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Abstract--The heat-transfer coefficient of supercritical helium flowing both up and down an 18 mm i.d. 
vertical tube has been measured. The conditions covered were 4.4-15 K, 2.2-14bars, with heat fluxes 
up to 2500W/m 2 and Reynolds numbers between 5 x 10" and 106. The results can be represented with 
standard deviations of ~ 12% by Nu = cRe°SPr °'~ where c = 0.0218 for downflow and 0.0201 for 
upflow. Significant improvement in predicting heat transfer and an explanation of the variation of heat 
transfer with the wall to bulk temperature ratio (T~/T~) can be obtained if the bulk Prandtl number 
is replaced by one averaged harmonically over the range T,. to Tb. The upflow temperature profiles 
show buoyancy-induced peaks many of which occur at temperatures much higher than Tg. The peaks 
can be quite well predicted by Gr/Re 2~ > 2.4 x 10- s, a criterion suggested by Hall's model of buoyancy- 

induced heat-transfer degradation. 

NOMENCLATURE 

c, Dittus-Boelter coefficient, Nu/(Re°'SPr°'4); 
Cp, specific heat at constant pressure; 
D, test section internal diameter; 
G, average mass flow-rate per unit area, 4rh/nD 2; 
g, acceleration due to gravity; 
Gr, Grashof number Pb(Pb -- Pw)gDa/rl~ ; 
h, heat-transfer coefficient; 
h*, reduced heat-transfer coefficient hD°'2/G°'g; 
k, thermal conductivity; 
kA, thermal conductivity of test-section wall; 
L, test section length; 
m, mass flow rate; 
Nu, Nusselt number hD/k; 
p, pressure; 
Pc, critical pressure, 2,27 bars; 
Pr, Prandtl number Cprl/k; 
Pr~, Pr at T~; 
Pr, averaged Prandtl number; 
q, heat input per unit area; 
Re, Reynolds number GD/rl; 
s.d., standard deviation; 
t, test-section wall thickness; 
T, temperature; 
Tp., pseudo-critical temperature; 
T~, critical temperature, 5.20 K; 
To, outlet fluid temperature; 
T. inlet fluid temperature; 
Tw, inner wall temperature; 
Tb, bulk fluid temperature as determined from 

heat-balance equation; 
x, distance from start of heater; 
p, density; 
r/, viscosity. 

Subscripts 

b, parameter evaluated at Tb; 
w, parameter evaluated at Tw. 

1. INTRODUCTION 

SUPERCRITICAL heat transfer has received much atten- 
tion in recent years and there are several review 
articles [1-3]. The main problem has always been 
regarded as the large property variations occurring 
near the critical point; these cause the breakdown of 
conventional correlations, which deal with property 
variation by using a film temperature or by including 
property-ratio terms of the type (Tw/Tb)", (r/w,%) n, 
(CpdCp~) n. However, more recently, the effect of buoy- 
ancy forces, particularly in upflow in larger pipes, has 
been recognised, and identified as the cause of the sharp 
deteriorations in heat transfer encountered under these 
conditions [1, 2, 4-11]. 

Heat transfer to supercritical helium is of importance 
in the cooling of superconducting machines, magnets 
and power transmission cables and there have been 
several previous measurements [12-14] but of these 
only the work of Giarratano et al. [14] and of Ogata 
and Sato [15] deal with comprehensive measurements. 
Both these experiments used narrow tubes, 1-2mm 
i.d., so buoyancy effects were not important, and 
measured the wall temperature at only two points along 
the test section. Our test section was instrumented with 
18 thermometers for upflow and 9 for downflow. The 
conditions covered in the present work correspond with 
those likely to be encountered in a superconducting 
cable; they cover a considerably wider range of P/Pc 
and T/T~ than in experiments exclusively concerned 
with near-critical heat transfer. 

2. EXPERIMENTAL ARRANGEMENT 

Figure 1 shows the helium flow loop installed in its 
cryostat 1-25]. A centrifugal pump circulates the helium 
through the vacuum-jacketed test section, then through 
a turbine flowmeter (previously calibrated on helium) 
to a bypass valve, which allows some of the flow to 
pass directly back to the pump while the remainder 
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FIG. 1. The cryostat and 11ow loop. 
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passes through a heat exchanger immersed in liquid 
helium at its atmospheric-pressure boiling point of 
4.2 K. The figure shows the arrangement for upflow 
measurements, for downflow the test section is in the 
other leg of the inverted U section of the loop. The 
bypass valve can be controlled from outside the cryostat 
and its setting in conjunction with the heat input to the 
test section determines the bulk tluid temperature at 
the entrance to the test section. The flow velocity is 
typically I m/s which gives a loop transit lime of order 
5 s. The heat exchanger was large enough to maintain 
a fluid inlet temperature of ~ 4.5 K over the full range 
of heat input and flow conditions. 

Figure 2 gives details of the test sections. The heated 
section consists of HT 9 aluminium alloy drawn tube 
with a 28 s.w.g. Eureka heater wire wound onto it in 
a spiral groove of 2 mm pitch. The mixing chambers 
contain flow diffusers and the bulk fluid temperature 
is monitored at the mixing chambers by calibrated 
germanium resistance thermometers. The wall tem- 
perature of the test section is measured by carbon 
resistance thermometers [16]. These needed to be re- 
calibrated every run against the germanium ther- 
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mometers by running the pump with no heat input to 
the test section. A small correction for the temperature 
gradient across the wall was applied to the outer wall 
temperatures to obtain the inner wall temperatures. 
We estimate that temperature measurement was accu- 
rate to within 10mK. The readings of the inlet and 
outlet thermometers with no heat input agreed to 
within 5 m K. 

For various reasons mainly concerned with avoiding 
excessive boil-off from the helium bath it was not 
possible to maintain constant test-section inlet condi- 
tions whilst varying the heat input, and our measure- 
ment procedure was to set the bypass valve and pump 
speed and then to stabilize the loop at a series of 
increasing temperatures by adjusting the heat input. 

Our results thus consist of some hundreds of wall 
temperature profiles taken at fairly random values of 
inlet temperature, pressure, flow rate, and heat input. 
The variation of Tb along the test section was calcu- 
lated from the inlet-temperature and heat-input assum- 
ing a linear increase of enthalpy along the test section 
[the pressmre drop along the test section was negligible). 
Mass flow-rate was obtained from the inlet and outlet 
bulk fluid temperatures using a heat balance; we pre- 
ferred this to the value obtained from the volume 
flow-rate indication of the turbine flowmeter because 
of some uncertainty in the temperature and thus 
density of the fluid passing through the flowmeter, 
which is outside the vacuum insulating jacket. The two 
values of mass flow-rate anyway agreed to within 5% 
on average. 

The various helium thermodynamic properties 
needed in the analysis were determined from a cam- 
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FIG. 3. Variation of h* ( = hD°2iG °a) along the test section for a selection of downflow scans. 
(Table 1 gives details of all scans shown in the figures.) 

puter code of McCarty I17], viscosity from an equation 
of Steward and Wallace [19] and thermal conductivity 
from an equation of Roder [18]. These properties are 
estimated to be accurate to ~2 % except for thermal 
conductivity, for which, due to lack of data, Roder 
estimates an accuracy of only 20%. However, recent 
preliminary measurements of Acton (private communi- 
cation) indicate that Roder's correlation is actually 
accurate to better than 10%. 

The main source of error in the heat-transfer 
measurements is the measurement of temperature. This 
leads to an error of ~ 3% in h from errors in Tw-Tb. 
There is also an error of ~ 3% in flow rate resulting 
from errors in To-T~. Any sharp changes in Tw along 
the test section (e.g. a buoyancy peak) will have been 
affected by conduction along the tube wall. This means 
that detail in the temperature profile with a scale of 
less than (kAt/h) ~.: where t is the wall thickness and 
kA its thermal conductivity will not be fully resolved. 
This characteristic length is typically 10mm for our 
measurements. 

3. D O W N F L O W  R E S U L T S  

The heat-transfer coefficient h [ =  q/ (Tw-  Tb)] varied 
only slightly with x/D, typically by + 5% (see Fig. 3). 
The first thermometer at x/D = 2 always showed slight 
enhancement, due partly to the usual entrance effect 
and partly to heat conduction along the wall to the 
unheated part of the loop, but for higher x/D no 
systematic variation could be discerned and h settled 
to a steady value beyond x/D = 30. We therefore 
chose to analyze only the data for the thermometer at 
x/D = 40. These data comprised 161 points with p, q, 
Tb, and Re spread over the range quoted earlier but 
with 70% of the points having Tb < 7 K. The data were 
first fitted to the standard Dittus-Boelter correlation 

Nu = cRe°SPr  °'4 (1) 

giving c = 0.0218 and a standard deviation of 1 i.2%. 
Allowing the exponents to vary gave 

Nu = 0.0689Re °'? " P r  T M  (2) 

improving the fit to 9.1%. Figure 4 shows a comparison 
of the data with this correlation. The R e  °'711 rather 
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than Re ° s  dependence is unexpected; it is not attribu- 
table to near-critical property variation (equation 1 is 
strictly a constant-property correlation) since removing 
the near-critical data did not change the exponent. 

Equation (1)is often modified for variable-property 
fluids by including a (Twl'Tb)" factor. This did not 
improve the fit to our data as a whole, but, if the two 
sub-groups of data defined by Tb < Tw < T~ and 
T~ < Tb < Tw were correlated separately using such a 
term. the former group gave a best fit value of n of 0.4 
while the latter gave n = -0.7.  This can be understood 
if one postulates that Prb in equation (1) should be 
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FIG. 4. Variation of loglo(Nu/Pr °'~') with Ioglo(Re) for the 
downftow data. 

replaced by a Prandtl number averaged over the range 
T~ to Tb (/~). Because Pr has a maximum at Tpc Pr > Prb 
for T < Tw and Pr < Prb for T > T~. The prediction 
of equation (1) is therefore too low for T < Tw and 
too high for T > Tw and the (Tw/Tb)" exponent thus 
needs to be + ve and - r e  respectively to compensate. 
A correlation using an averaged Prandtl number was 
therefore tested and proved very successful with 

Nu = 0.0931Re°'6sT~ °'s 3 (3) 

representing the data with a standard deviation of 
6.4%, not much higher than the expected experimental 
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Table 1. Details of scans shov, n in the figures 

P 't fiz "1 i, 7; 
Ibar) IWm ') Ikgs ~1 at x D = 4 0  71 71, 

D o w H f l o w  

6002002 5.79 306 0.0167 5.79 5.36 5.22 5.41 
6002008 11.26 1254 0.0055 18.04 14.60 13.21 15.18 
6003009 7.61 167 0.0409 5.13 5.00 4.96 5.02 
6004004 6.44 721 0.0097 7.91 6.96 6.68 7.06 
6004005 7.17 675 0.0076 9.19 7.98 7.63 8.12 
6005003 5.66 634 0.0170 5.65 4.68 4.29 4.81 
60050(38 4.94 2576 0.0142 8.56 5.70 4.35 6.02 

U pllow 
6502007 6.23 318 0.0126 
6502008 6.17 512 0.0123 
6502009 6.83 524 0.0095 
6502010 8.44 522 0.0067 
6502011 10.28 648 0.0057 
6502012 12.16 897 0.0046 17.37 14.14 12.97 14.63 
6502013 14.09 1082 0.0047 20.41 16.39 14.98 16.98 
6506007 8.06 1266 0.0042 19.91 14.50 12.57 15.29 
6601006 10.97 935 0.0041 19.62 15.80 14.35 16.39 
6601019 6.14 876 0.0037 15.61 11.50 10.08 12.11 
6602005 3.87 246 0.0067 6.91 6.43 6.32 6.46 
6602009 6.06 1760 0.0155 11.18 7.67 7.25 7.85 
6603002 3.40 832 0.0121 6.05 4.84 4.26 5.02 
6603004 2.33 353 0.0249 4.93 4.48 4.37 4.53 
6603006 2.35 1514 0.0235 6.10 4.95 4.58 5.05 
6604008 8.08 1026 0.0040 17.84 13.43 11.85 14.10 
6605006 4.49 534 0.0028 13.06 9.94 8.81 10.43 
6605007 4.60 774 0.0026 17.80 12.53 10.62 13.32 

Table 2. Upflow correlations (216 pointsJ 

Correlation 
number Correlation equation C 

L'l Nu = C l Re°'S Pr °'4 0.0201 
f-'2 Nu = C t ReCl pr  c~ 0.0253 
U3 Nu = Ct R e C 2 ~  c~ 0.0447 
U.~ Nu  = CiReC~C~{T~. .Tb)  c" 0.0602 

Standard 
C2 C3 C4 deviation (9;) 

12.6 
0.782 0.39 12.3 
0.735 0.49 9.5 
0.718 0.50 -0.48 8.5 

m 
error of +4_%. The Pr used was a simplified harmonic  
average over the range T~. to Tb 

l / 'Pr = (l::Pr,,.+ l::Prb)..'2 Tw < Tw or Tb > T m  

1./Pr = [(l.:Prb+ l:Prpc)(Tp~ - T~) 

+ ( 1."Prpc = 1 "Prw)( T,, - Tm)]..'2(Tw - Tb) 

L < T ~ c < T w .  (4t 

This gave the best fit of several averaging methods 
tested and was suggested by analogy with thermal con- 
ductances which add harmonically. 

We examined the data  for any deviations from equa- 
t ion (3) but were unable to find any which could not 
be at tr ibuted to experimental errors. Obviously equa- 
t ion (3) is not a perfect representat ion of the heat- 
transfer function but the experimental errors and the 
wide spacing of experimental  points in the 4-dimen- 
sional space Tb, q, G, p do not allow further systematic 
deviations to be discovered. 

4. U P F L O W  RESULTS 

The heat-transfer coefficient showed greater vari- 
ation with x::D than for downflow (Fig. 5) and, in 
particular, buoyancy-induced reductions of h (equiv- 

alent to peaks in Tw) occurred in about  25% of the 
profiles. This is discussed in the next section. Apart 
from these no systematic trends in the x : D  variation 
were evident and we again analysed a single ther- 
mometer  position, x::D = 45. Details of some of the 
correlations tested are given in Table 2. The use of Pr 
was again successful but, in contrast  to the downflow 
data, a (Tw/Tb)" factor did improve the fit further. The 
data show more scatter from the best correlation than 
for downflow but again no systematic deviations from 
it could be discovered. The upflow data  fall ~ 2 0 %  
below the downflow data  at R e  = I0 ~ but downflow 
and upflow heat transfer are equal at R e  = 106. 

Both the upflow and downflow data  were checked 
for unwanted correlations between the independent 
variables Re ,  Pr  and [Tw/Tb) but the highest correlation 
coefficient was 0.3 which would not be expected to 
affect the correlation equations. 

5. B U O Y A N C Y  EFFECTS 

5.1. W a l l - t e m p e r a t u r e  peaks  
These peaks occurred only for upflow which strongly 

suggests that  some buoyancy effect of the type suggested 
by Hall et al. [2] is responsible. Forty-five of the 184 
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FIG. 5. Variation of h* along the test section for a selection of upflow scans. 
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upflow profiles examined showed a peak and they 
almost all coincided with low flow-rates (< 0.01 kg/s). 
The peaks always occurred between x / D - - 5  and 
x/D = 20 and in general the higher the heat input the 
sharper and higher the peak and the nearer the start 
of the test section it occurred. Peaks were not pre- ,, 
dominantly associated with temperatures close to T~ 
as has been usual in previous experiments [4, 6, 11, 
20-21]. Figure 6 shows the development of peaks as 
heat input increases with successive scans. Peaks have 
not previously been observed with helium, simply 
because pipe diameters have been too small, but they 8 
are frequently observed with supercritical CO2 
[23, 5, 6] and supercritical water I4, 20, 22] where they 
occur only for upflow and usually with Tb close to or 
below T~. They have also been observed with non- aoo- 
supercritical water [24]. Hall's explanation of the effect ii 
is that with variable- property fluids and particularly _ ~ ~ 
supercritical fluids a buoyant low-density layer occurs 'ff 
near the wall. For upflow this reduces the shear stress ~ eoo 
over the turbulent core and hence the rate of turbulence " 
production and heat transfer. For upflow with constant ~ 5oo 

heat flux the heat-transfer degradation is self reinforcing 
--hence the occurrence of wall temperature peaks. For ~ 4oo 
downflow buoyancy improves heat transfer and is 
therefore self-stabilizing and no peaks occur. Hall 
assumes that buoyancy is significant if the shear stress ~ 3oo - 
is reduced by > 10~o at y ~ = 30 (turbulence production 
is normally at a maximum between y + =  10 and 2o0 

y+ = 30) and shows that this is equivalent to 

Gr/Re 2; > 1.2 × 10-s (5) 

where Gr is the Grashof number: 

Gr Pb(Pb--P~)gD 3 
~, (6) 

The detailed mechanism of peaking is not yet under- 
stood so it is not clear whether the condition that 
buoyancy forces are significant is equivalent to a con- 
dition for peaks to occur, but this assumption seems 
reasonable as a first step. In Fig. 7 peaked and un- 
peaked scans are plotted in the Re-Gr plane showing 
that equation (7) is satisfied by all but three of the 
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perature peak. 

peaked scans and that the condition can be made more 
restrictive: 

Gr/Re 2n > 2.4 x 10-s (7) 

without excluding any more peaked scans. The value 
of the constant in equation (5) is anyway arbitrary 
since it depends directly on what percentage reduction 
in shear stress is assumed to be significant. Equation (7) 
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appears from Fig. 7 to be a necessary but not sufficient 
condition for the occurrence of temperature peaks, 
but investigation of those scans which satisfy equation 
(7) and yet have no peak shows that either they lie close 
to the critical point where property values and hence 
Re  and Gr are most liable to error, or they are scans 
for which the decision is borderline as to whether or 
not a peak is present. 

We noticed that whilst the majority of peaks were 
quite small (Ah/h ~ 0.05, where the meaning of Ah is 
shown in Fig. 6), there was a group of much larger 
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of h at thermometer position 15 (x = 703 ram, x/D = 40). 

peaks with Ah,'h ~ 0.28, all having very similar shape 
(see Fig. 8). These large peaks all occurred for 
7~,. > 1~ > 10 K and at high values of  (h" Re: -. It is 
not clear why there were no peaks of intermediate size 
or why the peaks should be so similar in shape. Large 
peaks with Ah.h > 0.25 also occurred when 71,. :- 1~, > 
/~, but they were much sharper, as might bc expected 
from the more-rapid property variations near /),,. 

5.2. Other eJ.lects 
There are two other indications of the effect of 

buoyancy on the results. The first is the difference 
between upflow and downflow heat transfer at low Re. 

This can be explained as a buoyancy effect because 
Iow-flowrate upflow heat transfer would be expected 
to be most degraded by buoyancy forces. Secondly the 
negative exponent of the IT,, Tb) term in upflow cor- 
relation U4 could be due to buoyancy because, in 
upflow, reduction of heat transfer by buoyancy would 
be greater for high values of(7~,.Thk 

6. CONCI,L:SIONS 

Our results show that over the range of conditions 
covered in this work supercritical helium is a well- 
behaved heat-transfer fluid: even an unmodified 
Dittus Boelter equation has a predictive accuracy of 
10-20% which is sufficient for most design purposes. 
The major deviations from the Dittus-Boelter equation 
can be accommodated by using a Prandtl number 
averaged reciprocally over the range 7~.. to Tb, i.e. 
[ P r ( T ) - t ]  t:this achieved an accuracy of 6",',, with the 

downflow data. 
The upflow data displays wall-temperature peaks 

similar to ones previously seen with supercritical COz 
and water. The peaks, and other effects, are well 
explained by HaWs model of buoyancy-induced heat- 
transfer degradation and we find that peaks occur when 
Gr.:Re2-:> 2.4x 10 -5. Many peaks occurred well 
away from the critical region showing that these 
buoyancy peaks are not an exclusively supercritical 
phenomenon. 
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MESURE DE CONVECTION THERM1QUE FORCEE DANS L'HELIUM 

Resum6--On a mesure le coefficient de convection forc6e dans l'h61ium supercritique s'6coulant vers le 
haut ou vers le bas, dans un tube vertical de 18 mm de diametre int6rieur. Les conditions correspondent 
aux domaines 4,4-15 K et 2,2--14bar, avec des densit6s de flux atteignant 2500W/m 2 et des nombres 
de Reynolds entre 5 x 104 et 106. Les r6sultats peuvent se representer, avec une d6viation standard 

12~, par Nu = cRe°'aPr °'4, off c --- 0,0218 pour l'~coulement descendant et 0,0201 pour l'ascendant. 
Une am61ioration significative dans la pr6cision du transfert et une explication de la variation du transfert 
thermique, en fonction du rapport (T,~/Tb) des temperatures de la paroi et du fluide, peuvent 6tre obtenues 
si le hombre de Prandtl moyen est remplace par une moyenne harmonique de T,. et Tb. Les profils 
ascendants de teml~rature montrent des pics induits par les forces d'Archim&te, pics dont plusieurs se 
produisent ",i des temperatures beaucoup plus grande que Tp¢. Les pics peuvent c3tre correctement 
pr~dits par Gr/Re 2"~ > 2,4 x 10 -5, crit~re sugg6re par le module de Hall sur la d6gradation du transfert 

thermique qui induit l'effet d'Archim~de. 

MESSUNG DES W,~.RME[)BERGANGS AN OBERKRITISCHES HELIUM 
BEI ERZWUNGENER KONVEKTION 

Zusammenfassung-Es wurde der W/irmeiibergangskoeflizient an iiberkritisches Helium, das entweder 
auf- oder abwarts in einem vertikalen Rohr mit 18ram Innendurchmesser str6mt, gemessen. Die 
Messungen wurden bei Temperaturen von 4,4 K-15 K, Drficken von 2,2bar bis 14bar, W/irmestrom- 
dichten bis 2500W/m 2 und Reynolds-Zahlen von 5 x 104 bis 106 durchgefiihrt. Mit  einer mittleren 
Abweichung von ca. 12% k6nnen die Ergebnisse durch die Formel Nu = c" Re °'a, Pr °'4 wiedergegeben 
werden, wobei fiir die Abw~irtsstr/Smung c = 0,0218 und f/Jr die Aufw~irtsstrbmung c = 0,0201 einzusetzen 
ist. Setzt man statt der mittleren Prandtl-Zahl des Fluids eine iiber dem Bereich von Tw/Tb harmonisch 
gemittelte PrandtI-Zahl ein, dann kazan die Vorausberechnung des W/irmefibergangs bedeutend verbessert 
werden und die Ver/inderung des W~meiibergangs mit dem Temperaturverh~'ltnis (Tw/Tb) zwischen 
Wand und Fluid erkl/irt werden. Die Temperaturprofile bei Aufw/irtsstrtimung zeigen auftriebsbedingte 
Spitzen, yon denen viele weit h6here Temperaturen als Tp, aufweisen. Diese Spitzen k6nnen recht gut 
mit Gr/Re 2.~ > 2,4 x 10- s vorhergesagt werden, ein Kriteriura, welches aus dem Modell yon Hall fiir die 

Abschw/ichung des W/irmeiibergangs infolge Auftriebs hervorgeht. 



214 I). J. BRASSINGION and D. N. H. CAIRNS 

H E P E H O C  TEFI3IA FIPH BblHY)I( , /1EHHOITI K O H B E K U H H  
K C B E P X K P I d T H q E C K O M Y  F E T I H I O  

Al l l l lO l l l l l l l l l -  H3MepIICTCIt KO~[}~kllll.teHT Tel'lJlOrlepeHoca cBepxKplITHqeCKOFO reJqnfl, alBH~yllle- 
r o c k  s n e p x  ~ sin43 no  BeprHza~bnol l  r p y 6 e  C BHyTpetlltilM /IHaMeTpOM 18 MM, n p a  r eMnepaType  
4,4--15K, naB~aermH 2 ,2-14  6ap ,  vertnonbix nozoKax do  2500 nr/M 2 H macnax Pel~Nonbnca n n p e n e n a x  
Or 5 X 10" ~IO l 0  s. Pc3y.a/,zazb~ MOX<nO npe~craBMn,  co cvaMaaprnb iMa orxnoHeMuaMrt ~ 12% 
e nKae dimpMyma Nu= cRe°'Spr °'`, r he  c =  0,0218 ~In~ n a c x o ~ m e r o  a 0,0201 n n a  Bocxozml l e ro  
n o r o r a .  MOXHO 2Io6nrtaca 3 n a a a r e • b n o r o  yTosHemla  3 a s n c a M o c n l  r e n n o n e p e n o c a  3a c q c r  y q e r a  
d~ar ropa  (Tw/Tb) rlyTeM 3aMenbl ocnoBrloro  s n c a a  I l p a H a T n a  2IpyrMM, r a p M o m ~ e c x a  OClt~/IrleltMbIM 
S n p e a e a a x  o r  T ,  do  Tb. l ' lpod~aaa  r e M n e p a r y p b t  a o c x o z a m e r o  no roKa  c o 3 a a ~ T  MaKcaMaab~mie 
3 n a q e m i s  KO3~IItI1teltTOB TCII.rlOIICpeHoca, Bbt3blBaeMble IIO21~MltblMH CI4.rlaMH, liMelOllll4Mlt MgCTO 
npH TeMlaeparypax r~aMNoro Bblllle, item Zpc. MalcClSMa.rlbHble 3HaqeNM~ .~ox~No aOCTaTOSHO TOSHO 
19accsaTaa'b no  KpRTepMro Gr/Re ~'7 > 2,4 × 10-~,  npe / tnaraeMoMy MO/leJlblo Xo~.rla ~JIIl o c ~ a 6 n e N ~  

TerlalOrlepeHoca, Bbl3blBaeMoFO I10~21~eMHblMH Crl~laMl~. 


