRAM TO COMPUTE HTGR auxmmu HFST 
E X C m G E R  PERFCl3MAXCE 

J. R. TaZlaekson 

Abst rac t  

Tlni:: r e p o r t  p re sen t s ,  q u a n t i t a t i v e l y ,  the thermal  t rans-  
p o r t  p r o p e r t i e s  of  t h e  m a t e r i a l s  involved i n  d i g i t a l  computer 
c a l c u l a t i o n s  of hea,t t r a n s f e r  ra, tes by thc Core Auxi l ia ry  
Heat Exchangers i n  l a r g e  HTGR nuclear s t e m  sxpply systcmn. 
Tliesc m a t e r i a l s  a r e  pure heiium, mixtures of helium wi th  com- 
mon gases  having molecular weights in the s m g e  of 28 Lo 32, 
a l l o y  s t ee l  t u b i n g ,  and water. 

For use i n  programmed ccsmputatipms t h e  v i s c o s i t y ,  %herma1 
c o n d u c t i T ~ t y ,  and s p e c i f i c  hea t ,  a r e  represented  p r imar i ly  by 
equat ions auppented by curves and t a b u l a t i o n s .  Materia3 s 
suppor t ing  t h e  development and. selection of  the proper ty  e -  
quat ions i s  inciuded.  

Keywords: Helium, carbon monoxide, ni t rogen ,  hea t  t r ans -  
fe r ,  thermal conduct iv i ty ,  oxygen, chrome - molybdenwn s t e e l s ,  
aiy, heat capac i ty ,  v i s c o s i t y ,  gases. 

INTIQDUCTION 

ORNL has been producing independent c a l c u l a t i o n s  of  the a f t e r h e a t  
removal c a p a b i l i t y  of HTGR emergency cool ing systems undergoing l i c e n s -  

ing svview. Af t e rhea t  i s  t r a n s f e r r e d  from t h e  reactoi- coye by a u x i l i a r y  

loops which c i r c u l a t e  core  coolant gas t o  Core Auxi l ia ry  Heat Exchangers 

(CAXEs). 
h e a t  exchaager . 

Heat removed by a. CAJlE i s  dumped, externall.y, by a water - to-a i r  

Adequate p e r f o r n a m e  by -the C & E  i s  v i t a l  t o  'XTGR sa fe ty ;  th?r-eYore, 

it i s  e s s e n t i a l  t h a t  a l l  computations of CABE heat transfer rates he con- 

ducted with more t h a n  ord inary  care.  
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CN-IE perforinancz i s  s t rongly  infl-uenced by t h e  t r a n s p o r t  p r o p e r t i e s  

of t h e  core  coolan t  gases, and t o  a much lesser  ex ten t ,  by the  p r o p e r t i e s  

o f  the  k?:b?..ng s t e e l  and water.  I n  normal c i rcumslmxes EJTGR a f t e r h e a t  i s  

reinoved from the  COYC by c i r c u l a t i n g  pressur ized  hexiurn through t h e  steam 

genera tors .  Du-i.j.ng r e f i e l i n g  o r  under emergency condi t ions  the  coolan t  

qas i s  c i r c u l a t e d  through t h e  a u x i l i a r y  loops.  The t r a n s p o r t  p r o p e r t i e s  

of  concern; thermal  conduct ivi ty ,  v i scos i ty ,  and s p e c i f i c  heat ,  of helium, 

s t e e l ,  and water aye well. documented and r e a d i l y  a ,vai lable .  Unce r t a in t i e s  

i n  perforrmance computations associatecl. wi th  these  ma te r i a l s  arc3 small. 

The I.i.miting s i t u a t i o n  a r i s e s  during a Design Basis Depressur iza t ion  

Accident ( D A M )  fol.lowed by a Loss of Main Loop Cooling (LOMLC). 

remote event t h a t  an 

maining i n  the  r e a c t o r  v e s s e l  w i l l  become d i lubrd  by the  ing res s  of a i r  
from t h e  containment ’ouilding. The oxygen i n  the  a i r  w i l l  r e a c t  wi th  

t‘ne graphi-te in t he  core  arid carbon monoxide w i l l  be  produced. The core 

coolant  g a s  is, then,  a mixture cons i s t ing  p r i n c i p a l l y  of h e l i m ,  n i t rogen ,  

and carbon monoxide. Mixture composition v a r i e s  w i t h  elapsed time a f - t e r  

t h e  acc ident  and t h e  p r o p e r t i e s  of the mixture,  dependent on composition, 

s t rong ly  Tnfluence t h e  pe-rfozmmce of the C m s  e 

I n  t h e  

HTGR experiences a DBM pliis ZOMLC, .LIE hel-iim ye- 

The tiierrflal t r m s p o r t  p r o p e r t i e s  of gas mixLures a re ,  i n  gc:neral, 

list w e l l  e s t ab l i shed  by experiment;. Theore t i ca l  c a l c u l a t i o n s  o f t e n  l eave  
much t o  be des i red .  For tuna te ly ,  a small mount  of  d a t a  on t h e  thermal 

conduct iv i ty  and v i s c o s i t y  of  mixtures  of helium wi th  oxygen and n i t rogen  

is ava i l ab le .  This r e p o r t  desc r ibes  how these  d a t a  were used t o  develop 

eqzaatioiis t o  descr ibe  t h e  p r o p e r t i e s  of t’ne core cool.ant gas followlng a 
DBilA, The experimental. d .a ta  and suppor t ing  infoymation a r e  incllided. 

Becrjclce digi-t;al computer cal .culations are f a c i l i t a t e d  by us ing  

equat ions ra ther  than t a b u l a t i o n s  t o  desc r ibe  v a r i a b l e  parme-ters , all 
proper ty  da-ta are spec i f i ed  w i t h  equations foy use i n  t h e  Core Auxiliary- 

Cooling Heat Exchanger (CACHE) program used t o  de.Lermine CAHE performance. 

Euriiig t he  course of developing the gas proper ty  d a t a  used f o r  thc  

computations a l a r g e  amount of r e l a t e d  suppor t ive  i n f o m a t i o n  was produced. 

These data, while  no t  used d i r e c t l y  f o r  t h e  HTGR computations, are included 
with t h e  thought t h a t  they may be convenient and useful.  f o r  f’urther r e l a t e d  

“tudy. 
*Acronqn f o r  Core Auxi l ia ry  Cool.l.ng H z a t  Exchanger 
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The therma,l t ra ,nsport  p r o p e r t i e s  of l ie l iun have been thoroughly 
References 1 through 1.0 have been i n v e s t i g a t e d  and well  documented. 

re-viewed f o r  the purpose of s e l e c t i n g  suitab3.e methods t o  evaluate 
these  p r o p e r t i e s  i n  program useci -to c a l c u l a t e  hea.t t r a n s f e r  t o  o r  

from helium. 

in t h e  CACHE program. 
i n  format; n o t  n e c e s s a r i l y  because it was assumed they  were t h e  most pre-  

c ise .  It i s  sliown i n  Appendix A tha , t  i f  t h e  helium proper ty  data der ived 
from d i f f e r e n t  sources  are compared w i t h i n  the a,pplic&le t e m p e r a t u e  

range, t h e  d i f f e rences ,  r e f l e c t e d  by CA_HE: hea t  t r a n s f e r  computations, a r e  

i 11s i g n i  f i c an t .  

The formulas repor ted  by Petersen' were s e l e c t e d  f o r  use 
They were chosen c h i e f l y  because they are simple 

A. Thermal Conductivity 

I n  Ref. 1, the thermal. conduct iv i ty ,  k, i s  given by this equation: 

k = (2.682 x 1Om3)(1.O -t 1 . 2 3  x 1;)-3~)~*71(1-0*000;!P) (1.n1) 

k = w/ (ni2 K/m) 

T =: absolute temperature,  K 

P = bar;  (bar = 1051\s/r8 = 0.9869 phys. a t m )  
Petersen' s t a t e s :  "The s tandard  devia t ion ,  0, i s  about 1% at 273 K 

and 6$ at 1800 K, i.2.; 0 = 0.0035 T$." 
Within the pres su re  range from 15 psia t o  750 p s i s  tile e f f e c t  of 

k at  1 a t m  (-1.5 p s i a ) ,  1000°F = O.l8@ ( B t u / h r ) / ( f t ~ - a F / f t ) ,  

k at  51 atrn (-750 p s i a ) ,  lOOOOF = 0.1815 (stu/hr)/(ft2-'Flft). 
For t h i s  reason 'the e f f e c t  of presswe was ignored f o r  use i n  t h e  

pressure on the conduct iv i ty  i s  l e s s  than 1.0%. For example: 

CACI€E program and Eq. I.Al above was s impl i f ied ,  thus: 

k Z= 2.685 To'" w/(m2 K/m> (I.&?) 
and i n  Eng l i sh  units 

(I .A3) k = (l.CQ21 X 10'3)T""710 

at P = 1 atm = 1j-1.~~ psia 

k = (l.08li-g x 10'3)T0'70" (1.A4) 
at I? = 51 a t n i  = 750 p s i a  

k I= (I-3tu/l.ir)/(ft2-'F/I^t); T = ORankine 



Equation I .A3 was chosen t o  eva lua te  helium thermal. conduct ivi ty  
because, compared w t t h  several .  o the r  cquat ions i n  recent  or cur ren t  use,  
it i s  the simplest in format a;nd e a s i l y  programed,, 

In Appendix A f i v e  o ther  equat ions f o r  thermal  condixti .vity are 

lis .Led and heliim conduct iv i ty  computed wi th  Eq. 1.U and also wi th  these  

f i v e  addi- t ioi ia l  equat ions i s  La'uulated i n  'l'abI.es A , 1  and A.7. These 
t a b l e s  a r e  f o r  pressixes of 1 a t m ,  100 psia, 500 ps ia ,  750 p s i a ,  1000 psirz, 

1500 psia and 2000 p i a  and f o r  temperatures from 50°F t o  2000'F. 
c a l c u l a t i o n s  of hea t  exchange r a t e s  wi th  pressur ized  heliuni i n  HTGR Core 

A u x i l b r y  Heat Exchangers involve helium fi lm temperatures i n  t h e  range 

300'F t o  1000'F. 

w i t h i n  3.  CY$. 

Typical. 

Within t h i s  range a l l  t abu la t ed  conduc t iv i t i e s  agree 

13. Viscos i ty  

As with thermal conduct iv i ty ,  there i s  no dear th  of data sources f o r  

the v i s c o s t t y  of bel-fun. 

i n  t h e  CACHG prograxn i s  from R e f .  l and i s  a. v w s i o n  oi' 
The equat ion f o r  v i s c o s i t y  which i s  incorpora ted  

= (3.6711 x i o M 7 )   TO*'^^, kg/(wn set). (1.m) 

T = K  
For t h e  CACHE p:rogrems t h i s  equat ion was r e c a s t ,  thus: 

IL I:: (5.89 X lo-*) l b d ( f t - h r )  (i.R2) 

T = ORankine 

Tne author,  Petersen, '  s t a t e s ,  "The stax?.daud devia t ion ,  U, i s  .&out 0.4% 
at 273 K and 2.7% at 1800 K, i . e + >  0 = 0.0015 T%." 

Appendix B conta ins  o the r  equat ions i n  recent  o r  cu r ren t  use f o r  

Figure 11. i n  s e c t i o n  I V  shows 3, curve of comput5.ng l1el.i.m v i s c o s i t y .  

helium viscosity c a l c u l a t e d  with Eq. $.B2. 

C .  Srpecific Heat 

All .Llic authori 'kies reviewed agree t h a t  w i t h i n  file ranges of temper- 

a t u r e  and p res su re  i n  t y p i c a l  Hli'GK systems tha t  .the s p e c i f i c  hea t  of  

helium i s  essent ia l l -y  cons tan t  and c i t e  values  from 1.240 t o  1.242 

Btu/I.b,-OF. The higher  val.ue i s  used i n  t h e  CACHE programs. 
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A. T'hesmal Conduct ivi ty  of  Tt7ate:r 

Within the CACHE 

evaluated by  t'ne equa,tic;n 

program t h e  thermal. conduct iv i ty  of  viater i s  

k = O.3lOL + (6.910 x 1O-*)T-(lah82 x IO-')? (I1.M) 

+ (5.255 x 1o-lo)T;3 

k = (Btu/hr)/(rt'-OF/ft) 

T = OF; 3P°F 5 T 2 4'jO"F 

This cquat ion  i s  a l e a s t  squares  fit ' '  t o  data, obtained by irite-rpo- 

l a t i o n  at 6?(0 ps ia  from tabulated data,12 

conduct iv i ty  i n  t h i s  r e fe rence  i s  unnecessar i ly  complex f o r  use i n  
CACIB. A second data source, Tou.loukianlo et al.  was reviewed Tor 
purposes of comparison h u t  vas not  used t o  dovclop Eq. II.Al above. 
Table 1 pyovides a comparison of t abu la t ed  and computed thermal con- 

The equat ion  for tliermu1 

d u c t i v i t i e s  of water; t h e s e  data a r e  p l o t t e d  on Fig. 1. 
The e f f e c t  of pressure on thermal. conduct iv i ty  was ignorll?d. If 

.the p res su re  of l iquid.  water ai; 3 0 0 ~ ~  5 s  increased  from '75 p i a  to 

1000 ps ia ,  the conduct iv i ty  i s  increased  by 0.6%. 

Table 1. The thermal  conduct iv i ty ,  11, of liquid. 17ater 

Tempe rat ur e Thermal conduc t iv i ' cy ,  k, 
(B tU/ i ? r ) / (  ft" -aF/ft)  

k from k from E r r o r  Per  cent  
(OF) 

Kef. 12 Eq. 1I.U e :croi- 

32 
50 
1.00 
3-5 0 
2 00 
250 
300 
35 0 
400 
14-50 

0.3308 0.3310 
0.34 14 0.3413 

0.3826 0.3825 
0.3655 0,3@2 

0.3335 0 3935 
0.35235 0.3988 
0.390 0.3985 
0.3938 0 * 3933 
0.3836 0.3833 
0.3689 0 . 3 6 9  

+o rn 00m 
-0.0001 
-0.0003 
-0.0001 
0.000 
+O .0003 
-1 9.0005 
-0.000~ 
-9.0003 
+O .go03 

4-9.06 
-0.03 
-0.0s 
-1 0.03 
0.00 

+o. 08 
-0.73 
-0.13 
-0.08 
-9.08 
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Tenpcaturc, O C  

o.boc 

0.39C 

t: 
rr . 
I 

cu 0.370 
Y . - 
c c 
\ 
Y +J m 

0.36~ 
- 

0.33C 

0.320 

0 50 100 150 200 300 

0 100 a00 300 l lO0 500 
Tempernt,J.Te, O F  

Fig. 1.. The thermal conduct ivi ty  of l i q u i d  water 
0 Data from Ref, 12; v .Data from R e f .  10 .  
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B. Viscosity of Water 

Water viscosity in the CACHE program is evaluated with t’nc 

q u a t i  or1 

p, z 378.4 T’ ”*’, l b m / f t - h s  

T = OF; IOO~F s T 5 5000~ 

(11.m) 

T b i s  equation is a, least  squares fit” to dabul.atec1’” v.,scos ty data 
for liquid water at 1000 pia. 

a function of temperature from the tabulation and from Eq. 1I.Rl. 
the purposes of heat; transfer. computations, .the e f f e c t  of pressure on 

viscosity may be ignored. 

from ‘75 psia to 1000 psia increases the viscosity by 1..1%. 

Table 2 ,axid Fig. 2 show viscosity as 
For 

For example, at 300”F, increasing the pressure 

Table 2 .  The visccsity of liquid water at 1000 psia 

Temp Viscosity, Error Per cent 
(OF) lbm/ (fft;-hr) error 

From 8ef. 12 From Eq. 11.131 

100 1.65 3.64 -0.010 -0.6 
15 0 1.03 1..w -0.010 -1.0 
2 00 0.729 0.725 -0.004 -0.5 
2250 0.554 0.55’7 -to. 003 4.5 
300 0. l+l+5 0. u1.3 4-0.004 to.9 
350 0 * 3 p  G. 375 -to. 003 +0.8 
11 00 0.320 0.320 0.000 0.0 
450 0.280 0.2@ -0.GW -0.7 
5 00 0.250 0.2116 -0.004 -1.6 

C, Epecific Heat of Liquid Water 

The equation in CACHE for the spccifiir: heat of pressurized water 
is: 

c ’= 1.035 - (4.55 x T t (1.38 x io -G)  la, (1I.Cl) 
P 

C = Btu/(1bIIl-’F); T = OF, lOO’F S T 5 )IOO°F. 
P 
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Fig.. 2.  'The viscosity of  Liquid w a t e r .  
Based on d a t a  from Ref. 1 2 .  
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Eqiiation 11.C1 i s  a least squares 
f r o m  a curve of l/C versus T at 1000 p s i a  i n  Fig.  6, page 293 in Ref. 12. 
It i s  ~b~Sious  from this curve, that w i t h i n  the  pressure  range 0 t o  1000 
psi.a, t h e  e f f e c t  o f  pressure on s p e c i f i c  hea t  i s  neg l ig ib l e .  'Table 3 azid 
Fig.  3 show values  of C from Ref. 12 and Ynose c d c u l a t e d  from Ey. 1I.Cl. 

to data obtained, by inspec t ion ,  

P 

P 

Table 3. S p e c i f i c  heat of l i q u i d  water  at 1000 p s i a  

Temperature Spec i f i c  hea t ,  Cp Differencc Per cent  
B ~ u /  ( l b - O F )  e r ro r  

R e f .  E?. Eq. 11.C1 
(OF) 

100 0.996 1.004 +0.008 t.0.80 
15 0 0 996 0 997 +0 . 001 so. 10  
2 00 1.000 0 997 -0,001 -0.10 
250 1.010 1.007 -0 003 -0 30 
300 1 . a o  1.022 4-0 e 002 +0.20 
350 1.042 1.09l: -bo. 002 +0.1g 
400 1 075 1.073 -t0.0@ +os 19 

111. THE: T H E W  COTJDUCTIVITY OF STEEL TUBING 

The tub ing  m a t e r i a l  c u r r e n t l y  s p e c i f i e d  f o r  t h e  cooler 75% of the 

core a u x i l i a r y  l ieat  exchangers i s  a low a l loy ,  1/2% cr-1/2$ MO, s t ee l .  
Data f o r  t'ne thermal  conductivity of t h i s  steel were obt.a,ir?ed from 

Refs. 13 and 1j-1 and, for the  CACIIE progrmi, tube wall conduct iv i ty  i s  

descr ibed by a f i r s t  degree, l e a s t  spares f i t . "  The cquation is: 

k = 22.2 - 0.00276T 
k = (Btu/hr) / ( f t"- 'F/f t ) ;  T = OF 

i n  metric u n i t s  

k = 38.28 - 0.008597s 

k = w a t t s / ( m 2  OC/X);  T = O G  

( 111 .Al) 

(III.A2) 

%ile d a t a  and Eq. II1,A.l a r e  shown i n  Fie;. 4. 

& Cr - 1$ 140 s t ee l .  
as the p r i n c i p a l  a l l o y i n g  agents and having a t o t &  al-lsy content ,  
C r  t Mo, T r o m  2% t o  5% w i l l  have almost constant thermal  conduct iv i ty  

l lhe t ub ing  i n  kine hot end, the lower 25$, i s  s p e c i f i e d  to  be 

S t e e l s  of this type with chromium a d  molybdenum 
4 
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from room temperature t o  1500°F. From t h e  curvesI Fig.  5, and by intei-po- 

laLion of t he  t abu la t ed  d a t a  i.n Ref. 111, t h e  thermal  conduct iv i ty  of t h i s  

al.l.oy was estabJ.ished t o  be cons tan t  at 164 (S tu /hr ) / ( f t " -OF/f t ) .  

iv. THE TEEHMAL TRANSPORT PROPERTIES OF H.ELIuM DI1,IjTED WITH 
OXYGHV, hTTROGEN AND CARBON MONOXIDE 

I n  an HTGR, -the Design B a s i s  Depressurizat ion Accident (DBDA) 

coupled wi th  a Loss of Mail? Loop Cooling ( T D P L C )  involves  hea t  t r m s f c r  

by t h e  CME from mixtures of helium wi th  a i r  and. t h e  r e a c t i o n  products  

formed by a i r  i n  con tac t  w i t h  high. temperatxre g raph i t e .  It is ,  the re -  

fore, necessary t o  have good. I.nformation as t o  .f;iie thermal Lransport 

p r o p e r t i e s  of t hese  gas mixtures  if r e l i a b l e  coxputat ions of a f t e r h e a t  

removal r a t e s  a r e  requi red .  If the mixture c o q o s i t i o n  i s  e s t ab l i shed  

and i.f t h e  s p e c i f i c  hea t s  of t he  components Lherein a r e  known, it i s  a 
simple mat te r  t o  eva lua te  t h e  s p e c i f i c  hea t ,  Cpr of t h e  mixture.  
similar s ta temznt  does not; zpp1.y t o  thermal conduct iv i ty  and v i s c o s i t y .  
There a re ,  apparent ly ,  no s i m p l e  t h e o r e t i c a l  expressions which descr ibe  

t h e  conduct iv i ty  and v i s c o s i t y  of gas mixtures i n  t e r m  oC mole f r a c t i o n s ,  

molecular weights,  o r  weight f r a c t i o n s  of t he  components of Yfle mixture 

and t h e  t ransport ;  p r o p e r t i e s  of the pure components. 

t r u e  when t1.e mixtuse c o n s i s t s  of  a monatomic gas and multi-component gas 

mol.ecul.es of widely d i s p a r a t e  weights; helium and air, f o r  example. 

A 

T'Xs i s  par t icu1arl .y  

This imfor.Lwia,te s i t u a t i o n  i s  i l l u s t r a t e d  by  quota t ions  from Refs. 

15 and 1.6. 
From Reid and Shervood15 pages 199 and 203: 

6-8. Estimation of t h e  Viscosi.ty o f  A G a s  Mixture 

"The ex tens ion  of t h e  modern molecular theory t o  desc r ibe  t h e  

v i s c o s i t y  of a noilpolar gas iifixture a t  l o w  pressure  has been 

summarized by Hirschfe lder  e t  a l ,  (3,177). The r e h t i o n s  
obtained a r e  q u i t e  complicated, and l e s s  complzx, though l e s s  

accura te ,  re la t i -ons  a r e  given by Wilke (4'7'2) aaid Johnson. 

With regard t o  the  problem of  es t imat ing  v i s c o s i t i e s  
of gas mixtures a t  e leva ted  pressures ,  onXy a small amount 

of experimental. d a t a  i s  ava i l ab le ,  and :proposed e s t ima t ion  

nie.t'nods have not  been f'ul-l.y t e s t ed . "  
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Fig. 5 .  
*United States Steel  Co. data. 

The thermal conductivity* o f  chrome-molybdenuri alloy steels. 

This  figure is a reproduced copy 
o c  data in Ref. 14. 
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and Prom page 240: 

7-'7. Therma1. Conductivity of Gas Mixtures 

"The thermal  conductivi.Ly of a gas mixture i s  not  genera l ly  

a l i n e a r  Function of 'ihe composttion o f  t he  mixture and may be  

g r e a t e r  or l e s s  than 'c'nat Tor any of the  pure cons t i t uen t s .  

Appl.ication of t he  modern k i n e t i c  theory t o  t h e  problem of 

predj-ct ing t h e  thermal conduc t iv i t i e s  of nonreac'Ging mixLures i s  

q u i t e  corqlica'tied and gives only f a i r  p red ic t ions  even f o r  

monatomic-gas mixtures e Various semiempirical  r e l a t i o n s  have 

been dzvel.oped, however, 'the bes.t; of 'iliese beiizg due to Lindsay 

a d .  Bromley (235) and t o  Brokaw (403." 
Brokaxd6 states: 

"When t h e  experiment8l thermal conduc t iv i t i e s  o f  binary 

mixtures  of hydrogen or helium wi th  heavier  gases (mixtures 

f n  which therma.l conduct ivi ty  v a r i e s  over a wide ra:nge) a re  

examined t h e  e x p e r h e n t a l  conduct iv i ty  i s  loweld than  . that  

predi-ctzd by  simple molar mixing? t h a t  is: 

(ZV.Al) 

But measured va lues  a r e  l a r g e r  than  those  ca l cu la t ed  from a 
reci.proca.l  mixing ru le :  I t  

3, yz . . . . . . .  mole f r a c t i o n  

1, h, . . . . . . .  thermal. conduc t iv i t i e s  

SM . . . . . . . . .  simple mixing 

RM . . . . . . . . .  r e c i p r o c a l  mixing 

m . . . . . . . . .  mixture 

i t  i s  even more unfor tuna te  Ghat pi2olishzd expzrimental  d a t a  on 
mixture properties a.re r e l a t i v e l y  sca,rce and do riot span the  range of  

compositions and temperatures  involved i n  CAKE performance computations. 
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In swnmary: Ther-e c x i s t  small m o u n t s  o f  p u . l i s h e d  experimentaJ 

data on the viscosi t ,y  and thermal conduct iv i ty  of mixtures. Theore t i ca l  

methods t o  e s t ima te  t h e s e  p r o p e r t i e s  a re  a v a i l a b l e  but, as i nd ica t ed  

above, they are of u n c e r t a i n  accuracy. I n  add i t ion ,  the u s e ~  will r e -  

quire a mere than pass ing  f a m i l i a r i t y  wiYn s t a t i s t i c a l  and quantum 

mechanics iP these t h e o r e t i c a l  e s t ima tes  a r e  t o  be used w i t h  confidence.  

It was decided t o  use such experimental  d a t a  as a r e  a v a i l a b l e  t o  

develop the  tcmperatw-e and composition dtpendcnt, r e l a t i o n s  used t o  com- 
pute  v i s c o s i t y  and thermal  conduct iv i ty  of  mixtures  i n  t h e  CACHE pro- 

grams. 

Two pub l i ca t ions  served as sources  f o r  the thermal conductivi-ty 

md v i s c o s i t y  of mixtures  of liclium d i l u t e d  $rich n i t rogen  and  oxygen. 

The monurri?ntal work of  Touloukian, Liley and Saxena’ conta ins  thermal 

conduct iv i ty  data-curves and t abu la t ions .  

experimental ly  determined v i s c o s i t i e s .  

ranges requi red  t o  eva lua te ,  p roper ly  and coniplctely,  the a f t e r h e a t  r e -  
inclvaJ c a p a b i l i t y  of an IDGH after- a DBDA mid LOMLC. 

A r e p o r t  by Johnson” presents 

Meitbcr p u b l i c a t i o n  conta ins  

It is not Gossible t o  determine t o  a high degrcc oC p r e c i s i o n  

the condi t ions  expected to e x i s t  i n  an HTGR reacto-r. v e s s e l  a f t e r  t h e  

extremely u n l i k e l y  occurrence oP a sudden depres su r i za t ion .  %%e atmos- 

phere i n  the r e a c t o r  v e s s e l  will be a t ime varying mixture c o n s i s t i n g  

pr inc ipaLly  of helium d i l u t e d  by nitioogen, oxygen and carbon monoxide. 

Est imates  o f  condi t ions  i n  an WTGR a f t e r  a EBDA -t I;OMI,C have been 

macle Figure 6 shows the r e su l t s  of’ a t y p i c a l  set of c a l c u l a t e d  post- 

DBDA condi t ions  which have becn used a s  tkic basis for CfiCiiIE heat t r anc -  

P e r  computations. Note that the c o n s t i t u e n t s  (of t h e  gas mixture a r e  

slot e x p l i c i t l y  stated; t h e  v a r i a t i o n  of mixture composition is stated 

only i n  terms of rnolecular weight.  This i s  reasonable  since th_. d i l u e n t  

gases ,  rLitrogen, oxygen and carbon monoxide, a r c  all non-polar- and a l l  
have similar (28 t o  3F) molecular weights.  
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10 
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C 

Fig. 6. "Expected" and "conservative" CAHE inlet gas conditions 
used to analyze the performance of the CAHE a f t e r  a Design Has is  De- 
pressurization Accident (DBDA). 

in the Fulton Generating Ststioa PSAR. 
Table Q6.3-1'7.2. 

These data fyox Tabl-es Qa6.3-I.'-(.2 and Q6.3-1.'9.3, ch. 23> Feb. 1975, * "~~pected" condi-Lions are iii  



A. 'BE Thermal Conductivity of €Iel.iwn Diluted. wi.t'n 
N'itrogen, Oxjigen, and Carbon Morioxide 

The thermal conr luc t iv i i ies  of t he  pure d i l u e n t  gases and of a i r  are 
n o t  d i s s i m i l a r .  Pnis  i s  ev ident  from Fig .  '(. These curves are bazecl on 

conduct iv i ty  t a b u l a t i o n s  i n  Ref. 10. 

of  1rr.I i t m - n i t r o g x  mixtures  a r e  shown. 

graphically smoothed experimental  d a t a  from Z'ablc 85b i n  R e f .  10. 

dashed l i n e s  are ca lcu la t ed  conductivities developed by an eguatj on, IV.A3,  
sha2wa i n  t h e  next  paragraph. 

I n  Fie. 8 t h e  Lkermal cor iduc t iv i t jes  

Tae s o l i d  l i n e  curves r ep resen t  

The 

Exper i rc i l ia l  data" f o r  t h e  helium-nitrogen syntem and the  helium- 

oxygen system a t  LIS°F, F ig .  c), arc nea r ly  i d e n t i c a l  and tend to suppork 

t l ie assumption that  the  conduc t iv i t i e s  o f  hcliwn wi th  any a i r - l i k e  gas 

with a mol5cular weight of 28 t o  32 a r e  qu i t e  similar. 

for tlie helium-nitrogen sybtem, spanning a wider temperature range, were 

used t o  develop the  equat ions used t o  evaluate the  t l zema l  conduct jv i ty  
of t h e  HTGR core coolan t  gas a f t e r  a DBDA. The g raph ica l  cmootlning pro- 

cedure used t o  develop these  tables"  Produced a recognizable  asymptotic 
e r r o r  i n  the 6GlOF data; i.e., when the  m o l 3  f racLion of n i t rogen  i s  zero 

the  t abu la t ed  thermal  conduct iv i ty  of  pure helium i s  0.135 ( B t u / h r ) /  
( f t"-OF/f t ) .  A rnore c o r r e c t  value, Ey. I.Al, i s  O. l l+ lT ,  Thc t a b u l a t i o n  

02 helium-ni trogen system thermal  conductivj-ty a t  601'F (589K) wi th  t h e  

s u b s t i t u t i o n  of  t he  h igher  and c o r r e c t  va lue  o f  conduct iv i ty ,  when the 

mole i ' r ac t ion  of n i t rogen  iz zero,  was used a s  baseline d n t a  t o  develop 

t h e  mixture conduct iv i ty  equat ion  used i n  IITGR Core Auxi l ia ry  IEeat Ex- 

changer h e a t  t r a n s f e r  computations a f t e r  a dep res su r i za t ion  acc ident .  
The equat ion a r r i v e d  a t  is: 

Thc tabula t iorb  

( IV.A3)  
k = mixturc thermal  conduct iv i ty  (Btu, 'hr) / (  ft" -OF/Pt) 

F = rn(3le f r a c t i o n  of nitrogen ( o r  oxygen o r  carbon monoxide) 
T = absolute temperature,  O R  

The bracke ted  polynomial i s  an equation developed t o  T i t  the helium- 
n i t rogen  data at 601°F (106l"R). 
t h e  v a r i a t i 9 n  of conduct iv i ty  w i t h  te1nperal;ure. 

The term i n  pamntheses  approximates 
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Fig. 9 .  T h e r m a l  conduct iv i ty  of hziiuin-nitrogem aiid helium-oxygev 
mSxtiires. (Data from R e f .  10). 



Figure 10 shows acidi t jonal  c i ~ ~ v c s  of t h ~ r n i d  condv.ctivity as a 

func t ion  o f  m o l c c d a r  weight evdluated with Eq. LV.A3. For comparison, 

the c o n d u c t i v i t i e s  of pure  helium and pure n i t m g c n  are inelitded. 

app l i cab le  teKperature range for typ i  cad HER computat ims,  based on 

m e a  gas fi lm temperatures,  i s  from .-jOO°F to 1.C)0ODF. 

f l ixtur?  molecular weights are not expected t o  exceed 20. Addition'al 

data ,  and d i scuss ion  of  the procedure used t o  develoli Eq. 1 V . A j  i s  in 

Aplxndix B. 

The 

The m t i c i p a t e d  

B. The VLscosity of IIeliun Dil l l ted w i t h  Nitrogen, 
Oxygen, m-d Carbon Monoxide 

The v i s c o s i t y  of helium mixed with oxygen, n i t rogen ,  and carbon 

monoxide has been es t imated  by us ing  experimental. data Qublishecl b y  

Johnson.'" 

t e r y e r a t u c  f o r  t h r e e  mixtures of oxygen and Zielivm. 

f r a c t i o n s  i n  t h e  mixtures  were 0,28, 0.53, and. 0.7'2 correspondillg to 
nfiixtwe m o l e c u l a  weights  of 11.8, 18.8, and 2h.F.  Garbe:r+C dcvelored 

This repor t  conta ins  expcrimcntal  curves of" v i s c o s i t y  versus 
T'ne oxygen mole 

t 'nree eyuakions t o  f i t  Johnson 's  da ta .  These arc?: 

A.  ole f r a c t i o n  o2 = 0.2e 

i-l = ( 5 . 9 ~  x ~o-*)T'~~ 

c! = (7.216 x ~ o " ~ ) T * ~ ~ ~  

B. Mole f r a c t i o n  O2 = 0.53 

(1v.n1) 

C. Mole f r a c t i o n  (& = 0.72 

cL = (10.50 x ~ o - ~ ) T * ~ ~ ~  ( ZV. B3) 

~1 s v i s c o s i t y ,  lbm/ft-hr 

T = absolute tmpcr'atu-re, ORankSme 

Ffgur.c. II show:: the experimental. v i s c o s i t y  data from Jolmson's 

r epor t ,  a gas mixture v i s c o s i t y  ewve  c a l c u l a t e d  wi th  Eq. IV.51, and t h e  
v-Tseosity of pw-e helium c a l c u l a t e d  w i t h  ?&I. 1.132. TJnlLke the khem-al 

conduct iv i ty  of sLmilar gas mixtures ,  the a d d i t i o n  of oxygen to lieliwn 

* S .  2. Garber, ORNL summer participafit ( s t u d e n t )  sponsored and 
Tl'mcled by O a k  Ridge Associated Un ive r s i t i e s .  
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0 Temperature, R x 10 -.‘? 

171g. 10. The thermal eonduct iv i  Ly of h e l i u m - n i  t,rogeti gas mixtures  
from En,. T V ”  A 3  and t h e  thermal  c o n d u c t i v i t i c s  uf pure hcliuml and pure  
n i t r o g e n .  1 0  
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Temperature, OF 

Temperature "R 

Fig .  1.1. The viscosity of helium and helium-oxygen mixtures. 

*Experimental data 

0 28 mole% o2 
53 mole% O2 

72 mole% o 2 
*C. A. Johnson; SUR1 Rept. Che. E .  273-566 F3, 1956.  
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does not  produce d r a s t i c  changes i n  the vj-scosi'iy of t he  r e s u l t i n g  mix- 
t u r e  i f  compared with- t h e  v i s c o s i t y  of pure heliuix. The d a t a  a l s o  show 

thai; when t h e  mole f r a c t i o n  of oxygen i.n t h e  mixture exceeds 0.28 t h a t  

oxygen add i t ions  t o  t h e  ni.xture have J..itkle o r  no e f f e c t  on v i s c o s i t y .  
This aspec t  of mix twe  behaviol. i s  w e l l  i l l u s t r a t e d  by Fig. l2 a l s o  de- 

r i v e d  fyom Johnson's work. T'ne continuous curves a r e  t h e o r e t i c a l  calcu-  
l a t i o n s  by Johnsoi1" of v i s c o s i t y  as a, f 'unction of composition. 

r e s u l t s  of LWCJ t h e o r e t i c a l  method,s are shown. The t h r e e  disc:eete p o i n t s  
are experimenthl. values  

is ad.equate from t h e  s tandpoin t  of use  i n  hea t  t r a n s f e r  computations and 

teiids t o  c o n t r a d i c t  t h e  gene ra l  statements by Reid and Sherwood and by 
Rrokm c i t e d  ear l ier  i n  t h i s  :report, Additional- experimental  evidence 

i s  a p r e r e q u i s i t e  t o  f im  conclusions regarding such agreement. 

The 

The agreement of theory and these experiments 

By h s p e c t i o n  o f  Fig. 11 it i s  apparent th%t Ey. IV.Bl i s  a s u f -  

f i c i e n t l y  good. P i t  t o  t h e  d a t a  f o r  mixtuyes conta in ing  oxygen mole 

f r a c t i o n s  of  0.28, and 0.53. 
mixture v i scos i ty  i n  CAFIE hea t  t r a n s f e r  caLcula,tions when the gas mixture 
molecular weight i s  above 11.0. 

This eqixati-on cu r ren t ly  i s  used t o  spec i fy  

When the  mol.eculay weight of  t h e  gas mixture i.s l e s s  than 11.0, 

equiva len t  t o  an a i r  mo1.e f r a c t i o n  of 0.28, mixture v i s c o s i t y  i s  spec i -  
f i e d  by a sirriple l i n e a r  i n t e r p o l a t i o n  between the vi . scos i ty  of gas mix- 

'cure wi th  oxygen mole frac'cion of 0.28 and the  v i s c o s i t y  of  pure helium. 
'l'he interpola . t i .ng equation used i n  the CACHE heat  exchange program is: 

F E: mole f r a r t i o n  of d i l u z n t  gas o r  gases (n i t rogen ,  oxygen, 
carbon monoxidc); 0.0 < Fd < 0.?8 

viscosity of hel ium-air  rn ix tu r s l  coritaining 0.28 mol e 
f r a c t i o n  of oxyE:cn, evaluated v i t h  Eq. iv.331; l bm/ f t - i i r  .28 = U 

= v i s c o s i t y  of pure helium t.vaJ.uated w i t h  Fq, 1.B2, 
lbr,,/ f t - h ~  

11 

1.1, = gas mixture v i scos i ty ,  J.b,,/ft-hr. 

Figure 1 3  shows viscosi ' iy versus  mixture composition f o r  the temper- 
at1x-e range app l i cab le  t o  post-DBDA c a l c u l a t i o n s  of  CAHX performance. 
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OOOOF 

900" P 

8 0 0 ~ ~  

TOOOF 

6 0 0 ~ ~  

500°P 

400°F 

300°F 

200OP 

0 
Mole f r a c t i o n  of the  d i luent  gasesa 

a F i g .  13. Viscos i ty  of  the  gas mixtures  used t o  c a l c u l a t e  Core 
Auxil jary Heat Exchanger (CAHE)  pei-formancc after a Design Basis De- 
p res su r i za t ion  Accident (Dt31)A). 

alL1he gas mixture i s  assumed t o  coclsist of heJiisn d i l u t e d  w i t h  
n i t rogen ,  czi-bon monoxide, and oxygen. 
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Use of t h i s  method 07 spec i fy ing  v i s c o s i t y  contains t hese  i m p l i c i t  

as s wnp t i on s : 

(I) The v i s c o s i t y  of mixtures  of he3.iua wi.th cxirbon monoxide and/or. 
n i t r o g e n  behave s imila . r ly  t o  helium-oxygen v i s c o s i t i e s  and a r e  fiwfierica3.l.y 

simil.ar. I n  tMs conmeetion it i s  noted t h a t  t h e  molecda , r  weights of 

t h e s e  d i l u e n t  gases  are equal  or nearkj equal  and t h a t  t h e  v i s c o s i t i e s  of 

the pure d i l u e n t  gases  a.re no t  f a r  a p a r t ,  Appendix C conta ins  v i s c o s i t y  

d a t a  for pur? n i t rogen ,  oxygen, carbon monoxide arid a i r  t o  i - l l u s t r a t e  

this similari ty.  

(2) That Eq. I V . B l  i s  a good approximation to mixture v i s c o s i t i e s  

at gas tenlperatures not included i n  Johnson 's  experiments.  This i s  not  

unreasonable s ince ,  very generca,lly, gas v i s c o s i t y  tends t o  va.ry wi th  

absolute temperature r a i s e d  t o  a f r a c t i o n a l  exponent at temperatures  

encornpas s ing  CAHE cornputat i o n a l  requirements . 
It is, perhaps, f o r t u n a t e  t h a t  small percentage changes o r  e r r o r s  

i n  specif 'ying gas v- iscos i ty  a r e  r e f l e c t e d  as considerably smal le r  
changes i n  t h e  gas f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t .  In tt t y p i c a l  CAHE 

heat exchange cornputzition invol.ving gas mixture:;, a 10% ~ Y L ' o : ~  i n  spec i -  

fy ing  mixture v i s c o s i t y  w i l l  a l t e r  t h e  computed gas f f h  coeff icTent  by  

approximtely 3%. 
430°F t o  930"F, .the v i s c o s i t y  inc reases  prcduceci by adding oxygen t o  
helium are about 10%; i. e., i f  he l iu t i  v i s c o s i t y  were spec i f i ed ,  regard-  

l e s s  of  tize gas composition, the ca lcu la t ed  CAB3 performance vmuld be 

increased  approximately 3%. 

From Fig.  11 it i s  seen -&at, from temperatures  or" 

C. S p e c i f i c  Heat of  Heliuni-Air Gas Mixtures 

The s p e c i f i c  heat of a gas mixture i e  obtained by sumtnint: t'nc products  

of the s p e c i f i c  h e a t s  of t h e  coiiiponent gases  and t h e i r  weight f r a c t i o n s  i n  
t h e  mixture.  I n  a rojxturc of N d i r f e r e n t  gaser; thc  mixture s p e c i f i c  heat, 
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(Cp)19  (Cp)a 0 . -  (Cp)N = s p e c i f i c  hea t s  of  t h e  component gases 
i n  the  mixture 

Yl,, Y2 * *  Y :Z weight f ract j -ons of the component gases i n  the 
mixture 

For IITGR computations it has been assumed t h a t  t h e  s p e c i f f c  hea t  

of  a i r  i s  r cp resen ta t ivc  of  t h e  s p e c i f i c  hea t s  of the  gases t h a t  dilute 

t h e  helium a f t e r  a DB.DA. The s p e c i f i c  hea t  of a i r  has been wel.1. es tab-  

l i shed ;  t he re fo re ,  i t  i.s considered t o  be a s i n g l e  component gas of 

rno1ecu.l-ar weight 29 f o r  purposes of determining post-DBM gas r n h t u - e  

s p e c i f i c  hea t .  Fore lwlium-air  mixtures IV. C1 becomes 

Y ( C  ) + (1-Y, ) ( C  ) , Btu/lb-OF (sv.c2 ) 
(Cp)mixt h p h fl P a  

Y = weight f r a c t i o n  of helium i n  t h e  mixture 
h 

= s p e c i f i c  hea t  of helium (Cp)h 

( C  1 = 0.2304 + (3.7672 x l o m 5 )  T - (4.560 x 1 0 w Y ) T 2  
(IV. C3) P a, 

Figure 14 shows the s p e c i f i c  heats  o f  a i r -he l iun  rn_i.xt;ures a.t 300°F 

and 1000'E' as a f i n e t i o n  of  t h e  molecular weight, o f  t he  mixture.  Weight 

and mole fractions of t h e  a i r  i n  . t he  mixture are included i n  Fig. 14, 
Appendj-x D coiltaLns equat ions f o r  computing weight fractions and 

mole fract:';ons from the molecular weight of t he  mixture.  This appendix 

a l s o  contai.ns I;a,'uid.ations, and on Fig .  D . 2  ,curves o f  t h e  s p e c i f i c  hea t s  
of air, oxygen, ni.l;i-ogeii, and  ca:ebon monoxide. These aye t he  gases 

which. a r e  p red ic t ed  t o  exis:; i n  t he  prii-nary containment i n  the un1ikcl.y 
event  of a DBS1R. It can be noted from Figa D.2 t h a t ,  as should be  ex- 

pected from .tile s i m i l a r i t y  of t h e i r  molecular wei.ghts, t h e  speci-f ie  

heats of ni t rogen ,  carbon monoxide and oxygen are not Ear a p a r t .  Yne 

data f o r  a?-r 5.s compared w i t h  cal.cul.ated va3.uues from Eq. IV.C3, t h e  

l e a s t .  squares  f i t  t o  the data. 



5 LO 15  20 
Molecular weight of air-helimn mixture 

Fig. 14. The specific heat ami f r a c t i o n a l  composition of air- 
helium mixtures. 
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Append<- x: A 

Equations and Tabulat ions for the Therm,:! 
Conductivity of  Pure He l imi  

During and a f t e r  es t8bl i sh ing  'the J J r O g r a m  t o  c a l c u l a t e  HTGR hea t  
exchange]. peyfoymance , it became evident  that persons currently i n v e s t i -  

ga t ing  hea t  t ramsfer  by  helium a r e  not, us ing  the  same equat ions t o  

eva lua te  the  v i s c o s i t y  and thermal. conduct iv i ty  of helium. Because the  

:~.esults of the  computations a r e  l i k e l y  t o  rccei-ve c a r e f h l  s c ru t iny ,  it 

was daened appropr ia te  t o  i n v e s t i g a t e  t h e  v a r i a t i o n s  i n  computed proper- 
t i e s  obtained by  choices of t h c  thermal  conduct iv i ty  equa.tion used i n  

the hea t  t r a n s f e r  programs. 

was then  es t i rmted .  

The e f f ec t  on computed heat transfer rates 

Since t he  information has beeil gathered and Ls available, it  is in- 
corporated i n  thi.s zppendix v i t h  t h e  thought that; otheys may f i n d  the 

data, useful.. 

Six equat ions f o r  thermal. conduct iv i ty  a r e  ILsted. * No a t tempt  -Lo 

evalua te  them on a comparative basis wa.s madc and lime should be in fe r r ed  

Figures  A 1  and .A2 show rnaxirnwn and m i n i m u m  curves of conduct iv i ty  a t  two 

p res su res ,  These cmves  a:re envelopes and, between them, enclose a l l  
va,lues of conduct iv i ty  computed from .the s i x  equat ions listed. Typicall 

caLculatTons of Core A i x d l i a r y  Xeat Exchanger ( C M )  perfonnanec i n -  
volve helium film teinperatures from 

temperatures i.n - h e  600'F -. 700'F regri.on. 

maximum and minimum values  of  calcu.l.ateed conduct iv i ty  are 0.151 and 
0.146 (Btu/hr) / (  f'c" -'F/r"t). 
s i d e  film c o e f f i c i e n t  o f  bea-L . t r ans fe r  3.s evaluated w i t h  equat ions 

having t h e  ger,cra.l~ form: 

300'F Lo lOOO'F w i t 2 1  average film 

A t  750 p s i a  and 6500~ t h e  

I n  CAT37 performance ca lcu la , t ions  t'ne g s s  
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O R N L  DWG 75  9954 

Fig. A . 2 .  The range ,  maxiniuiii and miniinuii values, of heliiun ther1na.l 
conductivity at 750 psia from t h e  computed valiies in Tn’o1.e A .  4 
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in which 

h = f i l m  cnefl3.cient of hea t  t r a n s f e r ,  (Btu/hr) / ( f t"- 'F)  

k = thermal conduct iv i ty  OP the gas evaLuated 2+, L h t .  mean f i lm 

IJ. r= v i s c o s i t y  of' t h e  gas evaluated ap t  t h e  mean fi&u tcmperatixe, 

teniperaturc, ( ~ t u / h r ) / (  rt2 -"F/ f t )  

l b /  f t -hr 

D = equiva len t  diameter  (tube dia.), ft 

G = mass flow r a t e  of  gas, l b / ( f t " -h r )  

P 
C = s p e c i f i c  heat, a,t cons tan t  pressure ,  of  the gas, Btu/( lb-"F)  

C = cons tan t  
(3 

It is easy t o  sho37 t h a t  t h e  e f f e c t  ( t h e  f r a c t i o n a l  change i n  the 

film c o e f f i c i e n t ,  h) produced by incrementa,l d i f f e rences ,  Gk and Aq,  i n  
t'nerrnal conduct iv i ty  and v i s c o s i t y  i s  given by: 

Ak & - =  Ah (1 - y )  - (x - Y )  I-1 
h 

(A.2A) 

Typica l  va lues  of t h e  exponents x and y will be  0.60 and 0.33, re- 

s p e c t i v e l y .  The above equation t h e n  becomes 

I n  Fig. A.2 t h e  maxin iwn and minimmi values  of k at 650°F are 0.151 
and 0.1'46j us ing  t h e i r  d i f f e r e n c e  as Ak i n  Eq. A.2B: 

It can be concluded t h a t ,  for CALE perforinance calculations, i f  i-iclim 

conduct iv i ty  is evaluated wi th  any of t h e  l i s t e d  equations, Ylze r e s u l t s  
w i l l  be un i fo rm w i t h i n  about 2%" 

Tables R . 1  tlirough A.7 are helium c o n d u c t i v i t i e s  ca l cu la t ed  us ing  

t h e  q u a t i o n s  A.  3 through. A. 8 i n  the fol lowing sec t ion .  Conduct iv i t ies  
are i n  Engl i sh  m d  met r i c  units. It shoulci be nicntioned that,: 
(I) Equation A . 3  (Ref. I.)> used in the CACHE programs" to compute CAHE 

perforfiance during ope ra t ion  wi th  p re s su r i zed  heliwrl g i v e s  values  on o r  
near  the maximum CUL'VCS on Figs .  14.1 and A.2. 

I 
3E7. R. Tal lackson  , CACHE--An Extended Basic Prow- 

Perfnrmance of S h e l l  and Tube Heat Exzhanaers, ORNL-TM4952 , 1975 * 
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'Tab1 e A .  1 

THERIAL C O N D U C T I V I T Y  OF MLIIJN A T  14.696 P S I A  

THERMAL C O N D U C ' T I  V I  TY O F  MELl UP1 CO:?PYTZD 
WITH DI FFEREPJT EQUATI O l l S  

TEMPERATURE THERMAL C O N D U C T I  V I  TY 

DEG F UEG R 
TJNITS OF K 

DEG c DEG IC 
U N I T S  OF I C  

50 .OO SL39.70 
BT U/  ( HR- F T -  F > 

18.01 233 1'7 
VATT/  (METER-:.() 

1863.00 S5B 7 0  
BT 11 1 ( w R - i: T - F- > 

K1 
K4 

K 2 
K5 

K 3  
i: 6 

0.1478 0.1491 8 .1486  --- 13.1463 0.1453 

0.1579 a .  1588 0.1572 
-- - U.1567 0.1559 

2aw .QJa 5 5 3  .'70 
13TU/( HR-FT-F)  
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Table A.  1 (Continued) 

THEEIAL CU:JDIJCTI V I  TY OF IIELIU, I CO: IPUTED 
1JI TH DI FFERENT EQUATI O i u S  

TEMPERATURE TI1ZRIlAL COCJDIJCTI V I  TY 

DSG F DE,? R 
U N I T S  OF i; 

ic 1 
;:4 

I C  2 
i15 

;; 3 
I'G 

DEG C DEG K 
!JNI T S  O F  K 

300.0k3 7 5 9 . T B  
3 T U / ( H R - F T -  F) 

0.1133 8.1125 e 11399 
0.1130 8 .1123 

350  .a8 3 6 9  . T 3  
BTU/I HR-ET-F)  

0.1186 zi.1177 EI.1145 
d.1184 a .1177  

176.67 449.9 3 
' JATT/(  METER-I-<) 

400 000 8 5 9 .  7ld 
BTU/(HR-FT-F) 

3.1191 
G1.1230 

204.45 477.61 
t fATT/  ( METEH-K) 

0.2141 G3.2121 Q.2862 
(3.2140 @.2123 I-- 

450 *'do 909.7U 
BTU/ C HR-  FT-E) 

8.1288 0 .1273 0.1237 
0.131i18 k3.1288 k3.1282 

2 3 2  - 2 3  5915.39 
VATT/< METER-K) 

508.dB 9 5 9 . 7 0  
B T U / <  HR- FT- F >  

E 0231 5 w . % % d  4 %?I02218 
i3 e2342  9.2317 a.  2308  

550 .00  1009 7 U  
R T U / ( H R - F T - F >  



Table A . l  (Continued) 

TEYPERATURE TXE:Ili"IAI, @OI"%JDUCTI VI TY 

DEG I; DEG 3 
U N I T S  OF IC 

II 1 
;: 4 

i< 2 
K 5  

I: 3 
KG 

DEG C DEG t l  
rJNITS OF K 

8.1435 
@ 1443 

0.1411 
3 * 1438 

0.1369 
0.1433 

B 2484 
B 2498 

0.2442 
cl.2438 

0.2370 
0.248 1 

0 ~ 1 4 1 2  
0.1482 

Oi a2567 
0.2575 

6.2513 
0.2572 

700.00 1159e70 
BTU/(MR- FT- F >  

8.1530 
c1.1532 

0.1455 
Bel529 

0 - 2 6 4 8  
p1.2651 

0.2518 
0.2646 

15c3i.00 120907GI 
BTU/( MR-FT- F) 

0.1577 
0.1575 

0.1543 
D.158H 

c1.2729 
'3 .2726 

0.267121 
0 . 2 7 3 7  

0 e 2 5 9  1 
0.2'926 

d.lSS6 
3 162'7 

Q a 1538 
8.1680 

d.2rjG13 
0.2801 

(5 -2662  
a 2884 

a .  1628 
':i . 1 6 7 3  

er . 15-79 
Q. 166.5 

121 1 663 
i ) .  1661 

454 .45 727.61 
'!ATT/( H C T 5 X - K >  

la .2 7 3 3 
0.2:3€5 1 
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T a b l e  A . 1  (Continued) 

THERMAL C3NDUCTSVITY OF H E L i  UPi C O i I ? U T F D  
:TI TH DI FF.5HE:IJT E(!UAT I3 tJS  

TEMPERATUHF THERMAL C O N l I U C T I  VI TY 

DEG E DEG R 
U N I T S  OF IC 

K1 
I: 4 

iC2 
K 5  

K 3  
I: 6 

DEG C DE6 IC 
UNITS OF K 

13.1974 
0.1951 

12vI0.0c3 1659 e 7 0  
DTU/ ( H R -  FT- F) 

0.3410 
lr5.3376 

0.3305 
‘ d e 3 4 1 0  

B .  3202  
a n 3 3 8 1  

0.1886 
0.1992 

0.3371 
8.3477 

8 .3265  
G1.3448 

1300.00 1759 - 7 0  
BTU/(HR-FT- F‘) 

Q.1986 
a.2047 

0.1922 
8.2030 

8.3561 
0.3513 

0.3438 
0.3543 

Q.3327 
0.3514 

1350.00 1888 a 7 0  
B T f f / ( H A - F T - F )  ’ 

0.2024 
d . 2 @ 8 5  

0 . 3 6 3 2  
0.3581 

0.3388 
0 . 3 5 7 8  

8 . 1 9 9 3  
Q.2104 

0 . 3 7 8 3  
3.364% 

3 3568 
5 . 3 6 7 2  

0 3449 
0 D 3642 

145r1.30 1909.76 
BT U/ C :-I 2 - F T - F ) 

8 . 2 5 2 7  
0.2141 

3.2699 
U.2153 

2 . 3 6 3 2  
a .  3’734 

D. 3 5 0 8  
d .  374s 
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Table A .  1 (Cont inued)  

T EN P ERA T U R E TliER'IAL COIJ3:JCTX ? r X  TY 

D S C  F DEG R 
U N I T S  OF t( 

., .,2 

., ,- n '3 

ii 3 
.:ri 

BEG C DEG ;< 
!JNITS OF K 

id.2221 
0.2184 

Q * 2 1 36 
a.2193 

815.56  1085072 
WATT/( :.IETER-II) 

0.3843 
0.3779 

0 3566  
0.-3767 

15S0.00 2009 e 7 8  
BTU/ < HR- FT - F 1 

8.2261 
0.2221 

# e 2 8 9 4  
i3 2,2 12 

5/43 . 34 1 1 I 6 .  56 
'IATT / C MET ER-K ) 

0.3913 
0.3844 

0 .3760  
B e  3 8 5 6  

0.3624 
51 3 8 2 8  

160@ w80 2859  e 7 0  
BTU/<HR- FT-F)  

8.2301 
0.2258 

63.22104 
i3.2263 

371.12 1144.28 
!JA TT / C MET E9 - K 1 

0 - 3 9 8 2  
a .3989 

0 .3683  
e; .  3889 

0.23416 
5 03235 

G * 3 7 3 6  
0.3949 

w.2379 
5 . 2 3 3 2  

1750 -00 2209  70 
BT iJ / < 3R- F T  - F' 3 

16.2316 
d m 2364 

0.2221 
0 o 2 3 4 9  

954.45 1227.61 
lJATT / C MET ER-K 1 

d d 3844 
0.4063 
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Table  A . l  ( C o n t i n u e d )  

DEG F DEG H 
U N I T S  O F  K 

K 1 
x A 

;:2 
:-< 5 

1< 3 
i(6 

DEG C LIEG I: 
I JNITS  OF 1: 

1 BOB .aa  22359.78 
BTU/(HR-FT- F )  

L1.2457 
0 02403 

r6.2351 
Q 2 3 9 3  

G1.2252 
c1.2382 

982.23 1255 39 
17ATT / ( MET €%-I( 1 

ra.3897 
0 .4 1 2.3 

1850 .go 2 3 0 9 . 7 0  
UTU/( 112- ET- I;> 

E.2386 
0.2431 

0.2281 
(312415 

Qi.4319 
0 -4220 

0.8311 
01.2447 

0,4385 
0.428Q 

(3.4189 
14.4265 

d . 3999 
(2 42 3 6 

1958.00 2409 o 7 a  
BTU/CHR- FT- F) 

0.2455 
0 " 249 7 

w 0445 1 
0 o 4 3 4 C 3  

0 0 4249 
8 4322 

w 4849 
0.4291 

2 0 0 0  .00 2 9 5 9 . 7 0  
RTU/ ( HR- FT - F 1 

0.2609 
(il.2542 

3.2489 
~3.2 5311 
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Table A . 2  
THERIAL CONDUCTIVITY OF H E L I U Y  AT LOO PSPA 

REFERENCE L I S T :  

TEMP ERATLJRE TIIE:-li,lAL COCJDUCTX V I  TY 

DEG F DEG R 
TJNITS OF K 

L: 1 
I< 4 

:;2 
IC 5 

I-: 3 
;is 

DEG C DEG K 
UNITS OF K 

10.01 283.17 
VATT/(METSR-i[)  

180.00 559 .70  
BTU/(  HR-FT-F) 

15i3.80 693 7 3  
B T Y /  <€in- FT- F 1 

8.154d 0 -  1532 
--c 11.1463 0.1459 

0 0 1 LIB@ 

2BpI. an 659.7111 
3Tr l /CHQ-FT-  F 1 
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Table A . 2  (Continued) 

I I 2 
:I 5 

ii 3 
i ;G 

B.1127 
d .1123 

0.115'3 
8.113'J 

0 .1951 
~3 1944  

g .  11 74 
(3.11'17 

61.1205 
F!. 1 184 

6 .1239 --- D . 1 2 2 U  
W. 1235 

0.21 12 
3.2129 

0.1266 
r1.1252 

a .2253 
a .  2229 

@.2I91 
8.2219 

d.1346 
3.1339 

0 .1311 
6 .1334  

3.138'3 
3.133,3 

63.2346 
3 . 2 3 9 6  



Table A .  2 (Continued) 

DEG F DES Ii 
!JNITS OF IC 

I C  1 
ii 4 

K2 
IC 5 

:< 3 
K B  

B.l(437 
3 1444 

a 1439  811399 
0 . 1 4 3 5  a .  1433 

315.56  583 7 2  
I.JATT/(I"IETEF!-iL> 

13 -2487 3 e249 1 go2421 
B -2493 a .  248 '3  0.2481 

343 34 616.50 
'IATT / ( 1.I ZTER- K ) 

0*257,11 B.2568 d 2496 
0 02575 8 .2572 8.2564 

700. pi0 11S9.7ET 
9TU/ ( HR-F-T-FT 

75Q o Q Q  1239.7P 
i3TfJ/( HP.- FT-F) 

3 0 2 7 3 2  de2719 0 .  24/43 
9 e 2 7 2 7  1 . '?737 0 2726 

454 .44  727 .61  
"ATT/(il':TY?-:C) 
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Table  A.2 ( C o n t i n u e d )  

I C  1 
i C 4  

:c3 
i i  6 

482.23 7 5 5 . 3 9  
'!ATT / ( x E T  :-7R -x 1 

16.2906 3 . 2 3 3 8  <7 . 23 5 7 
13.2949 i6.2373 0 . 2 9 5 6  

2 . 1 7 5 9  3. 1730 8 . 1 6 9 ~ 3  
w . 1 7 4 6  $9. 1762 8 .1751 

a . l d d 3  n 0 17.79 GI. 1730 
d .  17833 e .  1 8 0 5  8 . 1 7 9 3  

1 lQ0.0PI 1553  -7i3 
BTU/( Ii.3- F'i - E  

L - 3272 3 . 3 2 1 3  G.3127 
L . 3 2 3 7  " I .  3% 7u J .  3244 

"l. 1 3 3 3  $3 1599  ~ J . l t ) 4 4  
1: .19 1 1 6 1338 0 . 1 9 1 4  
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Tab le  A .  2 (ContinuPd) 

T 9M P ERA T IJF, E T H E R X U  CONDTJCTX V I  TY 

DEG F DZG R 
UNITS OF EC 

I i  1 
K 4 

rC 3 
K 6  

DEG C DEG I< 
TJNITS OF K 

1200 .@PI 1659.7W 
B T l l / <  HR- FT- F 1 

@.18Ell 
E.1954 

648 9d 9 2 2 . 0 6  
VATT / C METER-IC 1 

8.3354 
3.3418 

0 - 3 2 5 6  
rd.3381 

G1.1918 
E1.1392 

1250 -00 1709 - T B  
BTU/CtlR-FT- F) 

@ e 2 0 1  7 
d o 1 9 9 1  

0 . 1 9 7 6  
a.2a09 

676.67 949.83 
VAT T / C M ET E!3 - i< 1 

0 * 3492 
0.3445 

a .  342m 
u 0 3u77 

8 3326 
a 0 3448 

0.19% 
0.20311 

1300 - 0 0  1759 0'70 
BTU/C H R - F T -  F )  

0 - 2 0 5 9  
0 ,2030 

704 45 977.61 
Y A T T / <  METER-i:) 

0.3564 
53.3514 

d e3382 
0.3514 

3.1989 
c1.2068 

6.3443 
0 . 3 3 7 3  

d e 3 0  1 7 
' 3 . 3 5 7 2  

d . 2d5X 
3.2141 

0.2162 
3.2146 

1:. 34; 1 
-;. 3 7 2 4  
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'Table A . 2  ( C o n t i n u e d )  

915.56 1 0 3 5 . 7 2  
ET ER - :i > I TAT 'r / ( 

0 .2222  11.21 6 4  0 .2d92  
d"31S4 11.2133 V2 - 2 1  '7 7 

Q -3d46 0 . 0  7 4 5  8.3621 
Q .378d d . 3 7 9 6  0.3 7 6 7 

J -2262 !.22dJl 0 .2125 
Q 0222 1 .7.3223 0.2212 

3 . 2 3 G 2  9 . 2 2 3 7  01.2159 
0 . 2 2 5 9  6 . 3 2 6 3  12.2257 

a . 3984  9 . 3 4 7 1  8.3734 
rd . 39@9 4 .2316  0.3589 

B , 2 3 4 2  i1.2273 a.2190 
(.)*2295 J 229 7 E . 2 2 3 1  

? .Lad53 0 . 3 9 3 4  Q"3791d 
w.3973 2 . 3 9 7 5  0 3349 

[;3.2an%;l 3.2344 3 .2252 
0 . 2 3 6 6  2.236'4 0.2349 
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Table  A . 2  (Continued)  

DEG F DZ:L; 2 
UEJITS OF €I 

:: t 
!C4 

;c 2 
K 5  

IC 3 
fi 6 

9EG C DEG iC 
1JNITS OF 1; 

c1) e2379 
0 . 2 3 9 3  

0 .2282  
0 . 2 3 8 2  

1400 .OO 
B T rJ / < K R - FT - F 1 

22 59 70 

982.23 1255 .39  
UATT I C MZTE'l- tC 1 

E].395(d 
6.4123 

18 50  * 0 0  2 3 8 9 . 7 8  
BTU/ ( I iFt-  FT-F)  

5.2497 
8.2439 

0.2312 
lil.2415 

1810.01 1 2 0 3 I, 7 
!IATT/CMETER-IC) 

. 4322 
8.4220 

0.40101 
0.41343 

3.2535 
M -2473  

0.2341 
0.22447 

1837-78 131 8 0'34 
!IATT/(MET5!?-K> 

8.4051 
0.4236 

1950.00  2409 TVT 
BTYJ/ ( HR- FT- E )  

cJ.2483 
d .  2493  

3 * 4298 
G ,4322 

( 3 . 4 3 5 7  
0.4379 
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Table  A . 3  

THERPIAL CONDUCTIVITY OF HIELT1P-I AT 500 PSTA 

;I 1 
K4 

;:2 
I: 5 

K 3  
K 6 

5i3.00 509 7 0  
3 T U i  ( H R -  FT - F' 1 

13.0862 - _ -  a .E958 
3.0346 

10.01 293.17 
!IATT/(!4STfR-:O 

8.1554 
gel459 

il 1 G 4 J  
Ij. 1 5 5 9  

d e  1725 
G e  1 3 5 7  

3.1 a45 
8.1813 

7. 1 3 5 4  
1.1766 

w 1 M 9 3 
J . 1 n 6.3 

J. 1123 
- 1 .  I C  7 0  
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Table A . 3  (Continued) 

I; 1 
:c4 

ii 2 
f.c 5 

1:3 
li G 

DE6 C DSG I i  
U N I T S  OF K 

300.0a 759*78 
B T U / ( H R -  FT-F)  

350 000 809.7E1 0 .1195 3.1223 a .  1188 
BTU/ ( HR- FT- F>  --- 8.1184 0.1177 

400 .OO 859.7L11 
BTU/( H R - F T - F )  

8.1272 
5.1236 

0.1234 
3.1233 

284 e 4 5  477 0 61 
!1ATT/< EIETP;R-;I > 

0.22UI  
0 . 2 1 40 

450 000 909.70 
3 T ' J / (  H R - F T - F )  

0,1297 
0,1312 

9.1319 
0.1288 

B 2245 
a -227  1 

I? .2283 
63 . 2223 0.2214 

Q - 2 2  19 

500 -0Q 959 .7u  
BTU/ ( H R -  FT- F> 

3.1347 
3.1357 

C1.1366 
27.1339 

0.1325 
0.1334 

d 0 2 3 3 2  
kl.2349 

a .2364 
9.231 7 

55p1 . Q @  lO09*78 
BTlJ/I HP- FT- F 1 



?'able A . 3  ( C o n t i n u e d )  

DE; F DZi; r: 
U N I T S  OF K 

;c 1 
i( 4 

1:2 
:: 5 

a .  2445 
J.2431 

0 1 4 9 3  
0.1491 

3 . 1 i (3 2 
7 . 1 4 8 6  

0 1456 
Ib. 1452 

0.2520 
(i1.2564 

343 . 34 6 1  4.5D 
l JATT/(  METER-X 1 

0 . 2 5.1 3 
(1.255(3 

a . 1 5 4 6  
13.1534 

d o 2 6 7 5  
d .2455 

$1.1559 
6 .1531  

42.275k; 
13.2707 

i . ? .  1 6 3 2  
8.1621 
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Table A . 3  (Continued) 

DEG F DES H 
1JNITZ; OF :C 

:: 1 
;; 4 

: :2 
.i 3 

DEG C DE(; ;; 
UNITS O F  x 

903.08 1359 7 3  Do1722 z . 1 7 1 5  i?; . 1 6Cj4 
BTU/<I IR-  FT- F) 0n17B6 2.1713 3.1785 

452.23 755.33 Q n 2 9 U  1 d .2(949 Q.2Ci8U 
‘fATT/(!4ETI-3R-iC) Gi a2953 0 29 73, 9 . 2 9 5 6  

950 c Q 0  1403.70 0.1767 d .  I 7 5 6  53.1 7E4 
B T U / C H X -  FT-F)  6 .1746  8.1762 B o 1 7 5 1  

(1 .3053 13.3048 0 e 2949 
0 .3026  id. 3350 Q1.3030 

U . 1 8 1 1  8 . 1 7 9 7  0.1743 
a .  I790 0.1805 0.1793 

0.31 3 4  0 . 3 1 1 B  G.l; . 361 1 ‘7 
0 e 36398 3.3135 b3.31193 

0.1854 [Lo 1 3 3 7  3.1752 
3.1531 3.1843 d. l a 3 4  

565 .56  8 3 8 . 7 2  0 .32@9 0 a 3 1 FIG la. 3a34 
!JATT/( i.IETER-!I) 0 . 3 3 6 3  Z.319Y E.3174 

lI00.05 1 5 5 9 . 7 0  0.1897 a .  1 ci.7’7 W.1323 
BTLI/( YE-FT-F) 13 0 17-72 3.1353 C .  1875  

8.3234 rz. 321:c, 2 . 3  1 4 3  
8.3240 3 * 3 ? 7 ‘ ;  5 3243 
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T a b l e  A .  3 ( C o n t i n u e d )  

i; I 
l C 4  

.:2 

.: 5 
:; 3 
:;lj 

i3.1955 
kl.13i"d 

0.1594 
Id. 19.54 

12B0.0c3 1659.70 
BTU/( HR- FT-F)  

0.1352 
%I. 1353 

(3.343 1 
u -3380 

0.3278 
3.3361 

W.1930 
>3. 1'392 

676 .67  949 .83  
'IATT/(:!",TE?-;C 1 

n . 35114 
3 .  344% 

L e 3 3 4 1  
3 .  3443 

G e 2 i 6 7  
3.2071 

L;.3c-47 
3 .3 5 5 4 
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T a b l e  A. 3 (Continued) 

r i  I 
;: 4 

DZG C DCG E; 
TJNITS O F  X 

1500.BB 1959.70 @.?229 we:! 1.52 3.21r33 
9TU / C H R  - F'l' - F 1 0 .2185  3.21'>3 @ . % I  7 7  

815.56 1888.72 0.3357 0.3776 8 . 364W 
WATT/CYETER-il.) 0.373% t j*3796 p1.3761 

1550.00 2009 .70  
BTU/ C 83- FT - F > 
843.34 1 1  16.Sd 

T!ATT/CMET~X-X) 

160U 090 2 0 5 9  070 
BTU/(  HR- FT-  F) 

0 02'269 2 . 2 2 1 3  
!4.22?3 !1 e2223  

c3.3927 0 . 3 8 3 9  W.3697 
a .  384'7 a.3856 0 382G 

871.12 1 1 4 4  28 G . 3 9 3 5  3.3932 'n.3753 
VATT/ (  METER-IO 0.391 1 3.3916 d .  3389  

1658 .OEI 2109.70 a *%34d w .229 1 a 2 2 5 s  
BTU/C HR-FT-F)  B - 2 2 9 7  8 . 2 2 9 7  vl*228l 

0 e 4@ 63 a .  3964 Q . 3 G Q 9  
6 .3975  a . 3 9 7 5  a. 394'3 

@ .2387 0 . 2 3 2 6  0.2231 
a .2333 J.2331 M a 2 3 1 5  
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'Table A . 3  (Continurd) 

-, :, 1 
i(4 

:;2 
K 5 

z .229 1 
3 . 2 38 2 

0.3965 
3.11123 

n . 3432  
. 1 . I! :A3 1 

3 . a 5 3  1 G 
:: . -'I 1 a Ei 

la.2541 
3 . 2 4 7 5  

0 0 4 1 1 5  
3.424 1 
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Table  A.4  

TFIEKWL CONDUCTlVITY OF IIELTU'I A T  750  PSTA 

::2 
. -  

.i 3 

1;s 
.it5 

r ? .  1 3 5  1 
r? . 1 4 6 3  

3.157.) 
?.156'? 



Table A . 4  ( C o n t i n u e d )  

.iz 
r -  

.,.I 

;3  
.;6 

n . 1 1/17 a .  I I 79 .7:1 149 
- - -  -3.1 136  d . 1 1 2 3  

5 . 1 1 9 3  - - -  ?I. I 2 2  ? 
6 . 1 1 3 4  

. 7 .  I I 9 6  
6 .117 '7  

k l .  2 J  716 
d 2d 3 7 

d . ' ? 2 1 1  
3.2148 

El. 12.33 
d .  1262 

3 . 229 3 
3.2 ?2',0 

3 1 3 5 1  
3 . 1 3 . id  

3 . 1 3 7 2  
k4 . I 3 3 3  

6.1333 
17.1334 

: . 1 ' I . ? !  
v? . 1 i4 c' ' 4 



Table A . 4  (Cont inued)  

I< 1 
ic 4 

t3  
.c 6 

d.1449 2 . 1 4 6 3  d e l 4 2 2  
G1.1449 Q.1433 Cn. 1433 

45.253d d . 2 6 d 3  
w.2544 A . 2 3 7 3  

0.2535 
53.2564 



T a b l e  A . 4  (Cont i n u e d )  

1; I 
.:ia 

< .? 
;; I; 

; 3  
.; 6 

\i. 1 7 2  1 
i . 1 7 1 3  

6 . 1 6 7 2  
a .  1 7L33 

4 9 2 . 2 3  7 5 5 . 3 9  
T JATT / C . I  ZT E!? - i; 1 

J. 1 7 ' 7 1  
d.1 '754  

1z1.1762 
d . 1 7 6 2  

5 . 2 3 6 3  
d .  30311 

1000 . i lQ  1 4 5 9  e 7 0  
B T '4 / ( H R - F T - F 1 

0 .1315  
d . 1 3 3 1  

. 3 Ji '9 3 
w.3174 

1188.00 1 5 5 9  .?cl 
BTU / ( H R - FT - F ) 

3.1'351 
3.1973 

3.3259 
R . 3 2 7 6  

6 . 3 1 6 3  
d .  32.34 

2 . 1 3 2 2  
J .  193J 
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Table A . 4  (Continued) 

DE? F DTG R 
IJNI TS O F  K 

d 3 
6 

DEG C D X  i; 
U N I T S  OF :f 

120@.BP) 1659.70 Ir3.19136 ld.1961 0 . 1 3 d 2  
BTU/(HR-FT-F) 0.1954 3.1978 0.1954 

648 e 9 0  9 2 2  a06 a .  3 4 3 7  i? . 3  3 3  4 0 3292  
IIATT / ( METZR- K ) B 3 3 3 2  0.341a 8.3361 

1250 .ao  17639.70 0 e 2 0 2 4  a.zi2mM 1938 
BTU/(  H R - F T - F )  a.1394 c a .  2CPIQ C3.1992 

0 . 3 5 0 9  0.3461 d.3354 
a ,3451 3.3477 0 3448 
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Table  A . 4  ( C o n t i n u e d )  

.12 
:: 5 

;a .2232 
63.2187 

21.2187 
6.2133 

k4.21 l a  
a.2177 

815.56 1889.72 
' JATT"/( . . ISTER-io  

B .  3786  
(n .3736 

0 . 2 2 7 2  
a .2224 

la ,2224, 
0.222'13 

0.2143 
d.2212 

a - 3 9 3 2  
l3.3849 

U.3708 
2 . 3 8 2 5  

21.231 1 
a .2241 

0.21 7 5  
d 22.4'7 

13.40dd 
13.3913 

8 .3312  
kl.3916 

a .  3764 
0 . 3 8 5 9  

1650 .UQ 2109.7a 
BT'J/(  H R - F T - F >  

il.235 i 
id - 2 2 9 3  

3.22.06 
d.2261 

0.4063 
ld . 3 9 7 7  

d .3tj I a 
3 . 3 9 3 9  

6.3974 
21.3975 

3 . 2 3 9 0  
d -2334 

0 . 2 3 3 2  
ca -2.331 

0 , 3 8 7 2  
8.4887 

1750.08 2289 - 7 0  
BTTJ/ ( M R -  FT- F 1 

3 . 2 3 6 7  
a .23h/r 

0 . 2 2 0 7  
0 2 3 4 9  

3 .A203 
0 .4132  

5.392'1 
2.4365 
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Table  A. 4 ( C o n t i n u e d )  

10514 .OO 2 3 8 9  o 7 @  
STfJ/I:  HR-FT-F) 

r ;  I 
. c i 4  

i< 3 
K6 

6.25M5 3.2437 8 .2326  
B .244  1 3.2431 0.2315 

1010.01 i 2 8 3 - 1 7  0.4335 8.4219 0 e 4326 
'JA T T / ( 'I !Z T E 2 - i( 1 'd .432lA #I! .4,7dd U . 4 1 Y ' d  

190Ba.0@ 2359.7'6 
DTr I / (H?-FT-F)  

195a .!a@ 24839.70 
BTU/<HR-FT-F) 

1065.56 1333.72 
'fATT/(METER-KI 

d.4466 d .!A333 3 . 4  1 2 3  
0.4344 d . 4 3 2 2  2.4291 

2d00.00 2 4 5 9 . 7 0  0 - 2 6 1  3 'n.2541 Cl.241L3 
BTrJ/< HR-FT-  F ) @ .3544 d . 2 5 3 d  io.251 I 

1093.34 
'!AT T / C ?1 tT EA- ii ) 

1 3 6 E, S'it in.4171 
8.4330 



Table A . 5  

‘THEKlAL CONDUCTIVITY OF HSI,Im*I AT 1000 PSIA 

BEG C DE5 1: 
IJNITS OF K 

58 . @ P I  SQ9.7C1 
BTV/ O-IIi- FT- F )  

.c2 
i(5 

208.23 6 5 9 . 7 0  
UTLJ/CII?.- FT- F> 

0.1767 ,a. 17uiir 0 . 1 7 5 4  
-^I L!. 1 6 6 8  d e 1 6 5 7  

2.1542 ?, . 1 @a 1 U.lGlb2 - - -  Ei . I a24 8 . 1 0 1 3  
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T a b l e  A.5 (Continued) 

DES c DEG !I 
U N I T S  OF K 

3P11 .a@ 753.70 
i3T IJ / ( H R - FT - F ) 0.1151 --- 8 . 1 1 3 4  

0.1 13i l  
0 . 1  1 Sd 
(%. 1123 

CY-1233 6.1233 
@.Ala4  

L l Q @  .0Q 759.7 .  
FjTU/( XR-FT-F> 

204.45 477.61 
I!ATT/( i4ETER-K) 

r3 .2 1 65 
(3.2129 

\?. 1365 
0 . 1 3 1 7  

3 * 134% 
'; . I :: 3 1 .  

.-: . 1 3 3 <: 

.:. 1334 



Table A . 5  ( C o n t i n u e d )  

': 2 ;? 

d . 2 G 1  T 
I:) . 2 5'7 3 

u .  1547  
(3  I539 

2.1556 
&I. 1 534 

27. 1.353 
z .1575  

L .  15'2'1 
>.153,? 

2 . 1 5 3 9  
a . 1 5:; 1 

;I.  103'3 
3 .1525 

426 .07  6 3 3 . 3 3  
'1ATT/( , l S T Z ? - Y )  

~ 1 . 2  7 6 3 
i). 2dW4 

3 .1635  
L1 1 6 6 7  

a. 15F;ii 
.3.1i-73 



T a b l e  A . 5  (Continued) 

900.0e 1353.70 
HT'J/(FIR- FT-F)  

I L1 
i:4 

-0 I L L  

i: 5 
%3 
r: 0 

9 . 2 9 3 3  8 . 2 3 3 6  8 .2983  
6 . 2 9 3 9  43.2973 d 2956 

0 0 1774  0.1767 6.172d 
3 , 1 7 5 2  0.1762 0.1751 

B -387EI 8.36357 0.2378 
CI -30 3 1 2 . 3 0 5 3  0.33130 

lQ50.01ir 
3TrJ / ( H R - F T - F ) 

1 3 LY 9 7 6,: 

i : .  3 3 9 5  W '3 3 6 <' 9 .3177 
I:. 3 2 4 5  9-1 . 3 ;  7 ; 44.3244 



Table A .  5 (Cont inlied) 

:: 1 
: ; 4  

-7.  . .5 

.,c 

d.191d 
s .  1354 

3 . 3 5 2  6 
61.3521 

'3 2 J 1 i 
i; .20 63 

1400.00 1859 *7@ 
3TPJ / ( I iF . -FT-F>  

0.2154 
n.2112 

J .2E 5B 
2 . 2  1 G 4  

0 3'7'27 
0 . 3 6 5 5  

2 . 3 6 6 3  
3.367, :  

8.3549 
E.3642 



T a b l e  A. 5 (Continued) 

:I 1 
il4 

iC2 
i: 5 

0.2234 
0.2188 

Q .2 1 3 2 
8.2193 

P.3867 
0 , 3 7 8 6  

z . 3 7 3 3  
'3.3796 

E.l 2 1 b9 
812212 

1 S50 .@El 20D9 .TOi 
DTU/(HR-FT-F) 

3 - 2  2 7 4 
0 .2225  

3 . 3 9 3 5  
d.3351 

w . 33 13 
i5.3316 

2 . 3 7 7 5  
a .  3 3 3 9  

3 - 2 2 1 3  
G.2281 

rl . / I C  7 1 
0.33753 

;1 .2LL::  : 
:li . :3 3 7 ! 
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T a b l e  A S  ( C o n t i n u e d )  

fz .?582 
0.251 1 

9 . 2 3 5 7  
kl.:2472 



DES F D%G R 
!JNITS OF X 

1: 3 
1; (j 

DEG C DEG AI. 
UNITS OF K 

150 000 609 70 
BTU/(  H R - F T -  F> 

200 . O O  659 7 0  
BTU/CHR-FT-F) 

93.34 366 .50  
!l.ATT/( :.IET:<R-JO 

121.12 394.28 
!!AT T / ( :? ET '.: R - IC 1 

0.0993 --- 

a.1913 

53.1143 
k3.1076 

a . 1 0 1 7  
0 o B 9 5 7  



. .  

i 'able A .  6 (Continued) 

DE; F D E C  R 
U N I T S  OF i; 

;: 1 
1; 4 

DEG C DEG i( 
UNITS OF IC 

d.1191 
2l.1131 

8 .1162 
0.1123 

300 .OB 759 .70  
BT1J/ ( HR- FT - F 1 

0.2WSI 
0 1957  

0.121M - - -  I.) I 2 4 0  
0 . 1 1 s 4  

0.2p194 --- 0 . 2  I 4 6 
0.2i<49 

0 .1261  -...- 9.1289 
0 .1236  

9 .2183  
- - a  

8 . 2 2 3 0  
8.3146 

0 .2 1 74 
8 .2129  

'2.1312 
63.1323 

0.1336 
a .  12i3d 

0.1562 
0.1212 

3 . 3 2 5 3  
0 . 2 2 1 9  

L4.1361 
13 1 3 4H 

3.1333 
l i e  1339 

3 . 2 3 5 6  
6 . 2 3 6 7  

a . 2 3 3 3  
6.231 7 

13.1423 
3 .13s2 

lj .1392 
8 .1334  



Table  A. 6 (Cont inued)  

:; 1 
IC4 

i i  3 
ti  6 

J. 1 4 7 4  
d-1433 

a.2435 
0.2481 

0.2551 
m .2489 

8 .1519  
J. 1486 

0.1479 
0.1482 

3 .2628  
i4.2573 

00256W 
8.2564 

0.1553 
0.1543 

8 m 1563 
5.1534 

Q.1522 
0.1529 

371 - 1 2  644 28 
' fATT/  ( METER-I! 1 

0.2658 
0.2671 

0 . 2 6 3 4  
fie2646 

0 0 1593 
0.1586 

0.1564 
0.1575 

750 000 1209.70 
BTU/CHR-FT- F) 

8.2766 
6.2745 

8 . 2 7 7 9  
5 . 2 7 3 7  

0.271i17 
0 e2726  

8@0.00 1259.73 
BTU/C HR-FT-F) 

0 . 2 8 5 3  
121.2817 

0 . 2 7 7 3  
Q . 2 t i M 4  

358 .00  1309 . T O  
BT:l / (HR-FT-F)  

id.169(/7 
0.12171 

13.1691 
3 .  I 6 7 3  

r?.2925 
3.21393 



T a b l e  A . 6  ( C o n t i n u e d )  

DCG F DFG ?. 
U N I T S  OF i< 

ii 1 
i< 4 

.13 
r< r, 

0.1735 
0.1713 

0.1732 ;:. 1'713 
3 8 d  .WB 1359.78 

BTU/(  H R -  FT-F)  

3.29s;u 
5.2973 

95a * @ a  1483.70 
BTU/(Hi? -F? -F)  

a .  17'79 
i1 .1755 

0 . 3 0 7 6  
0 . 3 5 3 7  

I q .  1822 
I.1 1 7 9 6  

3.3229 
3.3132 

8.3123 
2 . 3 1 7 4  

0 .  I373 
9.1914 
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T a b l e  A . 6  (Continued) 

..-.. 
1 !i 

U.1992 
0.1958 

'4.19 72. 
9 ) .  13  7.3 

1200 .B@ 1659 
BTU/ C HP- FT- F) 

L4.3448 
rc 05389 

1250 e 0 0  1709.70 
I3TLJ/( HR-FT-  F) 

8.1952 
Eel992 

6.3378 
8 0 3448 

(21. 1987 
0.203'di 

1308.00 1759.70 
UTIJ/ (WH- FT-  % >  

3 . 2 8 7 5  
kJ . 2 d 3 7  

i3.3433 
kl.3514 

784.45 977.61 
lJATT/( METER-:< > 

0 . 3 5 3 %  
0 . 3 5 2 5  

6.3547 
8.3544 

6.2116 
a 02076 

732.23 10015.39 
SIATT/< NETER-K) 

il', , 3662  
pl.3593 

140O.QQ 
BTlJ/ ( HX- ET- F )  

1 3 59 763 E.2125 
8.2122 

0 3 7 3 2  
s .3633 

IiI 3 6 7 7  
d e 3 6 7 2  

21.3559 
U.3642 

1450 * Q R  1909.70 
BT'J/(  3 3 - F T -  F3 

%r-2197  
0.2152 

c4.2162 
0.21 58 

0 . 3 5 0 2  
* 0 . 3 7 2 5  

3 .3741  
5.3734 

2.3617 
(4.3705 



i; 1 
i: 4 

. I  :\2 
K5 

K 3 
r( 6 

DUG F 
U N I T S  OF- IC 

DEG c DE; K 
UNITS OF H 

0 -2199 
3.2193 

0.2122 
63-21 77 

0.38'7 1 
a .  3 7 9 3  

0 . 3 8 0 5  
el.3796 

1 5 s 0  .OQ 2 8 0 9 . 7 0  
HTU / ( H R - FT - F- 1 

0 . 2 2 7 6  
a.2227 

0 . 2 2 3 5  
0.2228 

li1.2155 
0.2212 

0.3339 
0.3955 

B .  3869 
B L 33 56 

0.2315 
3 . 2 2  64 

3.2271 
8 . 2 2 6 3  

0.2186 
0.2247 

c: . 3 784 
a .  3 3 3 9  

0.2217 
U.2281 

0.39'64 
' 8 .3975  

0.3333 
a .  3949  

!? .%333  
c : . 2 3 3 7  

i5.2248 
8.2315 

9 2 6 . 6 7  1 1 9 9 . 5 3  
17'\TT/<METZR-:;) 

0 . 2 3 7 3  
4.2365 
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Table  "..6 ( C o n t i n u e d )  

;c 3 
ii 6 

1850.33 23G9.73 
BT [J / ( HY'.- FT - F 1 



' I 'ahlc i\. 7 

T!JEVL4L C O N 3 U C T I V I T P  OF HCLIU?I AT 2030 PSTA 

DE'; F DEI; R 
l1FlI FS OF if 

ii 2 
i{ s 

K3 
1(5 

d .  0 3 2 @  
3.3843 

0 . 1 5 2 7  
...-- 

a .  1 5 9 3  
0.1459 

1@B.k3@ 559 .70  
BT U/  ( l i R -  FT- F 1 

L3.0371 
0.0981 

w.la2P 
0.0957 

2.1301 
8 1 6 6 3  

d. 10'Pcd 
a .  1 8 1 3  

67.1325 3.1852 
u . 1 7 54  

3.1 1 4 5  
c 3  1 3 7 6  
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T a b l e  A .  7 (Continued) 

IC I 
!<:4 

0 .1215  --- 

9.2191 --- 
d o 1 3 1 6  
6.1329 

3 .1415 
"5 131 7 



'Table '2 .7  (Continued) 

iC 2 
K 5 

(3.4442 
0.1433 

a ,2532 
B .2529 

iE.2561 
1.7.2433 

0.2495 
0.248 I. 

0.1524 
'4 . 1 48 e 

a .  1485 
0.1432 

9 e 2 6 3 8  
,a. 2 57 3 

0 .2570  
B .  2 5 6 4  

13.1557 
3.1343 

0.1563 
a .  I534 

LJ.1528 
(21.1529 

(d 2 694 
0 . 2 6 7 9  

0 .2714  
3 7 . 2 6 5 5  

3.1611 
d . 1 3 3 1  

a .  I57i.1 
4 .1575  

3 . 2 7 3 8  
d.8737 

0.2718 
(4.2726 

3.16S4 
5.1628 

b ?  .2552 
3 .2 t325  

L3.2862 
6.2847 

3 . 1 5 2 6  
0 . 1 6 7 3  

GI. 1 6 5 3  
11.1665 

a .293.5 
0 . 2 3 9 4  
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T a b l e  A .  7 (Cont inued)  

1; 1 
.;4 

ri 3 ./ 
iL i )  

3EG c DES X 
U N I T S  OF Y C  

900 0 8  I359  0 78 
3TU/ C Hi?- FT-F> 

2.1737 
16.1717 

3.1733 
(a.1713 

G.2.331 
G3 2956  

482 a23 753 .3 '3  
WATT/( PlTTER-K) 

64.312137 
i4.2972 

B .37d 7 
n.2973 

a. 177'3 
Q a 1 7 6 2  

0.1733 
d e  1 7 5 1  

95Q .@O 1409 -7t4 
BTU/ I HE- FT- F) 

3 . 3 6 8 3  
;I. 3044 

a .  3k373 
0.3853 

510.01 733 .17  
' IATT ,' < :I 7 TEF: - I( ) 
1000.00 1459.78 
BTTf/ IHR-FT-F) 

8.31 38 
3 . 3 1 1 5  

E .3 1 4'3 
c1.3125 

r3.1811 
a .  I 8 3 4  

t 650.09 1 509  0 7 g  
STV/ C q? - FT- F) 

6.321 3 
L .  31 SY 

3.32.32 
k? 3 1 3 5 

1 1 p13 .a17 
D T ' J / I  H?-FT-F> 

1 S5Y -7'8 

6.1952 
b.' . 132 1 0 . 1 6 5 6  

d.19 lL1  

3 . 3 2 6 3  
01.3313 

8 . 3 3 5 5  
cl . 334'1 



'Table A .  7 ( C o n t i n u e d )  

1;3 
r ;  6 

1200 O D @  1659 e70 
BTU/(H2-FT-F) 

0.1922 
0.1954 

i2l 345 1 
6.3394 

d . 2035  
0.2au1 

0 3 4 3 0  
0.3477 

;d e 3389 
0 * 3448 

1300.0D 1753.70 
B ? U / (  I-IR-FT- I;> 

8 . 2 8 7 0  
002@4d 

0.2054 
II .%047 

Q. 1 9 9 3  
k3.2030 

704.45 977 61 
!lATT / ( MET ZX- K 

0 - 3 5 9 3  
0.353u 

;6.2(632 
d . 2 0 5 5  

a 0 2025 
Q.2Q68 

0 . 3 6 6 3  
0.3537 

0.2662 
0.2ldLb 

d.3733 
2 . 3 6 5 4  

9.3636 
6.3672 

3.356s 
0 . 3642 

111.2197 
8.2155 

0 . 2 0 9 5  
0 2 1 4  1 

3.3751 
6.3734 



Table A .  7 (Cont inued)  

THSRElAL C O N D U C T I V I T Y  OF HELIUX COIG'UTZB 
!I1 T€i DI FFERENT EQTJATI ONS 

PRESSURZ = 2000 P S I A  = 136.091 &T i l  = 137.893 3 A A  

TEMPERATURE 

DEG F D 6 S  R 
!.INITS OF K 

T H ERM AL 

K 1 
K 4 

COIJDUCTIVL TY 

DEG c DEG K 
YNI'TS OF K 

I5@@.0Pi 1959.70 I? -2236  0.2204 0.2128 
i3TU/( HR-FT-F) 0.2192 0 0 2 1 9 3  8.2177 

815.56 1 0 8 8 0 7 2  003870 @*3314 01.3683 
WATT / ( Pl ETER-IC ) Q.3795 01,3796 ii1.3767 

1.550 ;00 2009 7 0  
BTTJ/( HR-FT- F )  

843.34 1 1  16.50 
WATT / C METER-K) 

160(21.00 2 0 5 9 - 7 0  
BTU/ C HR- FT- I;> 

5 7 1 . 1 2  1144.28 
VAT?/(  XTTE3-K)  

165@ 0Q 2 109 a70 
DTIJ/C HR- FT-F)  

8 9 8  .go) 11'72.06 
CYATT/C METE?-X) 

17Q0.00 2159.70 
BTU/(HR-FT-F) 

926 67 1199.83 
!. IAT T / C >I ET ER- K 1 

t 750 .@e 
3T!J/C HR-  ET- F)  

2.289 . 7E1 

0.2275 !El*224l 0.216111 
0.2238 0.2228 0.2212 

0.3938 
0.3859 

(3,2314 
0,2267 

0,4805 
0 m 3923 

( 3 . 2 3 5 3  
0 a 2 3 0 3  

@ * h i 3 7 2  
0 . 3 9 3 6  

B e 2 3 9 1  
0 e2339 

0.41 39 
a " 40 40 

a .  3 3 7 8  
9.3856 

121,2277 
4.2263 

0.3941 
G3.3916 

ii1.4003 
ra.3975 

0 e2349 
0.2331 

u?.LtC16!5 
0.4034 

II 9 3738 
E) 3828 

16.2191 
@a2247 

3.3793 
a. 3889 

li1.2222 
8.2281 

I3 s 3846 
0 s 3949 

0.2252 
0.2315 

0.3898 
L3 * $08 7 

GI " 2282  
!d 2349 
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Table A.  7 ( C o n t i n u e d )  

. i3  
,< 6 

' .? i .5  

.i 5 

0.24 67 
B .241 1 

3.:4157 
a . 4 1  sa 

1855e0Q 2 3 U Y  .70 
HT 'J/ ( H R -  FT - F > 

1 f i I Q . 0 1  1233.17 
' I A T T /  ('1ETE.l-Lo 

3.4335 
0.4233 

a ./la48 
' d o 4 1 8 0  

8.4095 
0.4236 

a 02579  
rd . 2 5 1 S  

13.2323 
8 .2 49 7 

65.2393 
16.2499 

6.4142 
k7.4231 

L1.2557 
W.253!? 
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(2) Equat ionA.4 publ ished by the General Atomic Co., (Ref. 20) a l s o  
produces h igher  va lues  of cond.uctivity t h a t  are equal o r  very nea r ly  
equal  t o  those  ca l cu la t ed  wi th  Eq. A . ~ B .  

(3) The c o n d u c t i v i t i e s  computed wi th  Eq. ~ . ‘ j  at  pre:;sures (psia) of 

500, ‘750, and 1500 were obtained by l i n e a r  i n t e r p o l a t i o n  between con- 

d u c t i v i t i e s  ca l cu la t ed  a t  100, 1000, and 2000 p s i a .  

( 4 )  

w i t h  t h e  a,ssumption t h a t  helium i s  a. p e r f e c t  gas.  

the express ion  f o r  dens i ty  i n  Ref. 8 
and, computa-Lionally, very awkward. Because pressure  e f f e c t s  on con- 
d u c t i v i t y  a r e  s a l ,  t h i s  a l t e r a t i o n  i s  considered insignif’ icant  . 
(5)  The ASHR!AX express ion  f o r  conduct iv i ty ,  Eq. A . 8  i s  apparent ly  

based on the  r ecen t  work of Ho, Powell and L i l ey  (Ref. 2 2 ) .  

I n  us ing  Eq. A . 7  t h e  p r e s s w e  ( d e n s i t y )  c o r r e c t i o n  was computed 

Tnis i s  a compromise; 

i s  an i m p l i c i t  €unction of’ dens i ty  

SUMMARY OF EQUATIONS DEVELOPED FOR EVALUATING THX 
THEEKL CONDUCTIVTIY OF I-IELIUM 

A. From Ref. 1. 

K l  = w/(m” K/M) 

T = temperature,  K 

273 K S T < 1800 K 

Kl = ( B t u / h r ) / ( f t ” - F / f t )  
T = temperature ,  OR 

O O F  I T < 27800~ 
460‘33 5 T C 3240’R 

P = abso lu te  pressure ,  p s i a  
The p res su re  e f f e c t  i s  very small and can be neglec ted  i n  most engineer ing 
computations. 



B. From Ref. 20 : 

An equat ion for helium conduct iv i ty  i n  recent  use (1774), by the 

General. Atomic Company i s  : 

K2 = 1.29 X loM3 i- (8.15 X 10a')(p - 1Le7) ' * ' *  ( A . 4 )  

i(2 = thel-mal conduct ivi ty ,  (Btu/hr) / (  f t2 - 'F / f t )  

T = t exnperature , O liankine 

P = pressure,  psia. 

C .  From Ref. 2: 
Eqiiations have been developed by Sanders? using data prepared by 

Wilson and publ ished by t h e  General Dynamics Corporation. Sanders de- 

veloped polynomial f i t t i n g  equat ions f o r  computing t h e  thermal conduc- 

t i v i t y  of helium as a Tunction of temperature  a t  d i f f e r e n t  p re s su res .  

These equat ions have t h e  geneyal. form 

K3 = A + BT -I- C T ~  (-4.5) 

K3 = ( B t U / h r ) /  ( ft2 -"F/f.L) 

T = temperature,  OF 

The e m s t a n t s ,  A, B, and C are slightly pressure dependen-b as shown i n  
the fol lowing t a b l e .  

Pressure  A B c 
W a )  

14.7 
100.0 
1000. 0 
2000.0 

o 0809175 9.9936 x 10- - 1 . l O C Y 2 ~  x 10- 
0.0831!957 l.0.0842 x SO-' -1.13598 x 10- 
0.0863791 10.1611 x 10 -5 -1.20405 x lo* 
0.~%9068 1.0.3op x -1.27824 x 10- 

D - From Ref 21: 
__.I 

McEIroy, w i th  data from Ref. 22, developed a second degree equat ion  

to descr ibe  .tine t h e r m d  conduct iv i ty  of heI.tum at  1.0 a t m  pressure .  An 

addi t i -ve densi.ty c o r r e c t i o n  for other p re s su res  f r o m  t h e  experimental  

work of TsederbergZ3 i s  includkcl. These equat ions,  i n  me t r i c  u n i t s ,  are: 



( ~ 4 )  = 0.714046 x t 0.328159 x lou5 T - 0.42803 x 1 0 ~  9 
0 

(A.6A) 

iCI* -I ( K 4 ) ( I +  (1.73 X lo*) (P/T)1417 

(K4) = themmil conductivity of helium a,% 1.0 3;tm pressure, w/(cm2 K/ern)  
0 

~4 = t l i e m a l  conduct iv i ty ,  of helium, w/(cm2 K/cm) 

T = temperature, K 

~ O O K  < T < 1500~ 
P = pressure, atm 

I n  B r i t i s h  uni ts :  
(K4) = O.oliX26 + (1.05321 X 1o"")T - (7.6331 X lCq)e (A.6B) 

0 

Klr = ( K k ) ,  -t- (8.568 X l e )  (P/T)1.17 

~4 = thcrzal. conductivity of helium, (Btu/hr)/( ft2 -'F/ft) 
( ~ . 4 ) ~  = thermal conductivity of helium a t  1 atm (= 1k.696 p i a )  

pre ssure 
T = temperatwe,  'Rankine 

900'~ (=@O'F) < T < 2700°X (='r240°F) 
P = pressure, psia 

E, From Ref. 8: 
(9.23 X 10') (T - 273.162 
(T - 273.1-6)s - 4.29 X 101" ( K 5 )  ~(2.97 X lW3)  T'"' -t- 

0 

 KC^ = (KS)*+ 2.33 X l@ p i- 2.39 x 10-6 p" 

( ~ 5 ) ~ =  thermal conductivity,  w/m-K at P I 1 bar 

(Btu/hr)/(ft2-'F/ft) = 0.5779 X (w/m K) 

1 bar tl I O 5  H/m2 = 0.9869 a t m  
~5 = thermal conductivity, w/m k 

P > 1 bar 

p = density, kg/m3 

1b/f t3  = 0.06~428 x lCgjrn3 

T = temperature,  O K  . 
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In B r i t i s h  units: 

~5 := thermal  conduct ivi ty ,  (Btu/hr) /  ( f t2  - O F / f l ; )  

P S  1 b a r Z 3  a t m  

(K5) = thermal conductivity, (Btu/hr)/( f t 2 - ' F / f t )  
0 

rf ::: .t emu t.i -1 * ature, OR 

P = pressure, psia 

F. From Ref. 24: 

(A.8A) 

T = K  

The cons tan t  terms m d  app l i cab le  temperature ranges are shown on t,he 

following t a b l e .  

2OOK t o  5OOK 500~ to IOOOK 5X to 45K 
3'R t o  81'R 900~ t o  360"~ 360'R to 9OOOR 9OOOR t o  1800OR 
-li-51°F to -379°F -3'7O'F to -100°F -1OOOF t o  440'F hh-O°F to 1340'F 

5 0 K  t o  2OOK 

A 14.7978 9.97104 6.61227 7.48415 
B 48.29403 5 30.2 60 2 429.73 1h29.50 
c -30.03851 -25632.5 -3,765 39 -45815.2 
D 0.0 522 649 2 34,.(3aoo 0.0 

Avg. 0.5 0.2 0.0 0.1 
Deviation, $ 

Devi at i on, % 
M a x .  1.9 at; 45ic 0.3 at 130K 0.1 at 240K 0.2 a t  9OOK 



For the temperature range aO*F  t o  1340'F the above fornula in Br i t i sh  

units is: 

T = 'Rankine 
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Appendix B 

ThcrmaJ Condiicti v l t y  of Hel ium-TJi  'irogen bl.ixtiires 

This  xppendix descr ibes ,  i n  d e t z i l ,  t he  procedure a n d  the support ing 

d a t a  used t o  develop Ey. W.A3 used i n  t h e  CACHE program t o  evaJ-im%e the 
thermal  conduct iv i ty  of mixtures of hel.i.um with air  and a i r - l i k e  gases 

having molecular weights i n  t h e  region 28 t o  32. 
Therniophysical d a t a  on t h e  t r a n s p o r t  p r o p e r t i e s  of t hese  mixtures 

i s  sca rce  and does not  cover t h e  coinplete range of compositions and 

temperatures requi rzd  for HTGR app l i ca t ions .  The ta ,b~fiat i .ons and c u i ~ - e s  

of conducti.vi.l;y i n  Ref. 10 are t h e  bases  f o r  Eq. 1V.A3 i i l  Scc t ion  IV of 

t h i s  r e p o r t ,  T'ne d.a.ta, F5.g. 10, Sec t ion  IV, of nitrogen-helium con- 

d u c t i v i t y  a t  601~~' versus  the  mole f r a c t i o n  of n i t rogen  was used Lo 

produce a -fi.Lting equat ion  r ep resen t ing  the vax5at;i.on of conduct iv i ty  
wi-th composition. The e f f e c t  or gas temperature was obtained. from the 

d a t a  a t  60.1.OF m d  213°F. 

p r e s s u r i z a t i o n  Acc.i.dent (DBupl) occurs ,  fol.l.owed 'by t h e  ing res s  of a i r  

i n t o  t h e  P res t r e s sed  ConcreLe Reactor Vessel ( K R V ) ,  it i s  expected t h a t  

a, p o r t i o n  of t h e  core  gr8,phite w i l l  be p a r t i a l l y  oxidized producing 
carbon monoxide. Toe c ~ r e  CoOl.ant gas will consist p r i a c i p a l l y  of helium 

d i l u t e d  v i t h  n i t rogen  and carbon monoxide. The composition w i l l  change 

wi th  elagsed time after t h e  DBBA.. Because no d a t a  on t h e  c h a m c t e r i s t i c s  

of such t h r e e  component mix-Lures was l oca t ed  'p and because the mol.ecular 
wei-ghts, c o n d u c t i v i t i e s ,  and v i s c o s i t i e s  of a i r ,  carbon monoxide and 

n i t rogen  are similar 

it has been assimed t h a t  Lhe helium-nitrogen data i s  app l i cab le  t o  t h e  

post-DBDA atmosphere i!i the PCRV. 

Di t h e  iml. ..ikely event  khat a Design Basis De- 

(F ig .  7 i n  Sec t ion  IV and Table 62 i n  A ~ p e n d i x  C), 

Equati.on I V . A 3  was developed 5.n two p a r t s .  The fi-rst descr ibes  t h e  

va,riaf,ion of m.Sxtwe conducbivity wi th  composition at 601'F; t h e  second 
i s  a term suppl.ying t h e  temperature  v a r i a t i o n .  The s tep-by-step pro- 

cedure fol.llows: 

(I) It may be observed, Fig. 8 and Fig. 9, thai; the gene ra l  shape 

of the  curves of  conduct iv i ty ,  k, versus  F, t h e  mole f rac t i -on  of N2 01' 02, 

f o r  mixtures  of helium with  n i t rogen  or oxygen Yeseiiibles a hyperbola. 
n iherefore, an equat ion  of the Corn 
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- A  
kl = a+-F 

vas used to obtain an approximate fit to the data. In this equation 

'k = thermal conductivity, (Btu/hr)/f't"-'F/ft) 

F = mole fraction of the diluent gas, or CO. 

A,B = constants 

The constants, R and B, were determined so that the "correct" v%liie at 

601'F for pure helium (F = 0) from Eq, 1.M and the experimental value 
at F = 0.6 in Table 85b, Ref. 10, were satisfied. 
is 

The resulting equation 

kl z= 0.03991 
0.27716-t~ 

It was not anticipated that this simple equation would. be adequate. 

Additional terms were added to reduce the errors, defined thus: 

E(F) 4 k - (13. PA) exp 

E(F) = error, the difference between the experimental values of k 

for F > 0 and kl defined by Eq. I3.B. 

k = kl af; &Ol0F from Table 85b, R e f .  10, except at F = 0 as 
EX"$ 

noted above. 
The error, 

nomial in F and 

6Ol"F became 

k z k  
o exp 

E(F), was approxima,ted by a least squares fitting poly- 
the f ' i ral  equation for mixture conductivity, ko, at 

= kl -t E(F), (Btu/hr)/(ft2-OF/ft) (3.2B) 

E(F) = - 0.003196 + 0.07014~ - 0,15747$ + 0.0861& (B.2C) 

and 
0*03991 
0.277161F - .003196 I 0.07014F - 0.15767F 1- 0.086~P ko = 

(13 * 3 A j  

This equation, B.3A, fits the data at 601'F within 3% over t2.e 

entire range of nitrogen-helium composition. In the r a n p e  of interest, 

when the mixture molecular weights itre from 6.0 to seldom CT eves more 
than 20 corresponding to mole fractions, F, of air (nitrogen) from 0.08 
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to 0.66, t h e  maxinium error i s  the  order  of 1.5%. 
mpcrimnerhal and caicrr:! at,ed va lues  a t  607 OF, t h e i r  cli f fe rences ,  and 

Tnbl? B.l l i s t s  tlic 

the.i.r ratios. 

The dependence 

t o  be of the  form: 

conduct ivi ty  with temperalxre was assumed" 

(B.4A) x -- ko (71/To) 

, (f~om Eq. B.3A) 

T = abso lu te  temperature of mix t i i r e ,  OR 

The exponent, x, i s  based on the data i n  Tablc &b, Hef. 10, which 

shows values of k versus F at temperahwcs of 32*F, 86"P, 113"F, =lll.g°F, 
,and 601% 
evaluated wi th  the rclatl: on 

Using bhe t abu la t ed  values of  k at 2lg'F and h O l O F ,  x was 

x = log (k/ko)/ log (T/To) 

k, ko - thermal  cond.i.i,ctivii;ics, Table 85'0, of 3, he.!.i.un-nitr-ogen 

(3,TA) 

r1i.i.xtix.i.e bo th  wi th  the same rn0l.e f r a c t i o n ,  F, of n i t rogen  
at temperatxre T = 679"~ and To = 1.061~~.  

a f t  e r i n s  e rt ing temperatures  
x = -2.2h .log (k/k ) (B.5B) 0 

F i g w e  B.1 shows t h e  exponent, x, p l o t t e d  as a func t ion  of F. The vsri- 

ation of x is ,  unfor tuna te ly ,  l a r g e r  than des i rab le ;  from a minimum of 

0.53 t o  a maximum of 0.82. Because this variation d i d  not  have a r e g u l a r  
pa t t e rn ,  it was a r b i t r a r i l y  decided t o  esl;%bli.sh x 8s a, constant by us ing  

~ ~ i e  ar?lthmetic average, 0.66, of t h e  val.iies of' x shown i n  Fig.  B . l .  

final equat ion f o r  t h e  t k r r a d .  cond.uctivity of  t hese  helium-nitrogen 
mixtures  i s  

1 . 1  The 

(B.6A) 
(Also IV.A3) 

Fi,e;ur~ 10 iii  Sec t ion  TV displays curves of k from Eq. B.6A as a function 
of temperature and composition. 
gen a r e  also shown for comparison. The agrccrnent, wheir: E := 0 ,  with t h e  

The data f o r  pine heljum and pure n i t r o -  
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Fig. B . 1 .  Var ia t ion  of t h e  exponent of temperature in an equation 
for thermal conduct iv i ty  of helium-nitrogen mixtures assumed t o  have t h e  
form, 

k = ko TX; 

A t  F = 0 ;  x -L 0.71 f o r  pure helium, Ref. 1 o r  Eq. I.A.3 
A t  F > 0 ;  x has been ca l cu la t ed  from experimental  values  of' thermal. 

T = absolu te  temperature 

conduct iv i ty  a t  temperatures of 377.2K and 589.2x, Table 85b, Ref. 10. 



pure helium d a t a  i s  e x c d l e n t .  The agreement, when F = 1 . 0 ,  wi th  t h e  

n i t rogen  d a t a  i s  not; as c lose ,  but no s i t u a t i o n s  have been pos-Lulated 

i n  which F ,  the mole f y a c t i o n  of  n i t rogen  i n  t h e  ni ixt ixe,  i s  above 0.6 .  

Furthermore, the  exact  composition of  PC3V atmospheres af ter  DECAs ran- 

not be f o r e c a s t  wi th  extreme accuracy. The ixncerta.int,ies i n  f o r e c a s t i n g  

t h e  post-D3DA gas compositions and t h e i r  v a r i a t i o n  with elapsed time 

arter i-eactar shutdown w i l l ,  i n  a1.1. likelihood, be g r e a t e r  t han  errors 

i n  eva lua t ing  gas mixture thermal transpol-t p r o p e r t i e s .  

Table B.l. Comparison of cxperbnental* and calculatedH 
thermal  cond.uctiv.i t.i.es of helium-nitrogen 

gas mixtu-cc s at 603." F 

F. Thermal conductivitv . 
/ 

Mole 
frraction 
nitrogen, 

Y ,  

( H tu/hl*)/ ( ft2 -OF,/ ft  ) 
Expe riment al, Cal culated 

exp. k kcale  

0 

0.1 

0.2 

0.3 
0.35 

0.05 

0.15 

0.25 

0.4 
0.45 
0.5 
0- 55 
0.6 
0.65 
0.7 
0.75 
0.8 
0.85 
0.9 
0.95 
1 

0.1434 
0.1184 
O.lOh? 
0.0976 
0.0996 
0.0826 

0.0641 
0.0589 

0. o Q 5  

0. oh9 
3.88000~-2? 
0.0362 
0.0337 
0.0315 
0*@95 
2.76000E-2 
2.580003-2 

0.0763 
6.99OOOE-2 

0.054 

0.0455 

0.981618 
1. W y c 4  
1.0114 
0.958731 
0.99145'T 
0.98692 
0.38Wi 52 
0.992 166 
0 9995 13 
1. 004 41. 
1 01046 
1.01.52 3 
1 e 01581 
1.01356 
1,00565 
0.9917% 5 
0,983585 
0,977721 
0.979622 
0.9962 43 
1,03259 
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Appendix C 

The Viscos i ty  of H e l i u m  

The Vi scos i ty  of Pure H e l i u m  

The information i n  t h i s  appendix was cleveloped i n  the  process  of 

ob ta in ing  tine equat ions i n  Sec t ions  I a s d  I V  desc r ib ing  the v i s c o s i t y  

of  pure helium and hel ium-air  mixtures .  

Before f i n a l l y  s e l e c t i n g  Eq. 1.132 (Sec t ion  I ) ,  s e v e r a l  sources of 
v i s c o s i t y  da ta  on pure helium were loca ted  and reviewed. 

sequent paxagraph s i x  equat ions  and t h e i r  sous'ces a r e  l i s tcc i .  

similar numerical  r e s u l t s  a t  650"~. 
t h e  mean helium film temperature  i n  t h e  c e n t r a l  reg ion  of an HTGR Core 

Auxi l ia ry  Heat Exchanger. The s i m i l a r i t y  i s  i l l u s t r a t e d  by Table C . l .  

I n  a sub- 
A l l  g ive  

This  i s  a, r ep resen ta t ive  value €or 

Table C . l .  The v i s c o s i t y  of pure helium a t  650OF evaluated 
with Equations C.1B through C.63, i n c l u s i v e .  

E quat  i o n  Reference v i s c o s i t y ,  lb, /(ft-hr) 
C .1E R i s ;  Report 224, R e f .  1 0.0798 
(2.2 GA Co., Ref. 20 0 0779 

c.4c Borika and Vogt, R e f .  8 0.0777 
C.5B J. M. Wright, Kef. 6 0.0778 

c.3 J. P. Sanders, Ref. 2 0.0789 

C.6B ASHRAX, Ref. 24 0.0788 

Equation A.2B i n  Appendix A i s  a method of e s t ima t ing  t h e  e f f e c t  of mall 
v a r i a t i o n s  o r  d i f f e rences  i n  v i s c o s i t y  on the f i l m  c o e f f i c i e n t  of  h e a t  

transfer. 
changes i n  conduct iv i ty  and t h e r e f o r e  no d e t a i l e d  comparaS,ive t a b u l a t i o n s  

of v i s c o s i t i e s  based on these  equati.ons a r e  provided. For example, i n  
Table C.l t h e  rnaxiinum and minimurn values ,  0.0798 and 0.07'77, d i f f e r  by 
0.0021. 
formance computation w i l l  be  less t han  1.05, 

The fi lm c o e f f i c i e n t  i s  less s e n s i t i v e  than  f o r  s i m i l a r  

The e f f e c t  of t h i s  incremental  d i f f e rence  i n  a t y p i c a l  CA_HE per- 



It has been s t a t e d  elsewhere i n  t h i s  report, t h a t  t h e  v i s c o s i t i e s  of 

air ,  ni t rogen,  carbon monoxide, and oxygen a r e  genera l ly  simj.lar and 

follow sinfilar trends with  temperatin-e. 

t i e s  based on equations in Ref. 2h and R e f .  2 5 .  

ca lcu la t ed  v t s c o s i t y  data i n  B r i t i s h  and metr ic  units, 

Figure C . 1  shows t hese  v i s c o s i -  

T a h l p  (3.2 provides  

Equations f o r  Ca.t.cul.ating the Viscosi'cy of  IEe1.5.im: 

A. From R e f .  1,: 

p = (3.674 x KI-')!!?*~' 

p = v i scos i ty ,  kg/ (m-sec ) 

T =: temperature, K 

273 K < T la00 K 

in British unibs 

p = (5.890 x i o m 4  )T'"~O 
)L P vTscosity,  lbm/(ft-hr) 

T = temperature, O R  

460'~ I T 5 Z 4 O 0 R  
O O F  I T 2780~~' 

( c .lA) 

(C.1B) 
(Identical. t o  

Eq. T e B 2 )  

Petersen' states: 
2.7$ at 1800 K, ice., 0 = 0.0015 ;I$." 

"The s tandard deviat ion,  0, i s  about 0.4% at  2'73 K and 

B. From Ref. 20 : 

I.L = 6.9 X l o m 4  lbm/ft-lm 

T = ORankine 

(C.2)  

C. From Ref. 2,:  

Sanders, u s ing  Ref. 3 f o r  source ma,tci.ial., presents t h i s  empi r i ca l  

e q u a t i  on f o r  he f.iuui v i s c 0 s it y : 

p = (6.7 x ~O-")T'"~~ Ib,/(ft-ahr) N . 3 )  

T = temperature, "R 

Helium v i s c o s i t y  i s  s t a t e d  t o  bc independent of  pressure from straos- 
phe r i c  t o  2000 p i a .  
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Fig. C.l. The viscosity of' common gases with molecular weights 
from 28 -to 32, computed w i t h  equations in Ref. 24 and 25. 



TABLE: C.2 

TFMPERATIJRE V I  62 

D E G  c 
BEG c 

DEG R 
DEG K 

50 
10 

100 
3-?* 7778 

559 . 7 
310*904 

4.43696E-2 

609.7 
3323 . 722 

4.9 0526E-2 
2.02778E-5 

2'00 
83.3333 

659 -7 
364.5 

T O 9  R 7 
39 4 e278 

Sm30184E-2 
2.18 IS'FE-5 

5.57191 5E-2 
2 302 58E- 5 

300 

. 
350 
176.667 

5 . 829 R 38.: - 2 
2 4 099 3E S 

809.7 6.02270E-2 

4 50 
232.222 

69 5294SE-e 
2 699 13E-5  

909.3  

$00 
260 

1009.7 
5609944 

6.7721 3E-2 
2.78946E-5 

8 . 0 1 648E-2 
3.3 8 384E-5 

7.80828E-2 
2.89 T 8 7 E -  5 

1059.7 
588 I 782  

6.9?3 Ii 7E-2 
2 . 83s 08 3E- 5 

7.23843E-2 
2.99221E-5 

6 50 
343.333 

1189.7 
616.5 

7.2686PE-2 
2 . 9 7989 E- 5 
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---- V I S C Q S I T f E S  0 F  NZTROGENr OXYGEME W'!? A I R - - - -  

CBMPLVED F R 0 M  FOUATIBNS I N  T Y E R M O P H Y S I  CPL PRPIPERTE ES 
OF RFPRT GFRANTS ASWRAF 19 73* 

TFMPERATIIRE V E  v r 0 2  Qr C\f 8 

l 3 f G  F DEG R LB/FT-HR LB/TT-HR LB/FT-XR 
DFG C DEG K K G/M-  5 KGPM-S K G / M - S  

700 1159.7 7.4 1887E-2 8.8 IS WE-2 7.682 i 7 ~ - 2  

7 50 1209.7 i.62425~-2 9 * 0738 1 E-2 7. 89645E-2 

371 1 1  1 644.278 3 06 68 OF-5 3.64550E-5 3.1756%-S 

398 * S 8 9  672 056 3*15170E-5 3. 75092E-5 3026422E-5 

1259.7 
699*U33 

7.82507E-2 
3.23472E-5 

8 02 1 S9E-2  
3 3 1 59SE-5 

9 c 3232SE-2 
3085403E-5 

8 - 1 O 6 O 6 E - 2  
3.35087E-5 

8 50 
454.444 

1309.7 
727.61 1 

9 5434 1 E-2 
3 * 9 5 49 6E-§ 

9 00 
482 * 222 

1359.7 
7 5 5 -  389 

9 5 0  
510 

1409.7 
783.167 

8 709 47E-2 
3.60031E-5 

logo 
537.778 

1459.7 
8 10.944 

8 . 58775E-2 
3.55001E-5 

0.10271. 
a. 24 5s 3 ~ -  5 

R * 9 028 7E-2 
3.68026E-5 

1050 
5 b 5 *  556 

8 769 40E-2 
3.62508E-5 

9 09273E-2 
3*75874E-5 

1 t O Q  
593 3.33 

1559.7 
866.5 

8 094777E-2 
3 . 6988 2E- 5 

0.107185 
4*43079E-5 

9027923E-2 
3 8 358 4E-5 

9.12305E-2 
3-77127E-5 

9.29538E-2 
3 8 42 51 E-5 

1 1 5 0  
621 0 1 1  1 

1609.7 
894.278 

0.109363 
4. 52085E-5 

1200 
648 e889 

1659 7. 
922. OS6 

0.11 1505 
4.609 39E-5 

9 64277E-2 
3.9861 1E-5 

1250.. 
676-  667 

1300 
7 0 4  - 444 

1709.7 
949 ~ 8 3 3  

9 4649QE-2 
-3.9 1259E-5 

0.113612 
4-  69 648 E-5 

9.82OQ9 E-2 
4.05942E-5 

1759.7  
977.611 

9 . 6 3  1 73E-2 
3.98 155E-5 

01 115685 
A *  782 19E-5 

9 *99462E-2 
4-13156s-5 

1350 1809 7 9 79 600E-2 0- 1.17127 0.101665 
732 222 1 OO5.39 A *  04946E-5 4- 86657E- 5 4020261E-5 



D. From Ref. 8,: 

Bornka and Vogt give these equations for heliura viscosity: 
0.60 

= (3.70 x 10-7)T ( C . 4 A )  P O  

-- + (2.67 x 1 0 " ~ O ) p ~  (C.LL3) 

+ ( 5  x 1OW7)/(0.52 -!- T/569.6) 

- viscosity, N s/m2 bo  - 
P 2  1 bas 

p = viscosity, N s/m2 
P > 7 bar 

T =: Lernperature, K 
p = d.ensity, kg/m" 

The density correction is negligiblc,  1 park in lo9, a id  c m  be 
ignored in IIIL'GiI computations. 

In British units the  equation for viscosity is: 

IJ.0 = (6.095 x 10"~~) T ~ " ~ ~  4- 1.2095 x i0-~/(.52 

P O  

9.7534 x io"%) 
( @  . 4 C  ) 

= viscosity lb,/ft-hr 

T = teniperature, "R 

E. ~ r o n !  ~ e f .  6.: 

,u =: viscosity, poises = g/(cnn-sec) 

T = temperature, K 
15K 5 IC 2 logOK 

After rearranging and converting to British units, the equation is m i t t e n :  

P = (3.75 x lo-') T (0.1842 .i 1/1).1842T0'75)-0'47 (c.513) 

p = viscosity,  lbm/(ft-hr) 

T = ternperatwe, O R  

27% 2 T 5 1 9 6 0 ~ ~  
-433°F 5 T S l5OO'E' 

Wright states that t h e  average e r r o r  in this equation is O,@. 
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F. From R e f .  24. : 

"his MIiKAE publication contains a n  equation having the general 

f orin: 

c L =  To'" / (A + B/T + C/T2 i- D/T3) (C.6A)  

p = viscosity,  (N S/m2) x lo-" 
N s/n? = kdm-sec  

T = temperature, K 

The constants and the  accuracy of the f i t  are  tabulated f o r  three tempera- 

t u re  ranges. 

Temperature range 
1.25 K to 20.0 K 20 K to 300 K 300 K to 1000 K 
2.2'5'R t o  36.0°R 36,O"R to 540°F 54O"R t o  1800°R - 457.'C°F to -423.7OF -424OF t o  80°F 80°F to 13)+G°F 

A 1.1.187 1 0,83477 0 5 5'7 97 
B 3 30741 2.411262 180.017 
C -0.18070 -592 0753 -40566.2 
D -1.13103 5650.18 4431360 

Avg. dev. 0.2% 1, b% o*($ 
Max. dev. 0.6 a t  20 K 4.3% a t  300 K 0.5% at  950 K 

I n  Br i t i sh  un i t s  t h i s  equation becones 

p, r l bd f t -h r  

T = temperature, OR 

54O"R T 1800~~ 
8 0 0 ~  2 T 5 1 3 4 0 ~ ~  
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Appendix I) 

The S p e c i f i c  Heat of Hel.im- 

A i r  Mixtures 

When t h e  composition of  a, gas m.i.xture i s  known o r  e s t ab l i shed ,  and 
klie s p e c i f i c  h e a t s  of t h e  i n d i v i d u a l  gases i n  t'ne mixture a r e  knowlz, 

t h e  s p e c i f i c  hea t  of  t h e  mixture  i s  easi1.y determined. I n  s t r i c t  terms 

a mixture of  a i r  and helium c o n s i s t s  of  t h ree  components; however, 
s i n c e  t h e  thermal. transport pro.per t ies  of a i r  are well e s t a b l i s h e d ,  it 

w i l l  be  considered as a s i n g l e  compomnt gas, Gas composition i s  usu- 
a l l y  expressed i n  terms o€ male f r a c t i o n s  of t he  compoilents OT t h e  molec- 
id.ar weight of t h e  mixture.  Mixture s p e c i f i c  hea t  i s  dependent on t h e  

ve igh t  f r a c t i o n s  of  t h e  c o n s t i t u e n t  gases. The equat ions that i n t e r -  
re lskc th9se  modes of stating composition are simple a,nd w e l l  known; 

t hey  are included 8s a ma t t e r  of  convenience. For a two component gas, 

a i r  m d -  bel-ium, tine composition equat ions a r e  outlined below. 

1. Symbols: 

Subsc r ip t s  . . . . . . . . . . . . . . . a, h, and m r e f e r  t o  
ah-, helium and n ix-  
t u e s  of air w i t i z  
helium respec t ive ly .  

A E: molecul-ar weight 

A, = 28.97 
% = lc.08 
F = mole f r a c t i o n ,  moI.es/mole of mixture 
TrJ = weight/mole, lbs/mole o f  mixture 

Y = weight f r a c t i o n ,  lbs / lb  of mixture 

= s ~ e c i f i . ~  hea t ,  B tU/ lb -OF 
cP 
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2 .  

3 .  

4. 

5. 

Weight f r a c t i o n s  when t h e  molecular weight of t h e  gas  mixture  i s  
given: 

Mole f r a c t i o n s  when the  weight f r a c t i o n  i s  given: 

(C.2A) 

Mole f r a c t i o n s  when t'le molecular weight i s  given: 

- 4.00 - Am - *h - 'm 
- 24.97 Fa Aa - Ah - 

S p e c i f i c  Heat: 

(D.IA) 

(D. 4A) 

The specific heat at cons tan t  pressure, (Cp)a of a i r  vas obta ined  
from a tabula t ion++ of e n t h d p y  versus temperature  5.n Ref. 26, thus: 

k least squarez f i t  (Ref. 11) with a second. degree polynomial was used 
t o  approximate t h e  t a b u l a t e d  va lues  o f  (Cp)a so obtained.  

equat ion  is: 
The resulting 

*This t a b u l a t i o n  has been abs t r ac t ed  from Ref. 27. 
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(C ) = 0.23011- + (3.7672 x ~ o - ~ ) T  - (4.860 x 10-”)lc2 (D .8A) 
T = O F  (Also Eq. IV.C3)  

P a  

Table D.1., the pr in tou t  of the fitting program, contaims the 
tabulated values of Ah/AT and (C 1 
comparison of ( C  ) 

P a  
is in Flg. D.1. 

heat of air-helium mixtures at 5OO’F and 900°F, computed by substi tuting 
Eq. D.8A i n t o  Eq. D.7A. 

computed with Eq. D.8A. h graphic 
from Eq. D.8A with  the  tabul-ated v-aliies i n  Ref. 27 

P a  

Figure 111. i n  Sect ion I V  shuws CIETT~S of the speciftc 
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ORNL DWG 16-2173 

Fig .  D.1. 

"The continuous curve r ep resen t s  t h e  equat ion:  

Calculateda and tabula tedb  values  f o r  the s p e c i f i c  heat 
of aii- a t  constant, pressure. 

c := 0.2304 + (3.7672 x 10-5) T I (4-86 x 10-9) ~ 2 ;  'r = OF 
P 

0 ,  From Keenan and Kaye, "Gas Tables ,if Ref. 2 7 .  
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