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Results  are  shown of an experimental  study concerning the heat t r ans fe r  in liquefied gases 
(nitrogen, argon, and air) in the super -c r i t i ca l  range.  The test  data a re  general ized on the 
basis of thermodynamic s imilar i ty .  Universal relat ions a re  derived. 

The thermophysica l  proper t ies  of substances in the supercr i t ica l  state change abruptly, which leads 
to some pecul iar i t ies  in the heat t r ans f e r  p rocess .  

The authors have studied the heat t r ans fe r  in liquefied gases (nitrogen, argon, and air) under super-  
cr i t ical  p r e s su re s  on a test  stand a descr ipt ion of which was given in [1]. 

The range of tes t  t empera tures  was 0.87 -< T / T c r  --< 1.19. The p r e s s u r e  was var ied over the ranges 
1.175 <- P / P e r  -< 2.92 in nitrogen and 1.175 -< P / P e r  -< 2~ in argon. 

P r e s s u r e s  higher than P / P e r  = 2.04 could not be produced for argon on this stand, because the la t ter  
had been designed for an operating p r e s s u r e  of 100 bars .  

The heat load was var ied from 550 to 11,500 W/m 2. 

The test  mater ia l s  were 99% and 99.999% nitrogen concentrates  and grade A argon according to GOST 
(Government Standards) 10-157-62. 

Nitrogen was tested in horizontal  tubes made of grade Kh18N9T steel in two d iameters :  2.80 and 
10.01 ram, argon was tested in the 2.80 mm tube. 

Air  was tested in the 10.01 mm tube at a single heat load level q = 3150 W/m 2 under p re s su res  
P / P e r  = 1.175 and 1.47. 
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Fig. 1. Heat transfer coefficient ~ (W/m2.~ as a 

function of the nitrogen tempera tu re  TN2 (~ at q 

= 3000 W/m2: P / P e r  = 1.175 (1), 1.47 (2), 1.75 (3). 
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F ig .  2. M a x i m u m  hea t  t r a n s f e r  c o e f f i c i e n t  a m a  x (W/m 2. ~ a s  a funct ion  of  the  p r e s s u r e  P / P e r ,  
a t  v a r i o u s  hea t  l oad  l e v e l s  q {W/m~): 550 W / m  2 (1), 3000 W / m  2 (2), 5000 W / m  2 (3), 11,200 W / m  ~ 

(4). 

Fig. 3. Heat transfer coefficient a (W/m 2. ~ as a function of the argon temperature TAr (~ 
at q = 11,500 W/m2: P/Per = 1.175 (1), 1.47 (2), 1.75 (3). 

The heat transfer coefficient a as a function of the nitrogen temperature TN2 is shown in Fig. 1 for 
various pressures in the 2.80 mm tube. 

According to the graphs, coefficient a passes through a peak. This peak becomes lower with rising 
pressure and shifts toward higher temperatures. The curve becomes flatter with rising pressure. 

The results indicate that at pressures P/Pot = 2.34 and 2.92, far beyond the critical level, ~ has no 
peak and varies negligibly little with temperature. Such a trend is noted at all the given heat load levels. 

This pattern of a variation within the test range is explained by the way in which the thermophysical 
properties of nitrogen depend on the temperature and the pressure. An analysis of these relation shows 
that amax corresponds to temperatures T m at which c_ is maximum. These temperatures at pressures 
plotted in Fig. 1 are respectively T m ~ 129~ at P = 3~.5 bars, T m = 134~ at P = 48.0 bars, and T m 
= 140~ at P = 57.5 bars. 

The  g r a p h s  in F ig .  1 i n d i c a t e  a l s o  t ha t  a does  not  depend  much  on t h e  p r e s s u r e  a t  n i t r o g e n  t e m p e r a -  

t u r e s  TN2 >> T m and TN 2 << T m .  

As  h a s  been  m e n t i o n e d  e a r l i e r  [2-4],  t h e  p e a k  v a l u e  of a d e c r e a s e s  with i n c r e a s i n g  hea t  l oad  q. Such 
a t r e n d  of  ~ m a x  i s  no ted  a l s o  h e r e  u n d e r  p r e s s u r e s  P / P e r  < 1.4. Under  P/Pcr > 1.4 t he  p a t t e r n  r e v e r s e s  

(Fig. 2), 

It must be added that P/Per did not exceed 1.2 in the [2-4] tests. 

When explaining the mechanism of heat transfer in the supercritieal range, Goldman [5] notes that 
large clusters of molecules in the liquid break up as they come in contact with the heat transfer surface 
and form nodules of single molecules within the liquid. 

Apparently, under near-critical pressures P/Pcr < 1.4 and near T m under heavy heat loads these 
nodules form a layer which separates the wall from the liquid. This layer has a high thermal resistance 
and this results in an abruptly increasing wall temperature. As the pressure is raised further, P/Per 
> 1.4, the formation of those nodules becomes more difficult and they become less stable. For this rea- 
son, t he  t r e n d  of t he  a v a r i a t i o n  with  t h e  h e a t  l oad  r e v e r t s  to  n o r m a l .  

T A B L E  1. Va lues  of Gu, Me, and K fo r  S e v e r a l  G a s e s  

substance 

Nitrogen 
Argon 
Air 
Oxygen 
Methane 
Carbon oxide 

T s 

0,612 
0,580 
0,605 
0,585 
0,585 
0,605 

Criterial number 

Me=ln Pe r  

3,5! 
3,86 
3,64 
3,93 
3,85 
3,55 

~= Rrcr 
Per Vcr ; 

3,42 
3,43 
3,42 
3,42 
3,52 
3,56 
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TABLE 2. Values of Exponents ml, m2, m3, and m 4 

With n=0,16 With n~0,1 

ml m~ m s m4 m~ mz mz m4 

--0,42 0,42 0,84 --0,58 --0,45 0,45 0,9 ~0,55 

The nitrogen tests in the i0.01 mm tube have shown that the tube dimensions do not, within measur- 

ing accuracy, affect the value of a. It is well known that in the GrPr > 2.107 range the heat transfer pro- 

cess is autonomous [6]. In our tests the product GrPr varied from 3 �9 105 to i0 I~ 

No effect of the impurity content on the value of a was noted as the coneentration of nitrogen had 

changed from 99% to 99.999%. An explanation for this may be that the impurities in nitrogen obtained from 

air are oxygen and argon, whose critical parameters do not differ much from those of nitrogen. 

The heat transfer coefficient ce as a function of the argon temperature under a heat load q = 11,500 

W/m 2 is shown in Fig. 3 for various pressures. According to the graphs, a here also passes through a 

peak as the temperature is varied. 

The value of amax decreases with rising pressure and shifts toward higher temperatures. 

In the case of argon, too, one notes that Cema x decreases with increasing heat load q when P/Pcr 

< 1.4 and that amax increases with increasing heat load q when P/Pcr > 1.4. 

Thus, the trends of the a variation depending on the test parameters are the same for argon as for 

nitrogen. 

Coefficient a is usually determined from criterial equations derived on the basis of a test data eval- 

uation by the theory of similarity. The physical properties of substances are then considered constant. 

Within certain ranges of practical interest, however, such as the supercritieal range, for instance, 

the physical properties vary considerably and cannot be considered constant. Especially appreciable is 

the change in the specific heat Cp, which under normal conditions depends very little on the temperature. 

This fact must be taken into consideration in establishing the similarity laws for heat transfer pro- 

cesses. Namely, to the system of differential equations describing these processes must be added equations 
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Fig .  4.  E v a l u a t i o n  of  t e s t  d a t a  i n  t e r m s  of t h e r m o d y -  
n a m i c  similarity criteria: nitrogen (i), argon (2), air 
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which define the tempera ture  dependence and the p re s su re  dependence of the physical proper t ies .  These 
equations may differ in form from substance to substance, since in most  cases they are  purely empir ical .  
Their  addition to the fundamental sys tem of differential equations resul ts  in different complete sys tems 
for different substances.  

Consequently, the phenomena under study here  may not be assigned to the same  class .  

The cr i te r ia l  relations based on the theory of thermal  s imi lar i ty  are  applicable to all phcnomena of 
any given class charac te r ized  by the same values of the s imi lar i ty  numbers .  It follows from here  that a 
derivation of such universal  relat ions for the specific cases  in our study is fraught with difficulties. 

Universal relations of a more  l imited scope can be obtained on the basis of the thermodynamic s im-  
i lar i ty  theory.  

According to [7], any thermophysical  proper t ies  of substances can be expressed as a product of two 
quantities: a dimensional and a dimensionless one: 

~(='[i "~- Tcr, Pcr, R ~2 P T Cv~ 
' ' Tcr R (1} 

The relat ion between the fundamental quantities affecting the rate  of heat t r ans fe r  during boiling in a 
large volume can, within pract ica l  accuracy ,  be represented  by a power law [8]: 

~ = c ( r  z, ,  p",, @,  . . . .  ). (2) 

In the case  of thermodynamical ly  s imi la r  substances,  relation (2) with (1) for boiling in a large  
volume can be represented  as [8]: 

/ ~  ml $ ms o:c (T ) . L ) .  

The ra te  of heat t r ans fe r  during natural  convection is defined in t e rms  of the same pa rame te r s .  

As has been said already,  a m a  x dec reases  with r is ing p r e s s u r e  and shifts toward higher t empera -  
tures ,  i . e . ,  the variat ion of a follows a par t icu lar  t rend at every relat ive p r e s s u r e  level. In order  to 
combine all these t rends  into a single expression,  we have introduced the p a r a m e t e r ( T L / T c r ) / ( T m / T c r ) .  

In this Way, for our case Eq. (3) becomes 

M m'Rm, pro, P (4) 

The r ight-hand side of this equation must  have the dimension of ~.  Knowing the relation between e 
and q from tes ts ,  one can determine the exponents m I, m 2, m 3, and m 4 by dimensional analysis .  These 
exponents are  then [9] 

n--1 l + n  
m 1 = - -  rn, - -  ; ma= l--n; --m 4 = 

2 2 

Our study was concerned with thermodynamical ly  s imi la r  gases .  The values of the criteria1 numbers  
K for nitrogen, argon, and air  a re  close.  Their Guldberg numbers  Gu and Mendeleev numbers  Me are  
close.  Thermodynamical ly  s imi la r  gases  are  also 02, CH 4, and CO. The data in Table 1 confirm their  
approximate thermodynamic  s imilar i ty .  

Thus, if we general ize  the test  data on the basis of the thermodynamic  s imi lar i ty  theory,  then they 
will apply to all these gases .  

Exponent n of the factor  q in Eq. (4) has been determined from test  data. Inthe T L / T m  < 0.97 range 
n is equal to 0.16, in the T L / T  m > 0.97 range it is equal to 0.1. 

Values of the other exponent are  l isted in Table 2. 

A further  analysis has shown that the tes t  data ought to be evaluated in t e rms  of coordinates 

. . . . . m t ~ m 2 ~ m 3  mm,l 
where A = ~lvt/g) ~ -~er •  �9 
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This re la t ion based on tes t  data is shown in Fig. 4 for  all the gases in our study. 

Exponent 1 of the 19/19cr p a r a m e t e r  is equal to --0.45 within the range 0.97 < ( T L / T c r ) / ( T m / T c r )  
< 1.03 and equal to 0.2 in the range 0.97 > ( T L / T c r ) / ( T m / T c r )  > 1.03. 

This g raph  indicates  four regions of different  a var ia t ion  modes.  The mathemat ica l  express ions  
for  these  four regions are :  

0.74.~ T~cr/Tm.<'O,97 , 
Tc r ": 

r 1.4.4 Mo.4" e~.o.58 7;63 =-I q~ W/mL deg (5) 

Tm o.o,.<.. 

DO.9 

M" TTi kTcr 

1 .00< ~ 1 Tm -C. 1.03, 
Tcr ] Tcr 

s"-4 ['~ p -0.4~ TL T~ 
(Z 3420 Mo. 

TL / T~ 
1.03-< ~ct ~-.(..I.14, 

v[ a=695 P ~  " qO.i . (8) 
/1/10"45 T 0"55 t~-'~C~ ] 1--0.858 ~cr 
. . . .  CI: 

P r e s s u r e  P in formulas  (5)-(8) is  measu red  in N/cm 2. In the ranges 0.97 > ( T L / T c r ) / ( T m / T c r )  
> 1.03 the mean deviation of t e s t  points f rom the averaging curve  is +10%, the maximum deviation is *15%. 
Within the 0.97 < ( T L / T c r ) / ( T m ] T c r )  < 1.03 range the deviation of most  tes t  points does not exceed +15% 
and only a few values of a at r e la t ive  p r e s s u r e s  and t em p e ra tu r e s  T L / T  m close to unity deviate by up to 
*30% under  q < 3000 W/m 2. 
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