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THE THERMODYNAMIC COUPLING BETWEEN HEAT AND 

MASS TRANSFER IN FREE CONVECTION WITH HELIUM 

INJECTION* 

0. E. TEWFIKf and JI-WU YANG: 

(Received 21 December 1962) 

Abstract-Measurements are described of local heat transfer by free convection under steady state 
conditions around a 2-in o.d. circular cylinder mounted with its axis horizontal in an isothermal 
large enclosure, at several levels of wall temperature ranging from about 20°F below ambient, to about 
80°F above ambient. 

Helium was injected through the porous wall of the cylinder into the boundary layer at a uniform 
rate per unit area of outside cylinder surface, in the range l.oO-7.50 lb,/h ft2. 

Analysis of the results showed that when the convective heat flux is zero, the wall temperature, in 
this case termed the adiabatic wall temperature, was higher than ambient temperature by up to 190”F, 
depending upon the location around the cylinder, and the helium injection rate. This phenomenon, so 
far unreported in free convection, is similar to the findings in references [l, 21, and hence is due to the 
diffusion thermo-effect. 

The local heat-transfer coefficient was defined in terms of the adiabatic wall temperature, and 
determined to be essentially independent of the temperature difference between wall and ambient. At the 
lower stagnation point, its value increased rapidly with injection, but then levelled off to an almost 
constant value when the injection rate exceeded about 2 lb,/h ft3. At a given injection rate, the heat- 
transfer coefficient decreased from a maximum value at the lower stagnation point to a minimum value 
at the upper stagnation point. 

At a given location on the cylinder circumference, the adiabatic wall temperature increased steadily 
as the injection rate increased. At a given injection rate, the adiabatic wall temperature increased from 
a minimum value at the lower stagnation point to a maximum value at the upper stagnation point. 

The body forces at work in the binary boundary layer are discussed in their importance on heat 
transfer. 

NOMENCLATURE ks, 
6 thickness of stainless steel porous shell 

0.032 in ; m, 
C P, specific heat of helium at constant 

pressure ; 4wv 
4 outside diameter of cylinder = 2 in; 
h, coefficient of heat transfer by free 4Q 

convection, equation (4) ; 4c, 
k thermal conductivity; 
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thermal conductivity of stainless stee1 
shell ; 
mass injection rate of helium per unit 
area of outside cylinder surface; 
heat flux by free convection, equation 
(1); 
net heat flux, by radiation, equation (2) ; 
heat flux by circumferential conduction, 
equation (3) ; 
outside radius of cylinder = 1 in; 
temperature; 
adiabatic wall temperature at which 

qw = 0; 
temperature of helium inside cylinder ; 
temperature of the inside surface of the 
enclosure; 
angle measured from radius through 
lower stagnation point, Fig. 2. 
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Subscripts 
l\‘, cylinder outside wall; 

x, ambient, inside the enclosure and far 
away from cylinder wall. 

1. INTRODUCTION 
3/16”D TUBING 

LTER PAPER 

FOR THERMOCOUPLE HERMOCO”Pl_ES TO 

LElD WIRES- EFaS”RE HELl”M 
TEMPERATURE 7, 

CENTER BOLT, l/4” 
HERMOCOUPLE JUNCTION 

SIMULTANEOUS transfer of mass and heat from a 
surface take place in many engineering applica- 
tions. as for example in the ablation cooling 

HELlUM INLET TUBE, l/2” OD---- FOR MEASURING WALL TEMF T,, 

(SLIGHTLY FLATTENED1 

of missiles and re-entering space vehicles. Recent CROSS SECTIONs? -A 

measurements of forced convection heat transfer 
with helium injection into a boundary layer [ 1,2], 
showed a strong coupling between the transport 
of heat and the transport of helium, or diffusion 
thermo-effects in the boundary layer. However, 
no experimental or theoretical analyses to 
investigate such effects in free convection exist 
to date. Hence the following experimental 23 50”~~--19.75”---- 

investigation was undertaken at the Heat Transfer 
NOSE POROUS SECTION MTER BODY 

Laboratory to initiate research in this direction. 

2. APPARATUS AND METHOD 

The model was in the form of a 2-in o.d. 
-3iiiJgj 
WOVEN WIRE SCREEN 

circular cylinder, with a 0.032-in thick porous 
shell woven from stainless steel wire. The shell 
was lined with fiber glass filter paper to a 
thickness of 0.3 in approximately. Fig. 1 shows 
details of the model construction and instru- 
mentation. 

FIG. 1. Model and instrumentation. 

,-DOUBLE WALLED 
CYLINDRKAL 

ENCLOSURE 

The model was mounted with its axis hori- 
zontal in an approximately isothermal large 
enclosure in the form of a double walled steel 
cylinder, 2 ft i.d., and 4 ft high as shown in Fig. 2. 
Helium from a bank of twenty bottles was heated 
or cooled to the desired temperature level by 
passing it through an electric heater and/or a 
cooler. It was then discharged into the interior 
of the model, where its temperature was measured 
by the thermocouples indicated in Fig. 1. 
Finally, the helium escaped through the model 
porous wall into the adjacent boundary layer. 
Its temperature in leaving the model surface is 
assumed to be identical with the temperature of 
the outside model surface. This latter temperature 
was measured by iron-constantan thermocouples 
welded to the inside of the stainless steel shell, 
on the assumption that any temperature differ- 
ences across the thin shell is negligible. The above 
pair of assumptions have been justified in [3]. _ ._ __ 

The helium injection process, described above, FIG. 2. Apparatus and helium flow system. 



created concentration and temperature gradients 
across the boundary layers around the cylinder. 
Both gradients simultaneously contributed to the 
transfer of heat and to the transfer of mass 
throughout the boundary layer, according to the 
laws of thermodynamics of irreversible processes, 
e.g. [4], 

The local heat flux exchanged between model 
and boundary layer by free convection is deter- 
mined by applying the first law of thermodyna- 
mics to the open system shown in Fig. 3, with 
the result 

qw = fiCp(T~ - Tw) - 4r - qc (1) 

in which qr and qe are small corrections due to 
radiation and circumferential heat conduction 
respectively, and are given by: 

qr = EU(T$ - Tz) (2) 

qc = - k,b(d2Tw/d02)/r2. (3) 

By measuring fi, T,, TW and Ts the local 
convective heat flux was computed from 
equation (1). The emissivity of the porous shell 
was determined by measurement to be 0.46. 

3. EXPERIMENTAL PROCEDURE 

The helium mass flow rate per unit area was 
fixed at a certain value, and the helium tempera- 
ture inside the model was adjusted to several 

FILTER 
PAPER 

4. RESULTS AND DISCUSSION 
S 

Measurements were taken at each of three to 
eleven different wall temperature levels for each 
of the six different helium injection rates indi- 
cated in Table 1 as cases 1 to 6. In each of the 
six cases, ti, Too and Ts changed slightly from one 
run to another, and so the values indicated in the 
table are the mean of all the runs constituting 
one particular case. The variations from the mean 
in each case are indicated in the table. 

‘LOWER STAGNATION 
POINT 

The distribution of TW around the circumfer- 
ence of the cylinder is shown in Fig. 4 for two 
runs in case 1, and one run in case 6. Similar 
distributions for all other runs were obtained. 

FIG. 3. Thermodynamic system to determine local 
heat flux. 

A. Heat transfer at the lower stagnation point 
From the measurements, the convective heat 

levels, at each of which the wall temperature 
distribution was read, as well as T, and Ts. In 
this way sufficient data were taken to determine 
the heat flux distribution around the cylinder at 
several levels of wall temperature, but at the same 
injection rate. 

The above procedure was repeated for other 
values of the helium injection rate. In deter- 
mining the heat flux, ti was assumed to be 
uniform over the model surface. This assumption 
was determined to be correct within f4 per 
cent [3]. 

The ambient temperature T,,, away from the 
model surface was measured by two shielded 
thermocouples located inside the enclosure. 
Their readings agreed within 50.3 degF, and 
their average was always used in the subsequent 
calculation. The temperature Ts of the inside wall 
of the enclosure was measured by two thermo- 
couples taped to the wall. Their readings agreed 
within 30.1 degF. 

All readings were taken, after steady state 
conditions had been satisfactorily established 
by observing successive readings of a particular 
thermocouple and verifying that they did not 
show a variation of more than 0.1 degF during 
15 min intervals. Steady state was usually 
established after about 90 min for the smallest 
injection rate, and about 45 min for the highest 
injection rate. The data were taken at different 
days and reproducibility was checked occasion- 
ally. 

THERMODYNAMIC COUPLING BETWEEN HEAT AND MASS TRANSFER 917 



918 0. E. TEWFIK and JI-WU YANG 

Tohle 1 

Number of 
Case temperature levels (lbm;k ft?) 

-- - 
I 7 140 + 1 cent per 
? 3 1.49 * 1 cent per 
3 11 1.99 )- 1 cent per 
4 8 3.99 :i 0.7 cent per 
5 4 6.00 $ 0.5 cent per 
6 4 7.50 + 0.3 per cent 

7-E. i-s 
CF) ( F) 

--_______-___ 
65.9 5 4 65.1 :. 4 
77.2 :r 3 78.3 _y 3 
7 1 .7 pi_ 2 70.7 mr~ 2 
72.4 :k 4 71.9 y 4 
76.2 + 2 71.7 y: 2 

116 -i- 3 79.5 + 4 

3ol 

The first conclusion is quite different 
from other known cases of free convection. 
where quz varies as some power of (TtC -- 
Tm) greater than unity, usually 5/4 or 4/3 
power. 

The second conclusion is also contrary to 

I 
0 30 60 90 120 150 180 

8” 
FIG. 4. Distribution of wall temperature. 

flux at the lower stagnation point was computed 
with equation (l), and the results are presented 
in Fig. 5 for all cases 1 to 6. Two conclusions may 
be immediately made, concerning the relation- 
ship between q2,$ and T,, at a given injection rate : 

(I) The heat flux is a linear function of the 
difference between wall temperature and 
ambient temperature. 

(2) The heat flux does not vanish when the 
wall temperature is equal to the ambient 
temperature. On the contrary, qut vanishes 
when Tw is higher than T, by up to 89 
degF depending upon the injection rate. 

heretofore reported observations in free con- 
vection, in which qw vanishes whenever T,,? 1 Tr. 
However, it is similar to observations in forced 
convection, with helium injection into a 10~. 
speed turbulent boundary layer [l, 21, where it 
was shown that the phenomenon must be due to 
therm0 diffusion. Hence diffusion thermo-effects 
are also responsible for this apparent anomaly 

_ _ observed in free convection. 

(L-r,) ,'F 

Frc;. 5. Heat flux at lower stagnation point. 



THERMODYNAMIC COUPLING BETWEEN HEAT AND MASS TRANSFER 919 

Denoting the wall temperature at which the 
convective heat flux vanished by Ta, the adiabatic 
wall temperature, it is possible to define a heat- 
transfer coefficient by 

qw = lt(Tw - Ta). (4) 

Since qfd varies linearly with (Tur -- Ta) at a 
particular injection rate, h has a constant value 
independent of T,,, and equal to the slope of the 
various straight lines in Fig. 5. Again, the fact 
that /I is independent of wall temperature level 
is contrary to the known cases of free convection 
in which h increases with Tu> according to some 
power of (T, - T,), usually l/4 or l/3. 

From Fig. 5, the vaIue of Iz at each injection 
rate was computed, and also (T, - T,) deter- 
mined. The results are presented in Fig. 6. 
As the helium injection rate increased, the heat- 
transfer coefficient increased rapidly at first, and 
then became almost constant for injection rates 
higher than about 2 Ib,/h ft2. However the 
adiabatic waI1 temperature increased steadily 
with injection. Similar trends are evident by 
inspection of the dimensionless presentation of 
the dependence of the heat-transfer coefficient 
and the adiabatic wall temperature on the helium 
injection rate shown in Fig. 7. 

I I 
,I i:, 

/ 

2 3 5 IO 4 
6 7 8 

h, Ibm/h fl’ 

FIG. 6. Effect of injection rate on heat-transfer 
coefficient and adiabatic wall temperature at lower 

stagnation point. 

0 4 8 12 I6 20 24 28 lo 

FIG. 7. Dimensionless presentation of heat-transfer 
coefficient and adiabatic wall temperature at lower 

stagnation point. 

The injection of helium into a boundary layer 
tends to make the mixture with air lighter than 
the ambient air. This effect alone creates a 
buoyancy force which produces an upward 
motion in the boundary layer. Heating or cooling 
of the boundary layer will also contribute to the 
density variation in the boundary layer and in 
this way to the body forces. Hence two effects 
were at work in the present measurements, 
the effect due to the presence of a gas lighter than 
air such as helium in the boundary layer and the 
effect due to reduction of density by heating 
above ambient temperature. They aided each 
other when T, was higher than Tm, and opposed 
each other when Tw was less than Tm. The latter 
effect appears to be negligible with respect to 
heat transfer as compared with the former, since 
the heat-transfer coefficient at a particular angle 
0 was shown to be insensitive to positive or 
negative values of (T,? - Tm), even at injection 
rates as small as 1 lb,/h ft2; and since, on the 
other hand, it increased from 1 to 2 lbm/h ft*, due 
to increased buoyancy force when more helium 
was injected into the boundary layer. 

It is known that the injection process tends to 
increase the thickness of the boundary layer and 
hence introduces more resistance to convective 
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heat exchange, with a resulting drop in heat- 
transfer coefficient. This trend apparently worked 
opposite to the trend of improvement of heat- 
transfer coefficient due to increased buoyancy 
forces. Hence, beyond a certain injection rate, 
the two effects apparently balance each other 
and the heat-transfer coefficient will remain 
constant. This might explain the fact observable 
in Fig. 6 that h reaches constant value when I% 
exceeded approximately 2 lbm/h ft2. 

By a procedure similar to that explained above 
for the lower stagnation point, the local heat flux 
was computed at all cases of injection, and at all 
locations around the cylinder. Typical results 
are presented in Fig. 8 for the upper stagnation 
point. Again the independency of the heat- 
transfer coefficient of wall temperature level, 
and the existence of an adiabatic wall tempera- 
ture which is higher than the ambient tempera- 
ture by up to 190 degF are evident. From figures 
such as Fig. 8 but constructed for the other 
circumferential locations, the distributions of 
the heat-transfer coe~cient and of the adiabatic 
wall temperat~e around the cylinder circum- 
ference were determined. The results are pre- 
sented in Figs. 9a and b, and 10. Although in 
some cases the cylinder wall was colder than 

““3 
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z 
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(r,-72 ,“F 

FIG. 8. Convective beat flux at upper stagnation 
point. 

L- 
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0 

FIG. 9a. Distribution of heat-transfer coefficient. 

ambient temperature by up to 20 degF, the heat- 
transfer coefficient at the lower stagnation point 
was always higher than that at the upper stagna- 
tion point. This is obviously a consequence of the 
fact that the buoyancy force due to helium 
injection, which has an upward direction, is the 
dominant one. 

The heat-transfer coefficient decreased from a 
maximum value at the lower stagnation point 
to a minimum value at the upper stagnation 
point. The reduction is about 50 per cent for 
cases 1, 2, 3, and 4, but is much larger in cases 
5 and 6, being about 80 per cent. In these two 
latter cases, the distribution resembles the 
familiar one around a solid wall cylinder in free 
convection. 

The adiabatic wall temperature shown in 
Fig. 10, increases from a minimum value at 
the lower stagnation point to a maximum at the 
upper stagnation point. This increase is par- 
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0 
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FIG. 9b. Distribution of heat-transfer coefficient. 

titularly pronounced in cases 5 and 6, and its 
magnitude is similar to the drastic drop in heat- 
transfer coefficient from the lower to the upper 
stagnation points observed earlier for the same 
cases. At a particular location on the cylinder, 
the adiabatic wall temperature increased as the 
helium injection rate increased, 

5. SUMMARY AND CONCLUSIONS 

Local heat transfer by free convection was 
measured around a circular cylinder mounted 
with its axis horizontal in an isothermal 
enclosure. Helium was injected through the 
porous cylinder wall into the adjacent boundary 
layer, at six different mass injection rates, and 
at various levels of wall temperature at each 
injection rate. It was found that, when the con- 
vective heat flux deiined by (1) vanished, the wall 
temperature, under this condition termed the 
adiabatic wall temperature, was higher than 
the ambient temperature by up to 190 degF, 
depending upon location around the cylinder 

H.M.-3N 

FIG. 10. Distribution of adiabatic wall temperature. 

and on helium injection rate. Similar phenomena 
were reported in other cases of helium injection 
[l, 21, and were shown to be due to diffusion 
thermo-effects. 

In terms of the adiabatic wall temperature, a 
local heat-transfer coefficient was defined. Its 
value was found to be independent of the 
difference between wall temperature and ambient 
temperature, in the range of injection rates of 
these measurements. 

Two effects contribute to the body forces 
acting on the fluid in the binary boundary layer 
during the experiments, the density changes 
caused by temperature differences in the bound- 
ary layer; and the reduction in density in the 
boundary layer with helium injection. 

Since at a given injection rate, the local heat- 
transfer coeficient was found to be independent 
of the temperature difference between wall and 
ambient, and its value at the lower stagnation 
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point was always higher than at the upper Due to the Iarge excess of adiabatic wall 
stagnation point whether heating or cooling temperature over the ambient temperature found 
occurred, the temperature differences must have in the present measurements, heat fluxes to the 
a negligible effect on the heat transfer. wall can take place when its temperature is less 

At the lower stagnation point, the heat-transfer than ambient temperature with a magnitude 
coefficient increased rapidly with the helium equal to or even greater than the heat flux in the 
injection rate, but then leveled off to a constant case of zero injection. Hence helium injection 
value when the injection rate exceeded about seems to be of dubious value as a means of 
2 lbm/h ft2. In this latter case, it seems that the reducing heat transfer by free convection to a 
tendency to improve the heat transfer by stronger surface. 
buoyancy forces due to increased helium 
injection, just balances the tendency to decrease 
the heat transfer due to the thickening of the 
boundary layer as more helium was injected. I* 

At a given injection rate, the heat-transfer 
coefficient was a maximum at the lower stagna- 
tion point, and decreased to a minimum at the 
upper stagnation point. In this respect, the *. 
distribution of the heat-transfer coefficient is 
similar to that in free convection from a solid 3. 
wall cylinder at a temperature higher than 
ambient. The adiabatic wall temperature on the 
other hand increased from a minimum value at 
the lower stagnation point to a maximum value 

4 
’ 

at the upper sta~ation point. 
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R&tn&On decrit ici des mesures de transmission de chaleur locale due a la convection libre en 
regime permanent autour dun cylindre circulaire de 5 cm de diametre, place horizontalement dans 
une enceinte isotherme, pour plusieurs niveaux de temperature de paroi s’tchelonnant de 11 “C a 
45°C au-dessus de la temperature ambiante. 

A travers la paroi poreuse du cylindre on injecte de l’helium dans la couche limite, a debit con- 
stant par unite de surface exterieure du cylindre (compris entre 5 et 38 kg/h.m.). 

L’etude des resultats montre que lorsque le flux de chaleur convectif est nul, la temperature de paroi, 
appelee dans ce cas temperature de paroi adiabatique, est superieure B la temperature ambiante 
dune valeur pouvant atteindre lOO”C, selon la position sur le cylindre et le taux d’injection d’helium. Ce 
phenomene jamais relate en convection libre est similaire a ceux des references [I, 21 et est dQ ici A un 
effet thermique de diffusion. 

Le coefficient local d’echange the~ique est defini en fonction de la tem~rature de paroi adiabatique 
et on etablit qu’il est essentiellement ind~pendant de la difference entre la tem~rature ambiante et la 
temperature de paroi. Au point d’arr& inferieur, sa valeur croit rapidement avec l’injeetion, mais 
atteint presqu’une valeur constante quand le taux #injection depasse environ 10 kg/h.mP. Pour 
un taux d’injection don&, le coefficient de transmission thermique d&roit dune valeur maximum 
au point d’arret inferieur a une valeur minimum au point d’art+% superieur. 

En un point don& de la peripherie du cylindre, la temperature de paroi adiabatique s’elevereguliere- 
ment avec le taux d’injection. Pour un taux d’injection don&, la temperature de paroi adiabatique croft 
dune valeur minimum au point d’arret inferieur a une valeur maximum au point d’arr& superieur. 
Les forces en presence dans la couche limite cant Ctudiees pour voir leur influence sur le transfer? de 

chaleur. 

Zasammenfaasnng-Es werden Messungen beschrieben ftir den station&en W%rmeiibergang durch freie 
Konvektion an einem Kreiszylinder von 5 cm Aussendurchmesser, der horizontal in einem grossen 
Behalter liegt und Wandtemperaturen von etwa 11 grd unter bis etwa 44 grd iiber Umgebun~tempe~a- 
tur aufweisen kann. Durch die por&e Wand des Zylinders wurde Helium im konst~ten Mengenstrom 
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pro Einheit der ZylinderoberSlche im Bereich 1,36.10+-10,2. 1O-3 kg/m% in die Grenzschicht 
eingeblasen. 

Die Analyse der Ergebnisse zeigte fiir den Konvektionswlrmestrom Null eine Erhohung der Wand- 
temperatur, die in diesem Fall adiabate Wandtemperatur genannt wird, gegentiber der Umgebungs- 
temperatur bis zu 105 grd, abhangig von der Lage am Zylinder und der eingeblasenen Heliummenge. 
Dieses, bisher bei freier Konvektion nicht angegebene Phlnomen, ahnelt den Ergebnissen der Refer- 
enzen [l, 21 und beruht danach auf dem Diffusionsthermoeffekt. 

Der Grtliche Warmeiibergangskoeffizient wurde als Fur&ion der adiabaten Wandtemperatur 
definiert und im wesentlichen als unabhlngig von der Temperaturdifferenz zwischen Wand und 
Umgebungermittelt. Am unteren Staupunkt nimmt sein Wert mit der Einblasung rasch zu, nahert sich 
aber dann einem beinahe konstanten Wert fiir Einblasmengen grosser als 2,72. 10e3 kg/m%.. 

Bei gegebener Einblasmenge fallt der Wlrmeiibergangskoeffizient von einem Grosstwert am unteren 
Staupunkt auf einen Kleinstwert am oberen Staupunkt. 

An ein und derselben Stelle am Zylinderumfang erhoht sich die adiabate Wandtemperatur stetig 
mit zunehmender Einblasmenge. Ftir gegebene Einblasmenge wachst die adiabate Wandtemperatur 
vom Kleinstwert am unteren auf den Grosstwert am oberen Staupunkt. 

Die auf die binare Grenzschicht wirkenden Krlfte werden hinsichtlich ihrer Bedeutung fur den 
W&metibergang diskutiert. 

AarioTaqsisr-Gmicanbr &13hfepeHIGI JIOKaJIbHOrO KO3+&l~EieHTa TeIIZIOO6MeHa IIyTEM CBO60- 

AHOti KOHBeKqllll B CTaqZIOHapHbIX yCJIOBIlRX J(JlFl KpyrJlOrO ullJIllHJ(pa C HaPy?KHbIM 

@iaMeTpOM 2 n&Ma. &iJIHHAP OKpyxteH Ii3OTepMIlYeCKOZt 06OJIOYKOfi 6OJIbUIOrO pa3Mepa, a 

er0 OCb 3aHIZMaeT rOPL130HTaJIbHOe IIOJIOFKeHPie. TeMIIepaTypa CTeHKIl I43MeHHJIaCb OT TeM- 

IIepaTypbI npH6JII43MTeJIbHO Ha 20°F HLiHCe TeMIIepaTypbI OKpyHEaIOqei CpeAbl A0 TeMIIepa- 

TyPbI IlpH6JIH3HTenbHO Ha 80’F BbIILIe TeMIIepaTypbI OKpyxtaIOWet Cpe@L 

reJIId BRyBaJICR qepe3 IIOPEICTyIO CTeHKy I(PIJIHHJJpa B IIOrpaHHYHbIti CJIOti C IIOCTORHHot 

CKOPOCTbIO Ha eJ$PiHLiqy IIJIOWaJ(Il HapymHOfi IIOBepXHOCTLi QHJIHHQa, ~IiaIIa3OH CKOpOCTeti: 

1,00-7,50 $ynT m/4ac nu.i$yr. 
AnaJIrin pe3yJIbTaTOB IIOKa3bIBaeT, 9TO IIpIl KOHBeKTHBHOM TeIIJIOBOM IIOTOKe, PaBHOM 

HyJIIO, TeMIIepaTypa CTeHKEI, Ha3bIBaeMaFI B 3TOM CJIygae aflHa6aTWIeCKOti TeMIIepaTypOti 

CTeHKH, 6bma Bbme TeMnepaTypbI OKpymamueti CpeAH IIp6JIM3~iTeJIbHO Ha 190°F II 3aBnCBJIa 
OT OpHeHTaqHIl OTHOCHTeJIbHO UllJIHHApa Pi CKOPOCTLI BRyBa re'JIIUI. 3TO FIBJIeHHe,O KOTOPOM 

A0 CIlX IIOp He coo6qanocb B pa6oTax II0 CBO~O~HOP KOHBeKIZHLI, aHaJIOrri~H0 PaCCMOTpeH- 

HOMyB[1,2]Ei,CJIe~OBaTeJrbHO,o6R3aHo TepMOJ&Njy3HEi. 

flOKaJIbHbIti KO3@+HIJIleHT TeIIJIOO6MeHaBbIpaWaJIC~~epe3 a~Lia6aTliWCKyw, TeMIIepaTypy 

CTeHKYI. YCTaHOBJIeHO, qT0 OH, B OCHOBHOM, He 3aBEICMT OT pa3HOCTSi TeMIIepaTyp CTeHKLi 11 

OKpy?KaIO~efi CpenbI. E HH%Hei KpHTWIeCKOt T04Ke 3Ha'IeHHe KO3@$KQHeHTa 6bICTPO 

BO3paCTaJrO C POCTOM BAyBa, HO 3aTeM BbIPaBHElBaJIOCb A0 IIOgTIi IIOCTORHHOti BeJIIiWlHbI IIPM 

CK~POCTI~ BayBa Bbme 2 (P~HTOB m/gac KB.@~T. IIpn ~aunoltt CKOP~CTI~ BAysa 3HaqeHsie 

KO3@+HIJHeHTa TeIIJIOO6MeHa yMeHblIIaJfOCb OT MaKCIlMaJIbHOrO B KWKHet KpIlTWIeCKOti 

TO'lKe A0 MHHHMaJIbHOrO B BepXHem KpIlTFIeCKOti TOYKe. 

B $UKCHPOBaHHOM MeCTe ~UIHHApWleCKOti IIOBepXHOCTH a~Ha6aTwIecKaH TeMIIepaTypa 

CTeHKIl HeyKJIOHHO BO3paCTana C POCTOM CKOPOCTEl BAyBa. HP&i AaHHOti CKOPOCTH BAyBa 

aaHa6aTmecKaH TemepaTypa CTeHKIi BoapacTaJra OT MHHHManbHOrO 3HaYeHEIH B HRwHem 

KPHTWieCKOZt TOgKe A0 MaKCHMaJIbHOrO B BepXHeti KPllTWieCKOti T09Ke. 

PaCCMaTpMBaJIOCb BJIIlFIHAe Ha IIepeHOC TeIIJIa MaCCOBbIX CIIJI, AetCTByIOIQHX B 6HHapHOM 

IlOrpaHkiYHOM CJIOe. 


