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EXPERIMENTAL FRICTION FACTORS FOR TURBULENT 
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Abstract-Measurements of pressure gradient have been obtained with air flowing in a porous tube of 
circular cross-section with fully-developed turbulent profile at the entrance and with uniform mass extrac- 
tion through the wall; an empirical correlation for the axial gradients with suction is presented. A slight 
but insignificant gradient in the radial direction was detected. The experiments covered an inlet Reynolds 
number range of 11000-101000 with a ratio of the transverse velocity at the wall to the mean axial velocity 
at inlet from zero to about 0.027. The radial distributions of both the temporal-mean axial velocity and 
the absolute turbulent velocity fluctuation were measured at the tube exit and the velocity profile para- 
meter has been correlated with a suction parameter. The form of the temporal-mean velocity profile is 
found to depend critically upon the suction rate, becoming more flat at modest rates of suction but more 
peaked at high rates. The relative turbulence level is found to increase with suction at all radii, save for 
some reduction in the region of the wall at very low rates of suction. 

Local and average values of the effective friction factor with suction have been computed and are pre- 
sented in graphical form. At a fixed inlet Reynolds number average values increased markedly with suction 
but decreased along the tube. For a given local Reynolds number local values displayed a similar trend. 
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NOMENCLATURE 

area occupied by pores; 
effective surface area; 
inside diameter of porous tube, 
friction factor without suction 

~o;~wOIW~~ive 
friction factor 

[ = Twe”plTe2&ctive friction factor average 

[ = ~,,/~P~:] ; 
coefficients as used in equation (22); 
average ‘Talysurf’ roughness of tube 
inner surface; 
equivalent sand roughness; 
length of porous tube; 
axial mass flow rate; 
static pressure; 
inside radius of porous tube; 
Reynolds number [ = @D/p] ; 
radial distance from tube axis; 
non-dimensional radial distance 

[=rlRl; 
* Now at Dept. of Engineering Science, Parks Road, 

University of Oxford. Oxford. 

temporal-mean axial velocity; 
area averages over tube cross-section 
of axial velocity and velocity squared; 
temporal-mean maximum axial velo- 
city; 
axial turbulent velocity fluctuation; 
temporal-mean radial velocity; 
radial turbulent velocity fluctuation; 
axial distance from entry of porous 
tube ; 
non-dimensional distance [ =x/L] ; 
fractional mass extraction parameter 
[defined by equation (2)]; 
suction coefficient [ = v,/ii] ; 
velocity profile parameter [defined by 
equation (9)] ; 
dynamic viscosity of fluid; 
kinematic viscosity of fluid [ = p/p] ; 
pressure coefficient [defined by equa- 
tion (15)] ; 
fluid density; 
viscous wall shear stress 

C = - AWW,l ; 
wall shear stress without suction; 
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z we, local value of effective wall shear 
stress [defined by equation (4)] ; 

L 2 average value of effective wall shear 
stress [defined by equation (18)] ; 

YY, momentum loss coefficient [defined 
by equation (25)]. 

Subscripts 

1, at inlet to porous tube; 

2, at outlet from porous tube; 

CW, based on Colebrook-White friction 
law ; 

W, at the effective surface of porous tube. 

1. INTRODUCTION 

THE TEMPERATURE of the gases in the neighbour- 
hood of certain elements of turbojets and rockets 
(e.g. turbine blades, combustion chambers, 
exhaust nozzles) has increased faster than the 
development of new materials capable of with- 
standing such a temperature whilst maintaining 
their strength properties. This has directed 
attention towards methods of cooling existing 
materials so that the surface temperature can be 
kept down to the metallurgically accepted limit. 
A particularly relevant example is that of the 
turbine blades of modern aircraft engines, which 
are currently cooled by the passage of relatively 
cool air tapped from the compressor, either 
through hollow blades or through spanwise holes 
drilled in solid blades. Blades which utilize a 
limited amount of film-cooling in addition to 
internal convective cooling, by passing the bled 
air to the outer surfaces of the blades through 
small holes, are also used. 

In the recent past there have been great 
advances in the methods of manufacturing 
porous materials, and these advances have re- 
awakened interest in transpiration cooling [l-3], 
in which a poorly conducting cold fluid is passed 
through a porous material in a direction opposite 
to the direction of heat flow; the presence of a 
thin layer of relatively cool fluid thus maintained 
between the surface to be cooled and the high- 
temperature fluid stream adjacent to it reduces 
the heat transfer coefficient on the Lot side. That 

the technique of transpiration cooling can be 
very effective was demonstrated as early as the 
late 1940’s [4,5], and interest has recently been 
focused upon transpiration-cooled turbine 
blades. Bayley and Turner [2] have studied the 
heat transfer performance of a cascade of porous 
blades in some detail, principally concerning 
themselves with the outer surface heat transfer 
coefficient and the conduction through the 
porous material. In order to compute the overall 
heat transfer coefficient, however, a knowledge 
of the inner surface heat transfer coefficient is 
necessary; values for this coefficient are not 
known, and work on this topic is currently in 
progress and will be reported in a later paper. 

Values for the friction factors associated with 
flow in tubes having porous walls are also 
unknown, at least at high suction rates. These 
values will be required for assessing the power 
requirements for this form of cooling and also 
for any analogy that may be established between 
heat transfer and wall shear stress under suction 
conditions. Furthermore there is an analogy 
between this type of flow and that of a condensing 
vapour, so that the friction factor with suction 
may provide a useful indication of the drag 
between a flowing vapour and its own conden- 
sate film. Hitherto, no direct measurements have 
been made of friction factors at the relatively 
high suction rates that correspond to fairly 
common rates of condensation. 

The aim of the research reported herein was to 
determine experimentally local and average 
friction factors over a large range of suction rates, 
and in order to simplify the conditions, the 
suction rate was kept uniform along the tube and 
the flow was fully developed at entry. A porous 
bronze tube of length to diameter ratio of about 
9.3 was employed for the purpose. The inlet 
Reynolds number based on tube diameter was 
varied in steps of approximately 10000 from 
11000 to 101000. The fractional mass extraction 
parameter a, defined as the ratio of mass flow 
extracted over the entire tube length to the 
entry mass flow, was varied in steps of @1 from 
zero to unity. Measurements were made of the 
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static pressure changes along the tube, the axial 
velocity profiles, and the distribution of the 
magnitude of the absolute turbulent velocity 
fluctuation at the exit plane. A traverse of the 
difference between the local and wall static 
pressures was also taken in the exit plane. 

The first experimental investigation into the 
velocity and pressure distribution in turbulent 
pipe flow with uniform suction was carried out 
by Weissberg and Berman [6,7]. Axial pressure 
distribution and profiles of temporal-mean axial 
velocity and axial turbulent velocity fluctuation 
were measured with air flowing in a 7.31 m long 
porous pipe of 76 mm dia. Immediately before 
entering the test section the air underwent an 
area reduction of just over 11: 1 from a settling 
chamber, so that the entry velocity profile was 
virtually flat. The Reynolds number was varied 
from about 25 000 to 80 000, and the entrance 
suction coefficient /II, defined as the ratio of the 
transverse velocity of the sucked air at the wall 
to the inlet mean axial velocity, was varied from 
zero to about 0.005. Turbulence levels over the 
entire pipe cross-section were found to be lowered 
by suction. At a given location and at the 
same Reynolds number, velocity profiles were 
flatter and friction factors higher with suc- 
tion than without. However, the changes in 
the velocity profiles resulting from suction were 
small enough for the velocity profile parameter 
6, defined as the ratio z/ii2, to have an almost 
constant value close to 1.02 for all rates of suction 
tested. 

Wallis [S] performed experiments with air 
flowing in canvas hoses of about 25 mm diameter 
and of lengths up to 2.3 m, with the entry velocity 
profile undeveloped. A Reynolds number range 
of 25 000-121 Ooo was covered and in this range 
the friction factor without suction for the rough 
canvas hose was constant. The entrance suction 
coefficient /I1 was varied from zero to 002. The 
suction rate along the tube was fairly uniform, 
although no attempt was made to control it. 
Wallis presented his results in terms of pressure 
changes and did not compute friction factors, 
but his data suggest that these factors, for a 

given value of /?I and x/D, were independent of 
the inlet Reynolds number Re,,, perhaps owing 
to the considerable surface roughness. Wallis, 
when using total extraction, took a single velocity 
profile roughly half-way down the 2.3 m long 
tube and observed a more peaky profile than at 
inlet, in contrast to the flatter profiles found by 
Weissberg and Berman. No turbulence measure- 
ments were taken. 

Aureille [9] studied the effect of uniform 
suction on an initially fully-developed turbulent 
flow of air in a 75 mm dia. sintered nickel tube. 
The inlet Reynolds number was fixed at 40 800 
for all tests while /I1 was varied from zero to 
000308. At such low rates of suction the static 
pressure gradient was found to be constant for 
x/D > 6. Aureille found, unlike Wallis, that the 
axial velocity profile became flatter with suction. 
Friction factors increased both with b1 and with 
x/D. He noted no change, however, in the 
distribution of radial velocity with x/D. Aureille 
also deduced from his experimental data, that 
turbulence was partially destroyed by suction. 

To the best of the present authors’ knowledge, 
no experimental work other than [9] has been 
reported on the initially fully-developed tur- 
bulent flow ofair in porous tubes ofcircular cross- 
section when uniform suction is applied at the 
wall. In the present work an extensive range of 
Reynolds number and a much wider range of the 
entrance suction coefficient /I, (from zero to 
about 0.027) have been covered. Local and 
average friction factors have been computed, as 
well as a novel dimensionless wall shear stress 
expressed in terms of the average axial mo- 
mentum associated with the extracted air. An 
empirical correlation for pressure gradients 
with suction is proposed. The velocity profile 
has been found to become flatter at modest rates 
of suction but more peaked at large rates of 
suction, thus explaining the apparent disagree- 
ment that has so far existed. This work, however, 
does not support the findings of some previous 
authors that the turbulence level over the entire 
pipe cross-section is reduced by the presence of 
suction. 
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2. SOME GENERAL CONSIDERATIONS 

The flow within a tube without suction is fully 
determined at all points if at inlet to the tube the 
Reynolds number and the velocity distribution, 
including the turbulence pattern, are prescribed, 
and in addition a geometric parameter such as 
the ‘equivalent sand roughness kJD, defines the 
departure from smoothness at the inner surface. 
It then follows, for example, that the local 
dimensionless shear stress at the wall surface can 
be written as a function 

With suction a full description of suction rate 
along the entire inner wall surface must, in 
addition, be given, and this must consist of the 
distribution of the suction velocity from the 
inlet x = 0 to the exit x = L. It is clear that with 
suction a wide variety of boundary conditions 
is possible, and it is necessary to limit the study 
to a very narrow range of possibilities. 

Firstly it was decided to position the porous 
section at the end of a long impervious tube of 
the same diameter so that fully developed tur- 
bulent flow would be achieved prior to the 
porous section at all Reynolds numbers tested. 

Secondly, it was decided to study a range of 
suction when the rate of mass extraction per 
unit area was uniform over the entire inner 
surface. Since the experiments covered flow which 
in all cases could be considered “incompressible’, 
this also implied a uniform suction velocity u, 
normal to the surface, and v, was expressed in 
non-dimensional form as u,/iii and denoted by 
the symbol pi. With certain quali~cations to be 
raised later in this section, /3, , in conjunction with 
the specification of uniform suction, fully deter- 
mines the wall boundary conditions. 

An alternative parameter to pr is the fractional 
mass extraction parameter a, which for the given 
value of L/D and the assumption of uniform 
suction can be shown to be equal to 

(2) 

Another parameter which for uniform suction is 
equivalent to pl, is the ratio /? = v,,,/ii, where G 
is the local mean velocity, and /3 must increase 
towards the exit of the tube because ii falls off 
linearly in the same direction. It can then be 
shown that 

Thus it emerges that the local wall shear stress 
with suction can be expressed in terms of the 
parameters listed in equation (l), and any one 
of fii, K or 8. 

The above remarks must now be qualified, 
firstly because the suction cannot be entirely uni- 
form at least at the microscopic level. The inner 
surface must in practice contain numerous pores 
resulting in a discontinuous surface, partly 
permeable and partly solid. This means that for 
the purpose of discussing the shear stress it is 
necessary to define carefully what is meant by 
‘surface’. A cylindric~ surface of radius R, 
where R is the mean radius of the impermeable 
regions, can be drawn so as to extend over both 
the permeable as well as the impermeable 
regions and this will be considered the ‘effective 
surface’ of the porous tube (Fig. 1). 

Velocity profile 
A 

vhv 

FIG. I. The flow at the effective surfad. 

When suction is applied, there must exist in 
the region of a pore a flow normal to this 
effective surface. If this flow is considered over a 
finite area of the effective surface (which will 
simply be called surface henceforth) containing 
both pores and impermeable regions, then an 
effective normal velocity u, can be defined as the 
mass flow per unit surface area divided by the 
density. 

A second dificulty arises because the fluid 
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crossing the surface into the pores may have an 
axial velocity component at the surface. If 
the average value of this component for the mass 
leaving unit area is uW, then pu,u, represents 
the rate at which axial momentum crosses the 
surface. By considering the conservation of axial 
momentum of the control volume shown dotted 
in Fig. 1, it can be shown that the quantity 
-~(&@r), + pu,u, appears in the equation. 
The first term represents the shear stress acting 
on the control volume-and therefore the rate of 
transfer of axial momentumdue to viscosity, 
whereas the second term represents the rate of 
depletion from the control volume of the axial 
momentum associated with the sucked fluid, 
per unit surface area of the tube. Thus the tube 
experiences an axial stress equal to pu,u, in 
addition to the viscous shear stress. The sum 
of the two terms will be called the ‘effective wall 
shear stress with suction’, viz. 

and the corresponding effective friction factor 
will be defined as 

fe=& (5) 

It will be shown in section 4 that the value of 
the effective wall shear stress can be readily com- 
puted from experimental data with the aid of the 
momentum equation. To separate the two effects 
appears at present impossible because it requires 
a knowledge of u,, and it does not seem possible 
to measure this in any practical way. A few 
remarks about u, are nevertheless appropriate, 
although these can only be speculative. 

Different tubes may have flows in which u,,,, 
and hence pu,u, and z,,, differ despite the fact 
that Re, x/D, k$D and b are the same. Such 
variation will be due to differences in the struc- 
ture of the porous surface, and it seems likely 
that u, will depend largely upon the proportion 
of pore to total surface area, viz. A,/A, ; it will 
also depend on whether the total pore area 
consists of a few large pores or many small ones, 
and it will thus depend on the number of pores 

per unit surface area. The internal structure of 
the wall may also have some influence on the 
direction of the suction velocity: a wall having 
many radial capillary passages may behave 
differently from one having numerous inter- 
connecting passages formed by the sintering of 
metal spheres. It seems likely that the finer the 
pore structure, the smaller will be the value of u,. 
No experiments were carried out to determine the 
effect of wall structure upon r,e, however, and 
therefore the results obtained can only be applied 
with confidence to tubes having a surface struc- 
ture similar to that tested. 

3. APPARATUS AND INSTRUMENTATION 

The general arrangement of the apparatus and 
its associated instrumentation is shown sche- 
matically in Fig. 2. Air from a mains supply at 
about 7 bar was delivered through preliminary 
filters, regulating valves and an orifice plate to 
the settling tube of 48 diameters in length, from 
which the air entered the test section in fully- 
developed turbulent flow. The porous tube in the 
test section was surrounded by a housing divided 
into four chambers of equal axial length, these 
being sealed against cross leakage between them. 
Uniformity of suction was controlled inde- 
pendently by a needle valve at the exit of each 
chamber, tihile overall control of suction was 
obtained with a diaphragm valve downstream 
of the test section which set the average pressure 
level within the porous tube. One float-type 
flowmeter measured the total quantity of air 
extracted through the four chambers, and 
another measured the air leaving the tube. The 
exit plane of the porous tube was instrumented so 
that it could be traversed with static, pitot or 
hot-wire probes. The various parts of the 
apparatus are described in further detail below. 

3.1 The porous tube 
The porous tube used in the investigation was 

supplied by Messrs. Sintered Products Ltd. 
under the trade name of ‘Porosint’. The tube 
was manufactured by the moulding and sintering 
of carefully graded spherical particles made by 
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FIG. 2. Schematic arrangement. 

an atomisation process from bronze alloy con- 
sisting of 89 per cent Cu and 11 per cent Sn. 
Because it was intended that the extraction rate 
along the tube be reasonably uniform before final 
adjustment with the four-chamber control des- 
cribed above, a tube was selected that would 
have a pressure drop across its porous wall much 
greater than the pressure change along it. Hence 
the thickest available tube of the finest grade 
was chosen (6.3 mm thick, grade A) with a mean 
particle diameter of 13 um and a nominal 
filtration rating of 2; urn, and having an overall 
porosity of 26 per cent. The length of the tube 
was 245.2 mm, and its internal diameter 
25.65 mm. Typical extreme conditions occured 
at an inlet Reynolds number of 101000 when 
operating with total extraction. Under these 
conditions the absolute pressure in the tube was 
about 3.25 bar, the pressure drop across its wall 
was about 2 bar, while the pressure difference 
along it was only 0.006 bar. 

The tube, as originally purchased, tapered from 
25.4 mm at one end to 25.9 mm at the other. In 
careful experiments without suction, two 
methods were used to correct for taper: firstly 
by calculation using Bernoulli’s equation, and 
secondly by taking the average of the pressure 
drops when passing the air first one way and then 
the other through the tube. Good agreement 
with the Blasius law up to a Reynolds number of 

101 000 was achieved by both methods, thereby 
demonstrating that the tube was hydrodynamic- 
ally smooth up to that Reynolds number, but 
because it was not possible to make a reliable 
correction for the taper under suction conditions, 
it was decided to machine the bore of the tube. 
After machining the bore was etched electro- 
lytically to reopen the surface pores. An average 
i. d. of 26.42 mm with a maximum variation of 
+ 0.24 per cent was attained, but the etching 
resulted in a roughening of the surface, with 
‘Talysurf readings giving an average value of 
O-00142 for the relative roughness k/R. Experi- 
ments without suction showed that the friction 
factors after etching agreed with the Colebrook- 
White law when using an equivalent sand 
roughness k$R of 0*0015, thus showing that the 
‘physical’ roughness in this case corresponded 
very nearly to the equivalent sand roughness. 

The end flanges that held the porous tube were 
provided with static pressure tappings, and three 

Porous tube WOII braffln wax Static pressure insert 

\ // 

Araldite 
Flexable tube 

FIG. 3. Static pressure tapping in porous tube. 
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further tappings were set in the tube such that 
they divided the total length into four equal 
sections. Each tappi?g in the tube wall was 
formed from a 15 mm dia. brass stub having a 
08 mm dia. central hole (Fig. 3) in such amanner 
that they were nearly flush with the inner surface 
but certainly not proud of it. A very small 
quantity of wax was applied to the porous 
surface around the inserts, so that the streamlines 
would run locally parallel to the tube axis. 

3.2 Flow instrumentation 
Each float-type flowmeter was calibrated 

in situ against the orifice plate in the inlet tube to 
the test section, when running the rig first with 
no suction, and then with total extraction. The 
rates of flow from individual chambers were 
equalised by equalising the frictional pressure 
drops in four similar copper tubes of 6.2 mm 
bore. Each of these tubes was calibrated against 
a positive-displacement gas meter, and the total 
of their four readings was checked against the 
orifice plate. 

In order to check that the flow at entry to the 
porous tube under no suction conditions was 
axi-symmetric and fully developed, velocity 
profiles at various Reynolds numbers were 
obtained, using a 1.2 mm o.d. hypodermic 
T-probe whose stem offered a constant blockage 
to the flow at all probe positions. The profiles 
were in good agreement with those obtained by 
Nikuradse. 

The radial distribution of both the temporal- 
mean axial velocity and the absolute turbulent 
velocity fluctuation were measured in the exit 
plane by a calibrated hot-wire probe of the 
DISA type 55A36, using a DISA 55DOl constant 
temperature anemometer. The hot wire was so 
positioned that it was almost equally sensitive 
to both radial and axial velocity components, 
but since the temporal-mean radial component 
was under most test conditions considerably 
smaller than the corresponding axial component, 
the effect of the former upon the temporal-mean 
readings has been ignored, and the values taken 
to represent axial velocity. The probe was 

traversed from the axis to within 0.59 mm of the 
tube inner surface. 

A static probe made from 1.2 mm o. d. hypo- 
dermic tube was used to measure the distribu- 
tion of static pressure in the exit plane. The static 
pressure changes along the tube were measured 
by a Betz manometer which could be read to 
0.01 mm H,O. 

4. REDUCTION OF EXPERIMENTAL DATA 

It has been stated that the flow in the tube 
with suction was considered incompressible. 
This was justified because the flow was essentially 
isothermal, the changes in static pressure were 
only small, and the highest Mach number 
achieved was less than 0.2. 

Measurements of the radial distribution of 
static pressure over the range of Reynolds number 
and suction covered by the experiments revealed 
a negligible variation across the tube, and there- 
fore the static pressure at any section of the tube 
was assumed to be constant. 

With the above assumptions, and considering 
axi-symmetric turbulent flow, the continuity 
and x-momentum equations can be expressed as 

r E + 5 (ru) = 0 

au au i ap a% 
u-+u-_= ---+vv 

ax at- pax ax 

va au ia 
+--ar rar +--%(rZ). 

( > 
(7) 

Multiplying (7) throughout by r, taking ap/ax = 
dpJdx, and making use of the continuity equa- 
tion (6), equation (7) can be integrated with 
respect to r between the limits r = 0 and r = R, 
R being the radius of the inner surface of the tube. 
This integration gives 
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where 6 is the velocity profile parameter 

m is the rate of axial mass flow 

m = pii(nR’) 

and z, is the viscous wall shear stress 

Here u, and v, are respectively the temporal 

(9) 

(10) 

(11) 

mean axial and radial velocities at the tube inner 
surface. For the case of uniform suction, u, 
and (am/ax) are both constant. Equation (8) can 
then be simplified, by introducing the effective 
shear stress from equation (4), to 

-& (bmii) = - nR2 2 - 271Rr,,. (12) 

4.1 Local effective friction factors with suction 
Integrating the continuity equation (6) be- 

tween r = 0 and r = R. one obtains 

(13) 

Using the definition of equation (5), equation 
(12) can be reduced to give 

fe=- l g+4a/?-;g 
2(1 - C@ ax (14) 

where X = x/L is the dimensionless axial dis- 
tance, and n is a pressure coefficient defined by 

II,P-PIR __- 
1 -2 L’ 
2PUl 

(15) 

n was calculated from measured values of static 
pressure along the porous tube, using equation 
(15). Least squares second order curves were 
fitted to the values of n and differentiated to give 
values of (an/Z). The local suction coefficient 
/I was obtained from equation (3). With suction, 
velocity profiles were measured only at the 

outlet of the porous tube, and values of 6 at 
other values of X could not be obtained. How- 
ever, for fully developed turbulent flow, as it 
existed at inlet to the porous tube, 6 was verified 
to be about 1.02 in the Reynolds number range 
covered, and it was assumed that suction along 
the tube did not alter the profile at entry from 
that attained under no suction conditions. It was 
found that at outlet, values of 6 varied from 1.01 
to 1.11, depending on the intensity of suction 
(see Fig. 7). If it is assumed that S varies steadily 
and without steep changes between the inlet and 
outlet values, 6 1 and 6,) then it can be shown that 
the term involving da/d? in equation (14) is much 
smaller than the other two terms on the right- 
hand-side of the equation. It was therefore 
considered satisfactory, in view of the small 
variation of 6, to assume that 6 varied linearly 
with X between sections 1 and 2. Hence it follows 
that 

-& = 6, - 6, (16) 

and 

6 = 6, + (6, - 6,)X (17) 

with 6, taken as 1.02. Values of 6, plotted in 
Fig. 7 were calculated from equation (9). Each 
velocity profile was integrated, using Simpson’s 
rule to evaluate 6. 

4.2 Average effective friction factors with suction 
The average value of the effective friction 

factor& over the tube length x can be defined as 

Integrating equation (12) with respect to x 
between the limits X = 0 and X, one obtains 

s, = - % + %[6, - 6(1 - .$I. (19) 

Equation (19) was used to compute average 
effective friction factors over lengths varying in 



steps of A&/D) = 1, from x/D = 1 to x/D = 9. the pressure coefficients, for a range of Reynolds 
At x/D = Oequation (19) becomes indeterminate, numbers. These are seen plotted against Re, in 
but at the entry section the average value coin- Fig. 4. Also plotted on the same graph are 
cides with the local value of the effective friction friction factors for a hydraulically smooth tube 
factor as calculated from equation (14). as computed from the Blasius friction law 

The analysis of this section may be taken to 
imply that at x/D = 0 there must exist a dis- 
continuity in the value of the shear stress from 
that obtained in fully developed turbulent flow 
without suction, to the value obtained from 
equation (14). In practice, no doubt, the velocity 
profile immediately upstream of the entry section 
to the porous tube will depart somewhat from 
the fully developed shape, and there will be a 
gradual transition from the no-suction to the 
suction value of the shear stress. 

fo = 
0.079 1 

(ReD)0’25 (20) 

and friction factors for a rough tube as computed 
from the Colebrook-White semi-empirical rela- 
tion 

+= 3.48 - 41og[: + @&+I (21) 

taking the roughness parameter kJR = OQO15. 
The experimental points are in good agreement 
with the latter equation and this value of the 
roughness parameter is very close to the mea- 
sured value indicated in section 3.1. 

5. EXPERIMENTAL RESULTS 

5.1 Results without suction 
Before the apparatus could qualify for experi- 

ments withsuction, it was necessary to prove that 
the apparatus would produce acceptable results 
without suction. When measured values of 
pressure coefficient without suction were plotted 
against xjD, they showed an acceptably low 
degree of scatter, particularly in view of the 
difficulties associated with putting pressure 
tappings into a porous wall. Friction factors 
without suction, f,, were calculated, from the 
least squares straight lines fitted to the values of 

0 E xperimenlal 
points 

o 6- 

4 \ 1 \ I III1 
2 3 4 5 6 7 6 9 IO 

Reynolds number. Re,, x10e4 

FIG. 4. No-suction friction factors. 
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5.2 Results with suction 
Measurements of pressure gradient. For a 

typical value of the inlet Reynolds number 
Re,,, pressure coefficients based on inlet dynamic 
head are shown plotted against x/D for various 
values of the entrance suction coefficient /I, 
(Fig. 5). Save for very low rates of suction, 
pressure rises rather than falls are generally 
registered in the direction of flow. This is 
because the rate of loss of momentum of the 
fluid resulting from suction more than overcomes 
the wall friction. At high rates of suction, the 
rate of rise of pressure coefficient is rapid at the 
entrance of the tube, falling somewhat as the 
end is approached, and the reverse applies at 
low rates of suction. 

For given inlet Reynolds numbers, best 
values of K, to K, for the following correlation 
have been computed, using the method of least 
squares applied to the experimental data: 

P-P1 4x 
T= D 

?PUl 
K, + K,B, + K,P: 

+ ;a, K + K,B, + K68:) 
1 
. (22) 

-8 
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+ 26.9 /* 
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x/o 
FIG. 5. Variation of pressure coefficient with suction. 

In the case of no suction p, is zero, so that 
(22) reduces to 

P-P1 4XK 
1=jy 1 

ZPl 

(23) 

where K, is the no-suction friction factor 
corresponding to the inlet Reynolds number. 
The coefficients K, to K, are functions of the 
inlet Reynolds number alone, and their values 
are given in Table 1. 
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FIG. 6. Non-dimensional velocity profiles. 

Table 1 

KI K, K, K‘t K, K, 

11260 -0+X)7968 2.154 8.654 02081 - 17.05 241.5 
21710 - 0.006855 2448 - 1.281 0.1444 - 14.43 236.4 
29980 - 0006434 2.551 - 1096 0.1089 - 11.54 171.7 
41840 -0QO6154 2.709 - 12.42 0.1573 - 17.79 330.9 
52120 - 0.005886 2.713 - 14.71 0.1576 - 18.92 312.4 
62550 - 0005745 2600 - 8.982 0.1596 - 18.90 369.4 
70670 -0005616 2.954 - 20.87 0.1286 - 1740 353.2 
83280 -0+x)5391 3.135 - 30.46 0.0707 - 12.25 241.8 
91420 - 0.005350 3.469 - 42.48 0.0386 - 10.47 218.0 

101160 - 0.005249 3.512 -44.16 0.0308 - 10.02 213.9 
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Profiles of axial velocity. In Fig. 6 non- 
dimensional distributions of axial velocity in 
the exit plane, with an inlet Reynolds number 
Re,, of 101 160 and at three different values of 
the inlet suction coefficient /Ii, are compared 
with the corresponding distribution for fully 
developed turbulent flow without suction. The 
velocity profile in the core of the flow becomes 
slightly more peaked at low rates of suction 
but markedly so at higher rates. This effect is 
principally caused by diffusion, a similar effect 
being found in divergent channels [lo]. In the 
immediate vicinity of the wall, where the slow- 
moving air is being sucked away, the velocity 
gradients increase continuously with suction as 
evidenced by the increased wall shear stress, 
although it was not possible to make velocity 
measurements in this region. It is interesting 
to note that at very low rates of suction the 
non-dimensional velocity, u/i, near the wall 
becomes greater than the corresponding no- 
suction value, giving rise to a flattening of the 
profile in this region, as the area of faster moving 
fluid enlarges to fill more of the tube. 

When the ratio of the velocity profile para- 
meter at exit, I&, to the same quantity at entry, 
6,, was plotted against /3r for various Reynolds 
numbers, the experimental points were scattered 
about a fairly well defined curve, with no con- 
sistent variation due to Reynolds number 
appearing. Since the effect of the change of 6, 
viz. dd/dx, upon the friction factor has been 

I.10 
0 Average of experimental points 

- Least squares third order curve 
I.08 - 

1.06- 

1.02 - 

I I 
o.s80 3 6 

I I I I I I 
9 12 15 I8 21 24 

Entrance suction coefficient, &IO3 

assumed to be small, it was considered suf- 
ficiently accurate to use values established from 
the least squares third order curve that fitted 
the average values of 6,/6, over the experimental 
range of Reynolds number at each suction rate 
(Fig. 7). This curve can be represented by the 
equation 

6 
2 = 1 - O-105 /I1 - 232/I: + 16 113B;. 
61 

(24) 

Figure 7 shows clearly that the net effect of 
suction is to make the velocity profile fuller at 
modest suction, and to make it more peaked as 
the suction rate becomes greater. Weissburg [6] 
and Aureille [9] also found that velocity profiles 
became fuller at low rates of suction, and Wallis 
[8] found a peaked profile at higher suction. 
Although the range of suction coefficient covered 
by the present experiments included all those 
used by other investigators, no precise com- 
parison between profiles can be made because 
of differing flow conditions. 

Effective wall shear stress with suction. The 
effective wall shear stress for the full range of 
Reynolds number was calculated from the 
pressure coefficients and values of 6, using 
equation (14), and the variation of this stress 
along the tube at various suction rates and at a 
fixed inlet Reynolds number of 21 710 is shown 
in Fig. 8. z,, is normalized with respect to the 
no-suction shear stress, zwo,given by f,, x i&f 

6 

123456 7 6 9 

FIG. 7. Velocity profile parameter vs. entrance suction x/D 

coefficient. FIG. 8. Variation of effective shear stress along the tube. 
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where for is the experimentally determined 
no-suction friction factor corresponding to the 
inlet Reynolds number and $p$ is the inlet 
dynamic head that existed under suction con- 
ditions. 

It will be noticed that the effective shear 
stress decreases approximately linearly along 
the tube. If, say, the Blasius law were to apply, a 
decrease with (1 - ax): could have been ex- 
pected, because according to this law the shear 
stress is proportional to ii”, while with uniform 
suction u falls off linearly with x. It is difficult 
to explain the linear variation simply, because 
it is the result of several factors varying simul- 
taneously: a falling local Reynolds number, a 
rising local suction coefficient /I, and a con- 
tinuously changing velocity profile along the 
tube. What is certain is that suction increases 
the stress well above the value that can be 
expected from a Blasius-type law. 

At very high suction rates, negative values of 
effective shear stress were obtained at large 
values of x/D. These particular results are open 
to some doubt and are therefore not being 
shown here. When all the air is sucked away, 
however, negative values of the effective wall 
shear stress near the exit plane of the tube are 
conceivable, resulting from end effects at the 
closed end of the tube. The flow in the inner 
region just upstream of the closed end may 
reverse direction, and this would result in the 
negative wall shear stress, even though the bulk 
of the fluid at the same cross-section may still 
suffer positive shear by virtue of its positive 
direction of flow. 

At a given value of x/D, z,, generally in- 
creases with /II, this increase being more pro- 
nounced at low suction rates and towards the 
tube entrance. 

Local effective friction factors. The values of 
local effective friction factors with suction have 
been divided by the no-suction friction factors 
computed from the Colebrook-White friction 
law at the same local Reynolds number as 
existed with suction, and they have been plotted 

of 21700 and 83 280 in Figs. 9 and 10 in the form 
of carpets where x/D and /I1 are the two floating 
variables. This ratio, f,/fcw, therefore takes into 
account the effect of the changing Reynolds 
number along the tube. At large values of p, 
and especially at the lower Reynolds numbers, 
f,lfcw falls markedly towards the end of the 
tube. Under these conditions, however, the 
computation off, is unreliable because the first 
and second terms on the right-hand side of 
equation (14) are of the same order of magnitude 
atid of opposite sign (the third term always 
being very small). Eventually f, becomes nega- 
tive, this being almost certainly due to the end 
effects mentioned earlier; the negative values 
are not shown because they are not considered 
reliable. 

It is likely that the ratio f,lfcw depends upon 
local quantities, namely the local Reynolds 
number, Rev, the local suction coefficient, 8, and 
the location in the tube, x/D, Appropriate local 
values have therefore been extracted from the 

q. t 
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for two representative inlet Reynolds numbers FIG. 9. Local effective friction factors with suction. 
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FIG. 10. Local effective friction factors with suction. 

experimental data by interpolation based on 
least-squares curve tits. The results are shown 
in Figs. 11-13, where f,lfcw is seen plotted 
against /? for various values of x/D at three 
different Reynolds numbers. At a fixed Reynolds 
number, friction factors always increase with 
the suction coefficient, the rate of rise generally 
being greater at higher values of j?. For a given 
suction coefficient, friction factors fall with 
x/D, their dependence on xfD being very much 
less at the higher Reynolds numbers. With all 

13 
“(~7 Key 

P 

Local suction coefficient. t3r103 

FIG. 11. Local effective friction factors with suction 

other variables remaining fixed, f,lfcw is gener- 
ally higher at larger values of Re,, but in- 
suffkient data were available to establish a 
relation. 

Local sucflon coefflclenf. po” 

FIG. 12. Local effective friction factors with suction. 

FIG. 13. Local effective friction factors with suction. 

Effective wall shear stress and momentum loss. 
When a condensing vapour flows parallel to a 
condensate film, the vapour will exert a shear 
force on the liquid-vapour interface which can 
be considered analogous to the force exerted 
on a porous wall with high rates of suction. 
Several authors have suggested, explicitly or 
implicitly, that the shear stress under such 
conditions is of a magnitude between 0.5 puv, 
and 1.0 p&,,, where pv, represents the rate of 
condensation per unit area of interface, and ii is 
the average vapour velocitv relative to the inter- 
face. 
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To test the validity of this assumption, it 
suggests itself that the effective shear stress r,, 
in equation (5) should be normalized by dividing 
z,, by &a, instead of by 4~;‘. pUu, can be 
taken to represent the average axial momentum 
possessed by the mass extracted per unit surface 
area. If the assumption is correct, results should 
yield values of the ratio qJp~u, between 0.5 
and 1.0, thereby also suggesting that suction is 
the main influence on the magnitude of wall 
shear stress under such conditions. Indeed, if 
the profile parameter 6 were constant along 
the tube and equal to unity, as it would be in 
slug flow, a value of 1.0 could be expected; in 
fact 6 was about 1.02 at entry and it was varying 
along x/D. 

The disadvantage of normalizing z,, with 
piu,, however, is that at zero suction the nor- 
malized value of r,, becomes infinite. To 
overcome this difficulty, values were plotted in 
Fig. 14 normalized by the sum of the correspond- 
ing ‘no-suction’ stress z,,, and the term pUu,. 
At low suction rates, the term z,,,e (=fCwipi2) 
in the denominator predominates, while at high 
suction rates it becomes insignificant compared 
with the ph,,, term. Figure 14 gives local values 

FIG. 14. Local non-dimensional effective shear stress 

of the normalized stress plotted against the 
local value of fi for different locations, x/D, all 
for a typical value of local Reynolds number of 
40000. Similar curves are obtained at other 
Reynolds numbers, and in all cases at high 
values of /I the curves bunch together around a 

value of about 0.7. This suggests that at high 
rates of suction the effective wall shear stress is 
about @7 of the rate of loss of axial momentum 
of the sucked fluid, p&,, rather than 05 as 
suggested by the Silver and Wallis Reynolds 
flux model [8]. This factor should, however, be 
applied with some caution since suction is never 
uniform under condensation conditions. 

These results suggest that at high values of 
suction, of the three parameters Re,, x/D, piu,,,, 
the last appears to be the only significant one 
affecting the shear stress, and it is tempting to 
speculate whether roughness-not investigated 
in the present experiments-might also play 
an insignificant role. 

Average effective friction factors. The graphs 
of average effective friction factor with suction 
for two typical Reynolds numbers of 21700 and 
83 280 are presented in Figs. 15 and 16 respec- 
tively in the form of a carpet in which the effects 
of the variables x/D and pi is depicted. These 
plots could be useful to, for instance, a designer 
who wants to know the power requirements in a 
similar flow situation. The values of Te have 
been divided by f,, which is the no-suction 
experimental value of friction factor at the 
same inlet Reynolds number. f, is seen to be 
substantially greater than f,, for all rates of 
suction, although it decreases with x/D at all 
rates of suction. This is because the magnitude 
of the pressure gradient term in equation (14) 
containing the local dynamic head in its 
denominator, is increasing along the tube faster 
than the momentum term; these two quantities 
are generally of opposite sign but are of com- 
parable magnitude towards the exit of the tube. 
The ratio 3’,/f,, is seen to increase with entry 
Reynolds number, a trend that was confirmed 
at other values of Re,,. 

Turbulence intensity profiles. The distribution 
of the relative turbulence intensity taken in the 
exit plane at three different suction rates, when 
the inlet Reynolds number was kept fixed at 
101 160, is shown in Fig. 17 together with the 
no-suction distribution. In the inner region, 
turbulence intensity decreases at very low suction 
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26.9 

FIG. 15. Average effective friction factors with suction. 
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FIG. 16. Average effective friction factors with suction. 
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rates but increases at higher suction rates; in 
the core, turbulence intensity is always found to 
increase with suction. This results firstly in the 
fully-developed turbulence profile becoming 
flatter due to suction and secondly developing 
a maximum (in addition to the one which will 
exist in the immediate vicinity of the wall) the 
position of which slowly shifts towards the axis 
when higher suction rates are applied. These 
findings are not entirely in agreement with those 
of Weissberg [6], who measured lower relative 
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FIG. 17. Relative turbulence intensity profiles. 
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turbulence intensities over the entire tube cross- 
section. However, his suction rates were ex- 
tremely small, his inlet velocity profile was not 
fully developed, and it was the exit rather than 
the inlet Reynolds number that was kept fixed. 

In the inner (wall) region, reduction in relative 
turbulence intensity at very low rates of suction 
is only to be expected because the very highly 
turbulent fluid existing near the wall under the 
fully-developed pipe flow condition at entry 
is now being constantly sucked away. It appears 
that the increase in turbulence intensity in this 
region at higher suction rates is associated with 
the increase in shear stress near the wall under 
suction. Comparison with the mean velocity 
profile (Fig. 6) shows that the increase in the 
velocity gradient is followed by an increase in 
the turbulence level at the same location, and 
vice versa. 

The data indicate that the magnitude of the 
absolute turbulent velocity fluctuation at the 
axis stays constant at all suction rates. At no 
radius does the absolute turbulent velocity 
fluctuation ever exceed its value with no suction. 

6. CONCLUSIONS 

Measurements of static pressure and velocity 
were obtained on an initially fully-developed 
turbulent flow of air in a porous tube subjected 
to uniform suction. The axial gradient of 
pressure coefficient and the velocity profile 
parameter were calculated from the measured 
quantities for a range of entrance suction 
coefficient fir, and these in turn led to the 
evaluation of local and average effective friction 
factors as functions of a suction parameter and 
location along the tube. 
(1) Pressure coefficients with suction, based on 
the inlet dynamic head, are positive and show 
a steady rise both with the entrance suction 
coefficient and x/D, save for very low rates of 
suction where negative values occur. In the 
radial direction suction creates a definite, but 
insignificant, gradient of static pressure. 
(2) Except when both b1 and x/D are very large, 
the local effective friction factor with suction, 
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f,, is higher than the corresponding no-suction (7) The relative turbulence level in the wall 
value. f, increases with the entrance suction region is reduced at low suction rates, but at 
coefficient. It also increases with x/D at large higher suction rates it increases with suction. 

suction rates, but decreases with x/D at low Within the core of the flow, it always increases 
suction rates. with suction. 
(3) The local effective friction factor shows an 
increase with the local suction coefficient B, this 
increase being somewhat greater at higher 
Reynolds numbers; at any given value of fl it 
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when x/D > 3. 
(4) The difference between the effective wall 
shear stress with suction and the corresponding 
stress without suction is less than the rate of 
loss of axial momentum that can be associated 
with the fluid sucked away per unit area, even 
at very high suction rates. That it is less may be 
due to the change in radial distribution of axial 
velocity along the tube, and also perhaps due 
to the sucked air entering the effective surface 
with an axial component of velocity u,. The 
magnitude of the latter will depend upon the 
structure of the porous surface, and further 
work is needed to clarify this point. 
(5) The average effective friction factor with 
suction, J;,, up to any given location in the tube, 
is always greater than the no-suction value at 
the, same inlet Reynolds number. T;, increases 
with the entrance suction coefficient but de- 
creases with x/D, this decrease being linear 
except at very high suction rates. 
(6) The profile of axial velocity in the core of the 
tube always exhibits a peakier shape with 
suction, an effect similar to that obtained in 
divergent ducts. The inner (wall) region, com- 
prising the highly curved part of the profile, 
reduces in thickness with suction. 
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FACTEURS EXPERIMENTAUX DE FROTTEMENT POUR UN ECOULEMENT 
TURBULENT DANS UN TUBE POREUX AVEC SUCCION 

R&urn& Des mesures de gradient de pression ont Bt& obtenues pour de l’air s’tcoulant dans un tube 
poreux de section droite circulaire aver un prolil turbulent entierement dtvelopp? B l’entr&e et avec une 
extraction massique uniforme B travers la paroi; on propose une relation empirique pour les gradients 
axiaux avec suction. Un lbger mais insignifiant gradient a Ctk dttectk dans la direction radiale. Les 
expkriences couvrent le domaine 11 00~101000 pour le nombre de Reynolds g I’entrte, avec un rapport 
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de la vitesse transversale pari6tale g la vitesse moyenne axiale a I’entrC variant de 09 0,027. Les distributions 
radiales de la vitesse axiale moyenne dans le temps et de la fluctuation de vitessk turbulente absolue ont 
tt6 mesurkes 9 la sortie du tube et le paramttre de profil de vitesse a tt6 reli& g un paramktre de suction. On 
trouve que la forme du protil de vitesse moyenne dans le temps dtpend de faGon critique du taux de suction. 
devenant plus plate a des taux modestes mais plus pointue g des taux ClevBs. Le niveau de turbulence 
relative croft avec la suction pour tous les rayons. mis g part une rCduction au voisinage de la paroi a des 
taux de suction tr&s faibles. 

Des valeurs locales et moyennes du facteur de frottement effectif avec suction ont tti calculCes et sont 
p&sent&es sous forme graphique. Pour un nombre de Reynolds & l’entrk don&, les valeurs moyennes 
croissent de faGon marquCe avec la suction mais dkcroissent le long du tube. Pour un nombre de Reynolds 

local don&. les valeurs locales tvoluent de la meme faGon. 

EXPERIMENTELL ERMITTELTE REIBUNGSBEIWERTE FtiR TURBULENTE 
STROMUNG MIT ABSAUGUNG IN EINEM POROSEN ROHR 

Zusammenfaswng---Es wurden Messungen des Druckgradienten gemacht mit LuftstrGmung in einem 
porasen Rohr mit Kreisquerschnitt bei voll entwickehem turbulentem Stramungsproiil am Eintritt 
und bei aleichbleibendem Massenentzug durch die Wand. Es wird eine empirische Beziehung fiir die 
axialen Gradienten mit Absaugung gegeben. In radialer Richtung tritt ein kleiner, jedoch unbedeutender 
Gradient auf, Die Versuche iiberdecken einen Bereich der Reynoldszahlen am Eintritt von 1OOO bis 101 OOO. 
wobei das Verhlltnis Quergeschwindigkeit an der Wand zur grassten LSingsgeschwindigkeit am Eintritt 
zwischen 0 und 0.027 liegt. Die Radialverteilungen der absoluten turbulenten Str6mungsgeschwindigkeit 
wurde am Rohrende gemessen. Der Parameter fiir das Geschwindigkeitsprofil wurde auf einen Saug- 
parameter bezogen. Das Proiil der iiber die Zeit gemittelten Geschwindigkeit hlngt stark vom Saugver- 
hlltnis ab. Es verlluft flacher bei mlssigen, jedoch steiler bei hiiheren Saugverhiiltnissen. 

Die relative Turbulenzebene steigt mit dem Sog auf allen Radien an mit Ausnahme einer Abnahme in 
Wandnlhe bei sehr niedrigen Saugverh5ltnissen. 

&tliche und mittlere effektive Reibungsfaktoren bei Absaugung wurden berechnet und graphisch 
dargestellt. Bei einer festen Reynoldszahl steigen die Mittelwerte deutlich an, nehmen aber entlang der 
Rohrlange wieder ab. Bei einer gegebenen lokalen Reynoldszahl zeigen die lokalen Werte einen ghnlichen 

Verlauf. 

3ICCrIEPMMEHTAJIbHbIE BHAYEHBR K03@@BqBEHTOB TPEHBH IIPI’I 
TYPBYJIEHTHOM TEgEHMM B IIOPllCTOtl TPYEE ITPI HAJIHYMI’I 

OTCOCA 

AHHOT8lJHS-~3MepeHbI rpaAlleHTbI AaBJIeHEiR npH TeVeHIG4 BO3AyXa B IIOpMCTOti TpJ'6e 

KOJIbqeBOrO Ce9eHIIR npH nOJIHOCTbI0 pa3BHTOM npO@UIe Typ6J'JIeHTHOCTPi Ha BXOAe EI npH 

paBHOMepHOM OTCOCe MaCCbI sepe3 CTeHKY. HpeAnomeHa 3MnRpRsecKaR HoppenflqHn AIR 
npOAOJIbHbIX rpaAHeHTOB npll HaJILlYAR OTCOCa. OTMeYeH He6onbmoPr n0 BeJIHYllHe rpaJ(IleHr 

BpaAElaJIbHOM HanpaBneIIlln.OnbITbtOXBaTbIBajIIlHElaJIa30H3HaqeHLI~KpIITep~RPe~HOnbACa 

Ha BXOAe OT 1,1 . lo* A0 101 . lo* npH OTHOIUeHIlll nOnepeqHOZf CKOpOCTM OTCOCa Ha CTeHKe 

K CpeAHet OCeBOti CKOpOCTH Ha BXOAe OTO A0 npMMepH0 0,027. PaAYlaJIbHbIe paCIlpeL(eneHHR 

CpeAHeti BO BpeMeHH OCeBOfi CKOPOCTA II a6COnIOTHOti IIyJIbCaIWH TJ'p6J'JIeHTHOfi CKOPOCTM 

n3MepHJWCb Ha BbIXOAe I43 TPYGbI, I4 npoBonnnacb KoppenRqlrR napaMeTpa npoi@nrl CKOpO- 

CTH C napaMeTpoM 0Tcoca. HatineKo, 9~0 npo@nb cpenHeti no speMeKI4 CK~P~CTR CnnbAo 

3aBLlCMT OT CKOpOCTli OTCOCa, CTaHOBRCb 6onee nOJIOrHM npH J'MepeHHbIX CKOpOCTRX OTCOC3 

II 6onee ppy~b~~ npa B~ICOKIJX CKO~OCTRX. ICpoMe Tore, OTHOCkITeJIbHaR CTeneHb Typ6yJleHT- 

HOCTH BO3paCTaeT C YBeJIH'leHMeM OTCOCa AJIH paL(MJ'COB; B npMCTeHO'iHOfi 30He npH OYeHb 

HH3KIlX CKOpOCTRX OTCOCaOTMeYeHO HeKOTOpOe er0 ocna6neHlie. 
PaCqHTaHbI PI npeACTaBJIeHbI B rpa@HqeCKOM BIlAe JIOKajIbHbIe ECpeAHIle 3HaYeHAH 3@@eK- 

THBHOrO KO3@&IW'ieHTa TpeHI4R npH OTCOCe. npli nOCTORHHOM 3Ha'feHAll KpllTepHFl Pezi- 

HOJIbAca Ha BXOAe CpeAHLle 3Ha'ZeAElR C OTCOCOM 3aMeTHO J'BeJIIWMBaJIHCb, HO CHMFKEUIllCb 

BJ&oJIb Tpy6bI. ann AaHHOI’O JIOKaJIbHOrO 3Ha'IeHHR KpHTepllR PefiHOnb&Va Ha6JHO~aJIaCb 

aHaJIOr&NHaR TeHJJeHIJMR I4 8 JlOKaJIbHblX 3HaqeHHti. 


