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Abstract--The velocity, temperature and velocity fluctuation distributions within falling spindle oil films in an 
inclined rectangular channel were measured using hot-wire techniques and thin thermocouples. The 
interfacial shear was caused by cocurrent air flow. 

The results indicate that the liquid films are as a whole much more laminar-like than turbulent in a range of 
Reynolds numbers (4F/tz) up to the experimental limit of 6000. Mixing motion occurs in the vicinity of the 
interface; however, the flow near the wall surface exhibits no sign of such eddy motions, as predicted by the 
wall law for single phase turbulent flow. Although velocity fluctuation is observed within films with interfacial 
shear, mean velocity profiles are approximately the same as those obtained by the laminar film prediction. 

1. INTRODUCTION 

A considerable amount of work has been performed to investigate the behaviour of liquid films in 

annular gas-liquid two-phase flow (for example Hewitt & Hall Taylor 1970; Ueda 1971), and 
many papers are devoted to studies on falling liquid films, dealing with average film thicknesses, 
wave characteristics, and various critical Reynolds numbers (Fulford 1964). Velocity 

distributions within liquid films, however, have been measured only in limited cases because of 
the difficulty arising from the fact that the liquid films normally encountered are very thin. Thus, 

the basic mechanism of heat and momentum transfer within the liquid films is still not well 
understood. 

One of the authors conducted experiments on annular two-phase (air/water) flow in vertical 
tubes in which the interfacial shear stress, mean liquid film thickness, heat transfer coefficient, and 
thickness of the viscous sublayer of the liquid film were examined for both upflow and downflow 

(Ueda & Tanaka 1974; Ueda & Nose 1974). He also performed experiments on condensation of 
steam flowing downward in a vertical tube and investigated the behaviour of condensate films in 
the same manner (Ueda et al. 1972; Ueda et al. 1974). Results of these experiments suggested that 
liquid films in downflow are less turbulent than ones in upflow, and that downflow films are 
preserved in laminar state in a range of the Reynolds numbers up to about 1000, pass a very 
gradual transition to turbulent state with an increase of the Reynolds numbers from 1000 to 4000, 

and become the state in fair agreement with the prediction based on the wall law for single phase 
turbulent flow in a range of the Reynolds numbers higher than 4000. Several analytical 
predictions presented so far have been derived for liquid films in two-phase flow by applying the 

flow characteristics for the wall region of single phase flow. The above results of the author, 
however, reveal that downward films are as a whole retained in laminar-like state even in a range 
of the Reynolds numbers beyond those ever predicted. 

As for falling liquid films, several investigators have measured average velocity distributions 
within the liquid films, with a goal of revealing the basic structure of liquid film flow. Wilke (1962) 
measured velocity and temperature profiles within liquid films falling on a vertical surface in 
laminar state. Ho & Hummel (1970) measured velocity distributions within falling liquid films 
inside a vertical Pyrex tube with a photochromic dye-tracer technique. Their experiments 
indicated no turbulent motion within liquid films even for the highest Reynolds number used, 
2800. Isigai et al. (1971, 1973) estimated for their experiment on falling liquid films on a vertical 
surface, that the film flow was disturbed mainly by the breakdown of wave crests in a range of the 
Reynolds numbers up to 1600. Atkinson & Caruthers (1965) measured velocity profiles in a wide 
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range of Reynolds numbers by using hot-wire techniques for liquid film flow in a channel with 
very small angles of inclination. Their experimental profile for a Reynolds number 35000 agreed 
well with the prediction of the Deissler correlation, while velocity profiles for lower Reynolds 
numbers indicated a dependency on Reynolds number. Jeffries et al. (1%9-1970) measured 
turbulence intensity in the vicinity of the interface. 

Under existing circumstances, however, velocity profile measurements in a range of high 
Reynolds numbers are urgently needed to permit comparison with the wall law for single phase 
flow. In this study, thick liquid films are formed in an inclined rectangular channel using a spindle 
oil mixture as a test fluid, and velocity, temperature and velocity fluctuation distributions within 
the liquid films are measured with hot wire and thermocouple techniques for a range of Reynolds 
numbers from 3000 to 6000. Measurement of the temperature distributions is performed to detect 
the eddies within the films, since the Prandtl number of the test fluid is higher than 100 and hence 
the temperature distribution is very sensitive to the eddy motions. 

2. OUTLINES OF THEORIES ON FILM FLOW 

Theoretical treatment of film flow originated with Nusselt's (1916) theory for laminar liquid 
films. As for turbulent liquid films, Rohsenow et al. (1956) and Dukler (1960) presented ways of 
analysis by applying the wall law based on single phase flow to the film flow. Here, the existing 
theories will be outlined primarily along the lines of Duckler's analysis. 

When a liquid of density p flows down a plate with inclination angle 0 in the form of a thin film 
of thickness y~ with interfacial shear stress z~ due to gas flow, a force balance for the whole film is 

Zo=~+pg  sin 0 .y,, [1] 

where ro is the shear stress at the wall surface (subscript o refers to the wall surface) and g the 
acceleration of gravity. Introducing a nondimensional mean film thickness, yi* = yt (g sin 0/u2) '~3 
(v is the kinematic viscosity), and a nondimensional inteffacial shear stress, ~',*= 
zd[pg sin O{u2/(g sin 0)}'/3], and expressing the film thickness as y~ t = (y~/v)~/~o/p in terms of a 
nondimensional length parameter of the wall law, [1] reduces to 

(y, t)2 = (y,,)3 + ~'~ ,(y,,)2. [2] 

A force balance on the liquid layer at y from the wall becomes 

r = zo-pg  sin 0 .y. [3] 

This is rewritten as 

__r = I -  (y,~3 ro \y, #] y t, [4] 

where 

y t = (y ]u) ~ o / p .  

The velocity gradient du/dy may be expressed as 

d u  ~=p(.+,)~, 

where ~ is the eddy diffusivity for momentum. Therefore, 
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z :  dut  , I51 
1"o \ ~'7 dy t  

where u t = u / ~ o / p .  For a laminar liquid film, ~ = 0. Then, substituting [4] into the left-hand side 
of [5] and integrating yields 

1 
ut = yt -Z (yt). 2 [61 

For a turbulent liquid film, the velocity gradient may be obtained by assuming the following 
expressions for the eddy diffusivity according to Deissler (1954): 

~-= n Z u t y t { 1 - e x p ( - n 2 u t y t ) }  for 0-<_ yt  <26, [7] 

and 

2[dutX 3 l idZutX  2 
v = r  t d - ~ , ] / t d - - ~ , ]  for 2 6 -  < _ yt ,  [8] 

where n = 0.109 and K = 0.36. Then, from [4] and [5] with the aid of [7] and [8], 

and 

dut  [yi*\  3 ~ 0__< [l+n~utyt{1-expC-n u~yt)}]~fit = 1-~y-~} yT for yt<26, 

1 1 
K du t  

dyt  

,_ ,',. }} 

[91 

for 26-< yt .  [10] 

Equation [10] is derived by neglecting the term of the unity due to molecular viscosity in [5] and 
by integrating once under the condition that du tidy t ~ ~ as y t ~ 0. The numerical integration of 
[9] under the condition that u t = 0 at y t = 0 followed by the integration of [10] under the condition 
that u t is continuous at y t = 26 results in the velocity profile of a turbulent film. 

Integrating the velocity profile obtained above, the film Reynolds number defined by 
Res = (4F[/~) (F is the flow rate per unit width and/~ the dynamic viscosity) can be determined 
and expressed in terms of yi t and yi* as 

oyl t Re/=4  utdy t .  [11] 

As for the four characteristic parameters of the liquid films, yi*, ri *, yi t and Re/, when two of them 
(usually, Res and r~*) are given, the other two are determined by [2] and [11]. Especially for a 
laminar liquid film, [6] can be easily integrated to yield Re/wi th  the aid of [2] as follows: 

2 4 , ,  , , 2  gei=E(y~t)2-~-(y~*)3=;(y, )+2z~ ( y , ) .  
,.) J 

[12] 

The temperature gradient dt/dy may be expressed as 

q =-pcp + Eh , 
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where q is the heat flux, E~ is the eddy diffusivity for heat, and cp and Pr respectively are the 
specific heat and the Prandtl number. Therefore, 

q = ( 1 + Eh'~ dt t  
qo \P r  ~ ]  dyt '  [13] 

where tt=pcp(to-t)X/~o/p/qo. Here, the turbulent Prandtl number is assumed to be 
Pr, = E/E, = 1. For the case of a fully developed liquid film which is heated at a uniform rate 
along the plate without evaporation and heat loss from the interface, the local heat flux q in the 
film varies as 

q l f (  udy 4fo~*u~fdYt 
- - -  - 1 114] qo ("  udy R6 

J, ) 

By substituting the velocity profile obtained previously into this equation and then substituting 
into the left-hand side of [13], the temperature distribution can be obtained by a numerical 
integration. For the case of a laminar liquid film without an interracial shear, it becomes 

{ I/vf\~ 1 ( y + ] 3 1  tt=Pry+ 1-9~ k)-~z+) + ~ \ y , + /  ; .  [151 

3. EXPERIMENTAL APPARATUS AND PROCEDURE 

The test liquid used in the present study is a mixture of spindle oil and kerosene in a volume 
ratio of 87: 13. Its physical properties are shown in figure 1. Figure 2 illustrates the experimental 
apparatus. The test liquid is maintained at a desired temperature in the storage tank and is 
pumped to an orifice flow meter and then to the test channel through a porous sinter section. 
After flowing down the channel, the liquid is separated from air and is cleared fairly scrupulously 
of bubbles before returning to the storage tank. Air enters through a smoothly contracting section 
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Figure 1. Variation of physical properties of test liquid against temperature t. Thermal conductivity 
k = 0.144W/m°C nearly independent of temperature. 
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Figure 2. Experimental apparatus. 

and flows in parallel with the liquid film. The air flow, separated from the liquid at the separator, is 
measured by an orifice flow meter and then goes to a blower. 

The test channel made of transparent acrylic resin is 100 mm wide, 20 mm high and 2 m long, 
and is inclined at 40 degrees from the horizontal, figure 3. Pressure taps are located on the upper 
side wall at 850 mm and 1850mm downstream of the lower limit of the porous section. A 
traversing mechanism, which is capable of setting a probe at exact distances from the under side 
wall is located 1700mm downstream of the porous section. Either a hot-wire probe or a 
thermocouple probe was mounted to this mechanism, depending on the purpose of the test run. 
For isothermal runs, liquid temperature was measured at 30 mm downstream of the traversing 
station by a thermocouple. For the runs measuring temperature profiles, a 0.1 mm thick, 1 m long 
stainless steel plate fastened on the under side wall over the downstream half of the test channel 
was heated directly by passing an alternating current through it. The heating wall temperature 
was measured at 50 mm upstream of the traversing station by a thermocouple. The electrodes are 
attached to the side edges of the heating plate, as shown in figure 3 to minimize the disturbance 
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Figure 3. Test channel. 



266 x. UEDA and H. TANAKA 

due to irregularities at the leading edge of the heating plate. In this arrangement, it was confirmed 
that heat flux was uniform except both regions of 200 mm from the leading and trailing edges. 

Figure 4 illustrates the hot-wire probe used for measuring velocity and velocity fluctuation 
distributions. The probe was calibrated every day before and after the measurements by means of 
a jet effusing from an orifice under hydrostatic pressure (figure 2) to avoid errors due to change 
over a long period of time. The output character of the probe changed in a short term of a few 

tens of seconds, presumably owing to the deposition of small bubbles onto the hot-wire. The 

output change appeared most pronouncedly in stationary laminar flow, while it was moderated in 
flow with velocity fluctuation or turbulence. However, it was confirmed that the probe output 

always returned to the initial level immediately after a sudden velocity change. At the time of 
measurement, the probe suspended in the air flow was inserted into the fixed point in the film, and 

the output read without delay. Figure 5 shows the thermocouple probe used for temperature 
profile measurements. 

r 

O mm  onow  

" ' ' / ' - ' -  5p.m D tungsten 
wire 

Figure 4. Hot-wire probe. 
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Figure 5. Thermocouple probe. 

4. EXPERIMENTAL RESULTS 

Figure 6 shows the measured velocities plotted against distance y from the wall for various air 
flow rates Go under a constant volume flow rate of liquid Qt. Each velocity profile has a sharp 
decrease near the interface, which may be attributed to intermittent exposure of the hot-wire to 
air flow at the troughs of waves. The interfacial shear stress r, was calculated from measured 

pressure gradient dp/dz, the channel height H and film thickness yl by [16], in which the neutral 
plane of shear stress was assumed to coincide with the central plane of the air layer, since it was 

difficult to determine exactly the maximum point of air velocity profile in the experiment; 

dp H - y, [16] 
r~ - dz 2 

In this calculation, because of the difficulties in finding the mean film thickness of the wavy film, 
the film thickness was assumed as the distance y, shown in figure 6 where the output decreased 
steeply. The shear stress ~-o at the wall was determined from the velocity gradient near the wall. 
The velocity profiles were replotted using the non-dimensional parameters u'~ = u / ~ o / p  and 
y t = (y/~) z~o/p and are shown in figure 7. Various predictions from section 2 are also plotted in 
figure 7. Curve 1 represents the relation u t -- y t in the viscous sublayer. Curve 2 is Deissler's 
universal velocity profile for turbulent single phase flow. In the scope of this experiment, ~', is so 
small as compared with zo that the velocity profile computed by applying an actual value of ~'i* 
scarcely differs from that assuming z,* = 0. Taking ri* = 0, [6] for laminar films was calculated to 
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Figure 6. Velocity profile in liquid films. Keys are given in figure 7. 
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Figure 7. Comparison of measured velocity profiles with predicted values. 

Q~(m~/hr) Go (kg/hr) t(K) Re1 ro(N/m 2 ) r,(N/m 2 ) r,/¢o ~* 

O 4.80 60.2 301-6 4560 20.1 0-42 0.021 0-29 
• 4.81 82.0 300.8 4420 16.5 1.1 0.065 0.72 
A 4.80 100.5 300.8 4410 25.9 2.9 0.11 1.9 
x 3.62 80.0 301.0 3350 18.0 0.95 0.053 0.64 
+ 6.00 76.0 301-6 5700 17.0 1.6 0.095 1.1 

Curve 1: u t = yi'. Curve 2: Deissler's prediction for turbulent full tube flow. Curve 3: Nusselt's prediction for 
laminar liquid film, Ret = 4500, ¢~* = 0; Curve 4: Re~ = 3000, ¢~* = 0. Curve 5: Duider's prediction for turbulent 
liquid film, Ret =4500, ¢~* =0; Curve 6 : R 6  =3000. r~* =0. 
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yield curves 3 and 4 corresponding to the experimental Reynolds numbers, and [9] and [10] for 

turbulent films were integrated to result in curves 5 and 6. 

Velocity fluctuation distributions were measured simultaneously with velocity profiles. The 

results are shown in figures 8 and 9 as u'/u vs y? and u'/X/~o/p vs y -  respectively. In these 

figures, u '  shows a sharp increase at large yf ,  which may be attributed again to waves at the 

interface. Here, it should be noted that no velocity fluctuation was observed when the air flow 
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Figure 8. Distributions of velocity fluctuation. Keys are given in figure 7. 
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Figure 9. Distributions of velocity fluctuation. Keys are given in figure 7. 
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was stopped. In the case of turbulent boundary layers of single phase flow, a plot of u'/V~zo[p 
against y t is considered to describe a universal curve irrespective of Reynolds numbers (Kudva 

& Sesonske 1972; Pennell et al. 1972). A typical curve is shown in figure 9 by the experimental 

result of Laufer (1954) for single phase flow. 
For measurement of the temperature profile, a considerably smaller heat flux of qo = 680W/m 2 

was imposed so as to restrain the temperature differences across liquid films within 3°C, lest the 
physical properties change extremely across the liquid films. In figure 10, the measured 
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Figure 10. Tempera ture  profile in l iquid films. Keys  are given in figure 11. 

temperature drop from the wall, to -  t, is plotted against y. A dashed line in the figure represents 
the relation t o - t  = (qo/k)y which holds if heat is transferred only by conduction. It is not 
surprising that the measured temperature profiles are over this dashed line in the range 
y < 0.5 mm since the thermocouple junction is about 0.2 mm in diameter. As the velocity gradient 
near the wall is very large, readings of thermocouple may be biased toward the value in the main 
stream. By using the physical properties at the film temperature t~ = (to + t,)/2, the temperature 
profiles were rearranged in the form of t t vs y t as shown in figure 11. In this figure, the data in the 
region y < 0.5 mm were omitted for the above reason. Prediction formulae described in section 2 
are also plotted in figure 11. Curve 1 corresponds to the dashed line in figure 10. Curve 2 is 
Deissler's prediction for turbulent boundary layers of single phase fluid with a Prandtl number 
Pr = 112. Curve 3, corresponding to the measured profile denoted by the symbol +, represents 
the temperature profile in a laminar film given by [15]. When the film Reynolds number becomes 
slightly larger, the temperature profile in a laminar film almost coincides with curve 1 near the 
wall Curve 4 for the case of Re~ = 3000, Pr  = 112 and ¢,* = 0 was obtained from [9], [10], [13] and 
[14] for turbulent films, and differs only slightly from curve 2 for single phase flow. 

5. D I S C U S S I O N  

For the velocity profiles in figure 7, it is noticeable that the liquid films seem to be much more 
laminar than turbulent, disagreeing with Dukler's predictions, up to the Reynolds number 5700. 
Further, the velocity profile is not strongly affected by the strength of the interfacial shear in this 
experimental range. 

MF Vol. 2, No. 3--D 
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Figure 11. Comparison of measured temperature profiles with predicted values. 

Q, (m3/hr) G,, (kg/hr) t~(K) Re~ Pr¢ ~* 

+ 0.18 0 303.1 180 121 0 
x 0.60 0 304-7 640 114 0 
A 1.20 0 306.5 t370 107 0 
[] 2.40 0 306.2 2710 108 0 
• 2.40 80.0 304.5 2540 115 0.65 
© 4.80 0 305.8 5350 110 0 
• 4.80 80.0 304.3 5030 116 0.80 

Curve 1: tf = Pr. y. (Pr = 112). Curve 2: Deissler's prediction for turbulent full tube flow (Pr = 112). Curve 
3: Nusselt's prediction for laminar liquid film, Res = 180, Pr = 121, ~-* = 0. Curve 4: Dukler's prediction for 
turbulent liquid film, Re = 3000, Pr = 112, r* = 0. 

The results of temperature profiles in figure 11 support the above knowledge about the 

velocity profiles. It is clear from [13] that eddy thermal conductivity becomes comparable to 

molecular thermal conductivity when e,/v = l /Pr. In the present experiment, P r -  100. Thus, 

curves 2 and 4 in figure 11, which assume the wall law for turbulent single phase flow, depart from 

curve 1 at about y t  = 2.5 where the condition Eh/V + 1[100 is fulfilled, and then become nearly 

horizontal for large y t. On the other hand, the data in figure 11 show no sign of such eddy 

diffusivity near the wall as predicted by the wall law, and indicate the existence of a thick 

molecular conduction layer. However, there must be some mixing motions at a distance from the 

wall, since the measured temperature profiles are horizontal for large y ?. As the Prandtl number 
in this experiment is very high, even a slight eddy motion may flatten the temperature profile. 

Taking into account the fact that the velocity profiles approximately follow laminar 

predictions in figure 7, it may be concluded that the eddy diffusivity at a distance from the wall is 

of insignificant extent. 

As shown in figures 8 and 9, considerable fluctuations of velocity have been observed in 
accordance with an increase of air flow rate. In this respect, the observed state of gas-liquid 

interface underwent the following changes. When the air flow rate Ga was 60 kg/hr, the interface 
was calm and smooth. As G, was increased, there appeared several regions on the interface 

which looked white with swarms of small disturbance waves. The fraction of those white regions 

increased until G,, = 100 kg/hr, at which the whole interface waved furiously, splashing the upper 
side wall with droplets. The knowledge obtained from the velocity and temperature profiles 
suggests that the observed velocity fluctuations may be different in nature from those in turbulent 
boundary layers of single phase flow. This is supported by figure 9 in which the data of velocity 

fluctuations disagree with Laufer 's universal profile. Here, it is noticeable in figure 8 that u ' lu  is 
nearly uniform despite the distance from the wall (except the neighbourhood of the interface) and 
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its value is approximately equal to (1/2) ~'i/~'o. This fact might be explained by assuming the 
following mechanism of velocity fluctuations. The instantaneous strength of interfacial shear 
stress at any point may fluctuate around its mean value 7, approximately by an amplitude ~-,/2, 
owing to the turbulent motions in the air flow. Then, provided the liquid film is in laminar state, 
the mean velocity u is expressed as 

u=~-l lpg sin O(y,y-Y---2)+,~yl-YI('ro-,,)-~- (1 - ~y~) + ,,] - *° y(1 ~- \ - ~y,), 

and the velocity fluctuation caused by the interfacial shear variation of zl/2 may have an 
amplitude of u ' =  (1/2)(zdl~)y. In consequence, u'/u ~ (1/2)zd'ro. Then, although some eddies 
exist at a distance from the wall, the major part of the velocity fluctuation is considered to be the 
laminar fluctuation due to the interfacial shear variation. 

The above discussions support qualitatively our previous experimental results on liquid films 
of annular two-phase flow in vertical tubes mentioned in the introduction. Further increasing of 
the interfacial shear or the film Reynolds number will bring about an increase of eddy motions in 
the films and spreading of an eddy predominant layer, and will transform the film flow into fully 
turbulent state. In the present experiment, however, a developed turbulent state was not 
observed, nevertheless measurements were performed up to Reynolds numbers comparable to 
those where vertical liquid films had become fully turbulent in previous experiments. This may be 
attributed to the gravity component normal to the wall acting upon liquid films on an inclined 
plate to suppress growing up of wave motion and breakdown of wave crests. 

6. CONCLUDING REMARKS 

The velocity, temperature and velocity fluctuation distributions within liquid films on an 
inclined plate were measured in a range of Reynolds number Re~ to 6000 and the interracial shear 
zi* to 2. On the basis of the results the following conclusions were reached. 

(i) There are some mixing motions at a distance from the wall; however, the flow near the wall 
surface is accompanied with no sign of such eddy motions as predicted by the wall law for single 
phase turbulent flow. 

(ii) When the interfacial shear is generated by cocurrent air flow, the velocity fluctuation is 
observed within the film. This seems to be caused by the fluctuation of the interfacial shear. In the 
present experimental range, however, this velocity fluctuation does not yield such mixing 
motions as eddies in developed turbulent flow do, and the mean velocity profiles are 
approximately the same as those obtained by the laminar film prediction. 
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R6sum6----On a mesur6 avec des techniques de fil chaud et des thermocouples fins, les distributions de vitesse, 
temp6rature et fluctuation de vitesse dans des films d'huile spindle descendants darts des canaux 
rectangulaires inclin6s, La contrainte interfaciale 6tait impos6e par un 6coulement co-courant d'air. 

Les r6sultats indiquent que les films liquides se comportent dans l'ensemble beaucoup plus comme 
laminaires que comme turbulents dans une gamme de nombres de Reynolds (4F/g) atteignent 6000. I1 y a 
quelques mouvements de m61ange au voisinage de l'interface; cependant l'6coulement pros de la paroi ne 
montre aucun signe des mouvements tourbillonnaires pr6vus ~ partir de la loi h la paroi pour les 6coulements 
turbulents monophasiques. Bien que des fluctuations de vitesse soient observ6es au sein des films soumis 
une contrainte interfaciale, les profils de vitesse moyenne sont approximativement les m6mes que ceux qui 
r6sultent des pr6visions pour un film laminaire. 

Auszug--Die Verteilung von Geschwindigkeit, Temperatur und Geschwindigkeits-schwankungen in 
Spindeloelschichten, die in geneigten rechteckigen Kanaelen abwaertsstroemen, wurde mittels 
Hitzdrahtanemometer und duenner Thermoelemente gemessen. Schubspannungen in der Grenzflaeche 
wurden durch parallele Luftstroemung eingestellt. Die Ergebnisse zeigen Fluessigkeitsschichten. die im 
grossen Ganzen viel mehr laminarer als turbulenter Stroemung aehneln, bei Reynoldschen Zahten (4F/g) bis 
zur Versuchsgrenze yon 6000. Waehrend sich in der Naehe der Grenzflaeche einige Mischvorgaenge 
abspielen, sind in der wandnahen Stroemung keine solchen Wirbelbewegungen, wie sie das Wandgesetz der 
turbulenten Einphasenstroemung vorhersagt, wahrnehmbar. Trotzdem in den Scbichten mit Grenz- 
flaechenschub Geschwindigkeitsschwankungen gemessen werden, ergeben sich die mittleren Geschwindig- 
keitsprofile annaehernd wie durch die laminare Schichttheorie vorhergesagt. 

Pe3mMe--C HOMOU2b~O HaFOeTblX npoao.~oqeK n I'OHKHX TepMonap 143Mep~uIHCb pacnpeae~qen~ifl 
CKOpOCTe.q, TeMnepaTyp rt ~yKTyat ta f l  CKOpOCTe~ B TOHKHX n~eHKaX BepeTeHHOrO Mac~a, cie~arotuHx 
B HaKJIOHHblX IlpflMOylO~qbHblX KaHanax. Mexqba3Hblfl C2~BHF 3a~aaa~cH HpflMOTOKOM BO3,~yxa. 
Pe3y~bTaTbr nOKa3blBarrOT, qTO B O6UteM ~I4~IKHe H~eHKH 3HaqnTe~IbHO 6o~ee YIO.~O6Hbl 
.3aMI4HaprlblM, '~eM Typ6y~eHTHbIM nprl H3MeHeHriri rprlTepaa PetaHOnb~ca (4F/I.t) Ha 3Kcnepta'MeH- 
Ta.qbHOl4 rpaHat~e Z20 6000. Cyu2eCTByrOT neroiopb~e cMemvtBatotttrte rtepcMetueHH~a B~JIH3H 
yra3aHno~t Me~dpa3HO~ rpaHnHb~, O~HaKO HOTOK B{5~q~IeH HpHcTeHO~IHO~ noaepxHocTl, i He 
conposo~£taeTc~ HHKaKHMH cne~aMn BMXpeBblX ~tBI4)t(eHH~I, KaK 3TO npe,rlc:<a3btaaeTca 3aKOHOM 
CTeHKH ~.r/~l O.~HO~a3HOFO Typ~y~qeHTHOFO TeHeHH~. XOT~ ~ aHyTpa HneHOK C HOBepXHOCTHblM 
C~BHI'OM 6birth Ha6;lrO£~eHbt qb.rlyKTyaunn CKOpOCTefi, HpoqbH~n cpe~HaX CKOpOCTe~t COOTBeTCTBOBa-rlH 
Hpot~H~tM, O~a~aeMb~M ~2.qfl ~taMnHapHb~X nneHo:<. 


