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Abstract-Simultaneous momentum, heat- and mass-transfer rates from a vertical falling liquid film to 
an upward flow of gas are reported. The gas forms an external boundary layer along the liquid film. 
In all cases dimensionless transport rates were determined from property gradients measured at the 
inner edge of the boundary layer. The velocity, temperature and concentration profiles were measured 
using hot wire anemometric, thermocouple probe and isokinetic sampling with gas chromatographic 
analysis techniques. Particular numerical and integral solutions to the boundary-layer equations are in 

good agreement with the data. 

NOMENCLATURE 

coefficient in concentration boundary 

condition [kg mole] ; 
coefficient in temperature boundary 

condition [K]; 

coefficient in concentration boundary 
condition [kg mole/m]; 

coefficient in temperature boundary 

condition [K/m]; 
molar density of mixture [kgmole/m3]; 

coefficient of binary diffusion coefficient 
(isopropyl alcohol vapors in air) [m2/s]; 

friction factor at liquid-air interface; 

heat-transfer coefficient [W/m’ K]; 

mass-transfer coefficient [kg/mole/m%]; 

average liquid flow rate per unit width in the 
film [kg/m s]; 

Nusselt number; 
see equation (14); 
Prandtl number; 
heat flux at the liquid vapor interface 

[W/m2 K] also see equation (14); 

=1_ 1 

0 

314 

x ’ 
see equation (13); 

Reynolds number; 
Schmidt number; 
Sherwood number; 
temperature (K); 

*Research Assistant. 
TAssistant Professor, to whom correspondence should be 

directed. 

x component of velocity [m/s]; 

Y component of velocity [m/s]; 

molar flux of A at boundary [kg mole/m2s] ; 
distance from leading edge [ml; 

mole fraction of vaporizing species; 
distance from film surface [m]; 

dummy variable, see equation (14); 
thermal diffusivity of vapor air mixture 

[m’/sl; 
incomplete beta function; 
velocity boundary layer thickness [m] ; 
temperature boundary layer thickness [ml; 

step change in temperature boundary 
condition [K]; 

step change in concentration boundary 
condition; 

dimensionless temperature; 

unwet starting length, running variable in 
equation (26) [ml; 
kinematic viscosity of vapor air mixture 

Cm’/sl ; 
shear stress [N/m’]; 

viscosity of vapor air mixture [Ns/m’]; 
density of vapor air mixture [kg/m3]; 
viscosity of film liquid [Ns/m’]; 
thermal conductivity of vapor air mixture 

[W/m Kl. 

Subscripts 

X, at a distance from leading edge; 

0, at liquid-gas interface; 

1, ith (i = 1,2,. . . , n); 
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at free stream; 

number of finite steps in boundary 
condition; 
pertaining to liquid film; 

pertaining to vaporizing species (isopropyl 
alcohol). 

INTRODUCTION 

FEW EXPERIMENTAL data exist for heat and mass transfer 

from liquid films to external flows for non-uniform 

temperature and concentration boundary conditions. 

These boundary conditions exist in the entrance region 

of film type packing in counter flow cooling towers 

and wetted wall gas absorption columns. Thus an 

apparatus of similar geometry was designed to study 
the heat- and mass-transfer phenomena. A technique 

which allows measurements of velocity, temperature 

and concentration profiles within a two dimensional 
boundary layer has been developed, and hence, dimen- 

sionless transport coefficients can be obtained. These 

coefficients have been measured for isopropyl alcohol 
vaporizing from a falling film into an upward forced 

flow of air at laboratory conditions, and comparisons 

with laminar boundary-layer theory results have been 

made. 

where, 

xA = mole fraction of vapor; 

c( = thermal diffusivity of the mixture; 

??A”as = diffusion coefficient of vapor diffusing into air; 
v = kinematic viscosity of the vapor mixture. 

No chemical reactions, external force fields and viscous 

dissipation are assumed to exist in applying equations 

(l))(4). Equations (1) and (2) have been solved exactly 
by Blasius for zero velocity at the wall and the results 

are tabulated in [8]. 

The expression for friction factor which is defined as 

Several studies of transport phenomena in systems 

where a moving interface exists between a liquid and 

vapor phase have been reported [l-5]. Pike [I] 

obtained pressure gradients and velocity profiles for 

fully developed turbulent flow for the co-current flow 
of a gas and liquid film in a rectangular duct. Isenberg 

and Gutfinger [Z] analyzed the heat transfer to a falling 

vertical film whose thickness and surface temperature 

are changing with time. Mass-transfer measurements 

have been reported for internal flows with moving 

liquid-vapor interfaces [3,4]. In a theoretical study 
Howard and Lightfoot [5] extended the surface-stretch 
mass-transfer model to the case of gas absorption into 
laminar rippling films. 

is given by 

where 

The studies of Byers and King [3] and Barton and 
Trass [6] are noteworthy because of their reported 
concentration profile measurements. Byers and King 
used sub-local, constant velocity sampling by means of 
a probe traversing the fully developed gas phase of a 
two-phase flow in a horizontal rectangular channel. 
Barton and Trass developed an optical ultraviolet 
absorption technique for measuring concentration pro- 
files in an external vertical boundary layer with a 
stationary vaporizing solid phase wall. 

In order to get expressions for heat- and mass- 
transfer coefficients the groups of equations (l)--(3) and 

(I), (2) and (4) have to be solved simultaneously. The 
exact solutions can not be obtained for the inhomo- 
geneous boundary conditions. Hence these equations 
have been solved approximately employing integral 
techniques [9]. 

If the boundary conditions are as follows 

l&Y, 0) = 0, c(.X, 0) = 0 

ANALYSIS and 

Following are the basic well known constant prop 
erty boundary-layer equations for a flat plate [7]. XR(X, 0) = X& = _YA, r ; o~_u~< 

= u+b.x; x 2 t - . (10) 

and if the free stream conditions are constant then the 

(3) 

T = temperature; 

(5) 

(6) 

(7) 

5 x.0 = shear stress at the wall at location .Y 
II, = free stream velocity. 

(8) 
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expressions for the local Nusselt and Sherwood 

numbers are* 

NM, = 
0.332P,“3Re~‘2 AT, 

T,-T, [ 
y113 + 4/3WU:, ?) 1 (11) 

0.332Sc1’3 Re”’ 
Sh, = 

x 1 (12) 
xA,o -xA.m 

where 

5 

0 

314 

r=l- - (13) 
X 

/l,(p,q)= r.ZP-l(l-Z)q-ldz 
s 

(14) 
0 

AT, = step in temperature 
boundary condition at x = 5 

= a’+h’5- T,, (15) 

Ax A,o = step in concentration 
boundary condition at x = l 

(16) 

p(p q)‘sYeYeta fZZtY1nXA’m = O)’ , 1 

In addition particular numerical solutions to the 

energy and species continuity equations, equations (3) 

and (4), were obtained for the boundary conditions 
measured at the wall. The Crank-Nicolson implicit 

technique was employed [lo]. The simultaneous differ- 

ence equations were then solved by the Gaussian 
elimination method. The boundary condition of vel- 

ocity at the liquid gas interphase was assumed to be 

zero because the film was ripple-free and the film 
surface velocity was only O.O18m/s which was only 

2 per cent of the free stream velocity. Further justifi- 
cation is stated in the “Results” Section. 

EXPERIMENTAL TECHNIQUES 

The schematic arrangement of the experimental 

setup is shown in Fig. 1. The test section was 
7.0 x 14.5 cm and 49.8 cm in the flow direction. The 
air flow rate is controlled by the pressure regulator. 
The air passes through a subdivided divergent nozzle, 
a screened calming section and then into a convergent 
nozzle which produces a uniform velocity profile at the 
entrance of the test section [ll]. A film of isopropyl 
alcohol falls vertically down the left wall of the test 
section. Isopropyl alcohol was chosen because it has 
low surface tension and therefore a very thin film can 
be formed. The liquid which is stored in the top 
reservoir enters the distributor where it calms and is 
distributed along the width of the film. The liquid is 
collected near the bottom of the test section. The film 
thick&s can be controlled by adjusting the entrance 

*See Appendix A for algebraic details. 

Liquid reservoir 

H.W -cl anem. 

_-Air from CCmPressOr 

FIG. 1. Schematic arrangement of experiment. 

slit opening or by adjusting the liquid level in the 

distributor. 
Physically the experimental arrangement results in 

vaporization from a vertical falling film to an upward 

flowing stream of air. The air velocity is uniform at 

the leading edge of the starting length. At the end of 

the starting length the concentration and temperature 
boundary layers start developing simultaneously. The 

liquid which enters the falling film at ambient tem- 

perature cools down as it flows downward because 

of vaporization. 

Velocity measurements 
Velocities were measured with a flow corporation 

model 900 constant temperature hot wire anemometer 

equipped with a boundary-layer velocity probe. It was 
net ssary to develop a method to calibrate the probe 
for velocities below 1 m/s. The arrangement which con- 
sisted of measuring the centerline discharge velocity 

from a long tube connected downstream of a calibrated 
gas meter is shown in Fig. 2 [12]. For laminar flow 
in the tube the discharge velocity measured at the tube 
centerline was twice the average tube flow velocity 
determined from the metered flow. The velocity probe 
was mounted in a traversing mechanism and could be 
located at any one of four stations along the film. The 
probe was supported in tapped holes in the right hand 
wall of the test section shown in Fig. 1. Measured 
velocity profiles are shown in Fig. 3. The measured 
turbulence intensity in the flow direction at the test 
section inlet was 2.8 per cent. 
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Boundary layer probe 

To hotwire 
anemometer 

,Platinum 
sensor 

u 
zz 

I,O- 

0.8- 

0.6- 

FIG. 2. Schematic arrangement for calibration of the hot 
wire anemometer probe. 

Temperature measurements 
Temperature profiles were measured by thermo- 

couple probes. Considerable temperature probe de- 

velopment was necessary to reduce an erroneous tem- 

perature jump at the liquid film boundary-layer inter- 

face. The evolution of probe designs is shown in Fig. 4 

where the probe was modified to reduce thermocouple 

lead wire conduction gains. The effect of reducing lead 

conduction gains in probe (a) by changing from 

Cu-Con to CrPCon thermocouples and then by 

changing to the yoke configuration probe, probe (b), 

upon measured temperature profiles is shown in Fig. 5. 

(a) 

(bl 

&=0,03 m/s 

B X = 37.5 cm 

s X=29Bcm 
A X=22,1 cm 

0 X= 14.4 cm 

- Theory 

FIG. 3. Velocity profile. 

& /LEE= 
0,076 mm TC. wire 

The modified probe with 76pmdia Cr-Con thermo- FIG. 4. Thermocouple probe designs: (a) original 
couple lead wires was used for the reported measure- design: (b) modified design. 

Y 
- Cu- constantan 
_,- Chrome1 - constantan 

- Modified chrome1 
constantan 

X = 22.0 cm 

I I I I I 
0 

I I 
I 2 3 4 5 6 7 

Y, mm 

FIG. 5. Effect of probe design on temperature profile. 
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sampling loop was filled to the desired pressure the 

sample was injected into the gas chromatograph by 

the gas sampling valve. 

+ x = 29.7 cm 
l X=22Ocm 

Y X-14.3cm 

FIG. 6. Temperature profiles. 

Helium was used as a carrier gas. The flow rate in 
each column was maintained at 1 cm3/s. A 0.635 cmdia 

3.05m long Porapak Q column was used to separate 
isopropyl alcohol from air. The columns were main- 

tained at 138°C and the retention times of air and 

isopropyl alcohol were 0.5 and 7 min respectively. The 

concentration profiles are shown in Fig. 8. In order 
to reduce the running times of the experiments the 

profiles were measured only in the vicinity of the film. 

The concentration at the film surface was determined 

by assuming that the vapor is in equilibrium with 

liquid at the measured liquid temperature. Therefore, 
the partial pressure of vapor at the interface would be 

equal to its vapor pressure at that temperature. 

Glass sampling __ 
probe 6.4 mm ad. 

Probe traversing 
,mechanism 

Tip i.d. 
o.d. 

Needle control 

FIG. 7. Sampling manifold schematic. 

ments. Temperature profiles measured within the 

boundary layer at the positions along the film are 
shown in Fig. 6 along with the numerical computer 

solutions. 

Concentration measurements 
The concentrations were measured by sampling the 

boundary layer and then injecting the sample in a 

Loenco model 2400 Graphmatic gas chromatograph 
equipped with a thermal conductivity detector. A 
diagram of the sampling manifold is shown in Fig. 7. 

The control valve was adjusted to perform iso-kinetic 
sampling with the probe, so that disturbances to the 
boundary-layer flow field are minimized and that the 
sample is drawn locally. The local sampling velocity 
which was measured previously by a hot wire anem- 
ometer is determined by timing the manifold filling 
process. The manifold which was initially evacuated 
and whose volume is known is filled to a predetermined 
pressure sufficiently below the test section to maintain 
critical flow during the sampling period. When the 

000~ Experimental results 
- Computer solution 

Y, mm 

FIG. 8. Concentration profiles. 
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RESULTS 

In this section the measured velocity, temperature 
and concentration profiles are presented and the 

transport coefficients derived from these measurements 

are compared with values calculated from boundary- 

layer theory. The measured liquid film vertical tem- 

perature distribution and the corresponding vapor 
phase concentration profile based upon thermodyn- 

amic liquid-vapor phase equilibrium are shown in 

Fig. 9. These measurements were used to specify the 

inhomogeneous boundary conditions of the energy and 
species continuity boundary-layer equations solved for 

comparison with the measured transport coefficients. 

implicitly assumed that d is off by 0.5 per cent and 

since Nu, and Sh, are approximately proportional 
to 6. the error in them will be of the order of 0.5 per 
cent. The film was also observed to be ripple-free. The 

tilm Reynolds number (m/k~i) was 0.38. The ripples are 

present when Reynolds number exceeds 1 [7,]. 

Equation (5) was used to determine the friction 
factor experimentally. The wall shear stress, r,., was 

evaluated from equation ( 17). 

(17) 

The velocity profiles measured at various positions The velocity gradient was obtained from measured 
along the wetted film are shown on Fig. 3. The dis- velocity profiles. Table 1 shows a comparison between 

101 1 I I I I 1 I I I 
0 5 IO 15 20 25 30 35 40” 

X. cm 

FIG. 9. Temperature and concentration boundary conditions. 

crepancy between the measured profiles and the exact 
flat plate boundary-layer results, although small, in- 

creases with the distance from the leading edge. This 
discrepancy is attributed to an increase in free stream 
velocity in the downstream direction. The measured 
free stream velocity increases from 0.82 to 0.845 m/s 

in the downstream direction; this is due to the three- 
dimensional effects of the bounded channel. Since the 
maximum boundary velocity at the film surface has 
been estimated to be O.O18m/s which is only about 
2 per cent of the free stream and in the opposite 
direction, it was assumed to be zero in numerical and 
approximate solutions of equation (1) through (4). This 
assumption can be further justified by the fact that 
the point of zero velocity is only a/200 away from the 
liquid vapor interphase. This expression was obtained 
using equation (4) of part II of reference [3]. Although 
this equation is strictly for flow between two parallel 
planes, it can be used for external flows if half the 
distance between parallel planes is replaced by the 
momentum boundary-layer thickness. Thus, in making 
an assumption of zero interface velocity. we have 

Table 1. Comparison between measured and calculated 
transport coefficients 

X 
(cm) 

Theoretical Experimental 

14.4 
22.1 
29.8 
31.5 

13.6 
21.3 
29.0 
36.1 

14.3 
22.0 
29.7 
314 - 

Friction f&or 
0.0075 0.0079 
0.0060 0.0072 
0.0052 0.0056 
0.0046 0,005 1 

SherM;ood number 
94.2t 97.5* 90.6 
63.2 67.3 66.0 
81.9 71.9 84.0 
15.2 80.7 83.5 

Nusselt number 
59.6t 59,7* 50.2 
38.0 37.9 44.8 
21.6 22.7 26.4 
41.0 - 17.4 36.5 

Difference 
(“‘) , 0 

-5.1 
- 167 

-7.1 
-9.X 

+ 7.6 
+ 2.5 

- 14.4 
- 3.4 

+ 18.9 
- 15.4 
- 14.6 

High uncert. 

*These values were calculated from particular solutions 
to boundary-layer equations obtained numerically. 

tThese values were calculated from approximate solutions 
using equations (11) and (12). 
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the experimentally and theoretically determined fric- 

tion factors. The agreement is generally within about 

10 per cent except for the comparison at station 

2(x = 22.1 cm) where the values differ by 20 per cent. 
The temperature profiles measured at the four posi- 

tions along the film are shown in Fig. 6. The profiles 
become progressively flatter in the direction of the air 
Row with the difference between the free stream and the 

liquid film reaching a value less than 2°C at a position 

37.4 cm from the leading edge of the plate. 
Figure 9 shows the temperature boundary condition. 

t( = 0.128 m) is the unwet starting length and the tem- 

perature of the wall is identical to the free stream 

temperature in this region. At x = 5 there is a step in 

the temperature boundary condition because of the 
cold liquid film. The film surface temperature has been 

very closely approximated by a straight line. The 

Nusselt number, defined by the equation (18) can be 
computed as follows: 

Mu,=@ 
1 

and since 

(18) 

(19) 

therefore 

(20) 

and experimentally it can be determined by measuring 
the overall temperature difference and slope at the 

boundary. Measured and numerically obtained tem- 

perature profiles are shown in Fig. 6. The measured 
temperatures are in general higher than theoretical 

temperatures because the conduction in leads could 
not be completely eliminated. Since there is a jump in 

the measured temperature profiles at the boundary, 

the slope was measured by taking the difference be- 

tween points located at 0.2 and 0.1 mm away from 
the film surface. In doing so it has been implicitly 
assumed that the error in the measured temperatures 
at y = 0.1 mm and at y = 0.2mm is equal and it is 
reasonable. 

Equation (11) was employed to calculate the Nusselt 
number corresponding to the four positions along the 
liquid film. The properties of air given in Table 2 were 

Table 2. Properties of the boundary layer 

Diffusion coefficient, BAn,, 
Thermal diffusivity, t( 
Kinematic viscosity, v 
Prandtl number, Pr 
Schmidt number, SC 

0.96 x lo-’ m*/s 
0.222 x 1O-4 i2/s 
0.157 x 10m4 m’js 
0.71 
1.64 

used for the calculation, since the vapor mixture never 

exceeded 4 per cent isopropyl alcohol. The predicted 

and measured Nusselt numbers are compared in 

Table 1. The error varies from - 14 to 19 per cent for 

the first three stations. The error becomes very un- 

certain for station four because the terms within the 
brackets of equation (11) are opposite in sign and 

similar in absolute value.* The generally larger error 

in the Nusselt number is attributed to experimental 
uncertainty in the temperature measurement which is 

introduced into the measured results. 
Figure 9 also shows the concentration boundary 

condition. Here again there is an unwet starting length 

and the mole fraction of vapor is zero in this range. 

There is a step followed by a linear variation of mole 

fraction. Although the variation of vapor pressure with 

temperature is exponential, the concentration bound- 

ary condition can be approximated by a linear vari- 

ation with length if the variation in the film surface 

temperature is small. It is worth mentioning that the 
temperature and concentration data were taken on 

different days and that on each day the system attained 
a different steady state depending on the room tem- 

perature. However, the temperatures needed to obtain 
concentration boundary conditions were measured on 

the same day that the concentration data was taken. 
Since the mole fraction of vapor everywhere is less 

than 4 per cent the use of equation (4) which is valid 

for low mass-transfer rates, is justified. 

The mass flux rate from the surface of the film can 
be expressed as 

W&) = - cg‘4as 3 
2.v 0 

= kx(X& - x,4, ,) (21) 

where 

k,= - 3Y 0 

(22) 
xA,o -XA,m 

The Sherwood number is defined as 

r7XA 

kxx 
X 

Sh, = ~ = - RY 0 

c9AaS 
(23) 

XA,o-XA,m 

Thus, experimentally it can be determined as with the 

Nusselt number by measuring the slope of the con- 
centration profiles. Measured and numerically ob- 
tained concentration profiles are shown in Fig. 8. The 
agreement is quite good. The experimental and theor- 
etical results as obtained by equation (12) are tabulated 
in Table 1. The agreement among the measured and 
calculated Sherwood numbers is quite good being 
generally within 8 per cent. 

*And the Nusselt number is very strongly dependent on x 
and passes through zero in that region. 
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APPENDIX A 

(a) Approximate Solution to Energy Boundary-Layer Equation 

Let 
T,- T 

O(5, x, y) = T-7 (A-1) 
0 J: 

be the solution of a flat plate heat transfer problem with 
the boundary condition as shown in Fig. 10. Transposing 
the terms in (A-l) 

or 

T-T, =(l-H)(T,-T,) (A-2) 

T-T, = (l-@(AT.) (A-3) 

Plate temperature, T, 

/ 

t-x 

FIG. 10. Step function temperature 
boundary condition. 

is obtained. If a problem has an arbitrarily specified bound- 
ary condition then its solution can be derived by super- 
imposing the solution for each step and if the temperature 
variation at the boundary is continuous then this variation 
can be considered as a series of infinitesimal steps. This 
superimposing can be done because T appears only in first 
degree in the energy equation. In summing up the effect 
of each such step a running variable 5 is used to denote 
the location of a particular step [9]. Adding all the finite and 
infinitesimal steps the resultant solution can be written as 

T-T, = [l-o(<,.u.y)]dT, 
i 

Since T, is a function of < only 

T-T,= [l-W,x,y)] s 
II 

+ 1 [ 1 - (I(&, :. L.)]AT,,,. (A-5) 
,=I 

But from reference [9] 

,m,+;(~)-!(~) (A-6) 

where 

and 

vx 
(5 = 4.64 

Ji 1. 
~~ (A-8) 
u, 

In the present investigation there is one finite step and a 
linear variation in boundary conditions, therefore sub- 
stituting n = I and differentiating (A-5), following equation 
is obtained 

?T 
--I = -%+I;(-;$)($ldt. (A-9) 
(;y ” 

Since 

c = a’ + b’s .Y 2 < (9) 

or T, = u’ + b’< (A-10) 

(A-l I) 

Substituting (A-9) in (20) 

” 384 

Substituting r = 1 - 5 
ii 

into the integral, (13) 
x 

(A-13) is obtained 

(A-13) 

The coefficient 0,323 will be changed to 0.332 because the 
exact solution with no unheated starting length is [9] 

Nu I = 0.332P’:3Re”2. I I (A- 14) 

Similarly the expression for Sherwood number will be 
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TRANSFERT DE CHALEUR ET DE MASSE PAR CONVECTION FORCEE 
ENTRE UN FILM TOMBANT ET UNE COUCHE LIMITE EXTERNE LAMINAIRE 

1557 

Rbum6-On considere les flux de transfert simultants de chaleur, de masse et de quantite de mouvement 
entre un film liquide tombant et un ecoulement ascendant de gaz. Le gaz forme une couche limite 

externe le long du film liquide. Dans tous les cas, les Aux de transfert adimensionnels sont determines 
a partir des gradients mesures au bord inttrieur de la couche limite. Les profils de vitesse, de temperature 
et de concentration sont mesures a I’aide de sondes anemomttriques. de thermocouples et par des 
techniques d’analyse chromatographique. Des solutions particulitres numeriques et integrales des 

equations de la couche limite sont en bon agrement avec les resultats expirimentaux. 

WARME- UND STOFFOBERGANG BE1 ERZWUNGENER KONVEKTION VON 
EINEM RIESELFILM AN EINE LAMINARE iiu1.3~~~ GRENZSCHICHT 

Zusammenfassung-Es wird i_iber die gleichzeitigen Impuls-, Warme- und Stoffaustauschvorgange 
zwischen einem senkrechten Rieselfilm und einem aufwlrts stromenden Gas berichtet, wobei das Gas 
eine PuDere Grenzschicht entlang des Rieselfilmes bildet. In allen Fallen wurden die dimension- 
slosen Transportraten aus den gemessenen Gradienten der Stoffeigenschaften an der Grenzschicht 
bestimmt. Die Geschwindigkeits-, Temperatur- und Konzentrationsverteilungen wurden mit Hilfe von 
Hitzdrahtanemometern, Thermoelementsonden und Gaschromatographen gemessen. Einzelne numerische 
und integrale Losungen der Grenzschichtgleichungen zeigen eine gute Ubereinstimmung mit den 

Megwerten. 

BbIHYXAEHHbIti KOHBEKTMBHbII? TEI-IJIO- M MACCOIIEPEHOC OT 
IIAflAIOIIIEfi ILJIEHKM K JIAMMHAPHOMY BHEIIIHEMY HOI-PAHMYHOMY CJIOIO 

AlUiOTanHn- npHE0AflTCII AaHHbIe II0 HHTeHCUBHOCTU OAHOBpeMeHHOrO IlepeHOCa KOnUYeCTBa 

ABH~eHIIR,Te~na~MaCCbIOTBepT~KanbHOZt~~a~lrle~HcUAKO~ineHK~K~OTOKyra3a,Ha~paBneH- 

HOMy BBeJJX. l-a3 06pa3yeT BHeIlIHkiii IIOrpaHAYHblfi CnOii BAOnb WiAKOfi IIIIeHKA. Bo BCeX CnyYasIx 

6e3pa3MepHbIe CKO~OCTH rrepeHoca onpenenwnicb Yepes rpasneHTbI paccMaTpHsaeMoi2 BenMYHHbI, 

U3MepReMble Ha BHyTpeHHeh rpaHAUe IIOrpaHRYHOrO CnOll. npO+inU CKOpOCTH, TeMIIepaTypbI I4 

KOHUeHTpaUWW &i3Mep5In&fCb C IIOMOUbIO aHeMOMeTpOB, TepMOnap H U30KHHeTHYeCKOrO OT6Opa 

npo6 c npan4etieHweM xpoMaTorpa&iYecKoro arranu3a rasa. %cneHHbIe u uwerpanbuble peIuewi5I 

ypaBHeHMii IIOrpaHUYHOrO CnOR XOpOmO COrnaCy!OTUI C IIO,IyYeHHbIMH AaHHbIMU. 


