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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 11000-101 000 with a ratio of the transverse velocity at the wall tothe 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.

NOMENCLATURE u, temporal-mean axial velocity;

A,, area occupied by pores; it,4”, area averages over tube cross-section
A, effective surface area; of axial velocity and velocity squared;
D, inside diameter of porous tube, U ey temporal-mean maximum axial velo-
fo friction factor without suction city;
[=1,0/304]; u, axial turbulent velocity fluctuation;
S local effective  friction factor v, temporal-mean radial velocity;
[=r../3p0°]; v, radial turbulent velocity fluctuation;
£ average effective friction factor X, axial distance from entry of porous
[=1,./2p01]; tube;
K, ¢, coefficients as used in equation (22); X, non-dimensional distance [ =x/L];
k, average ‘Talysurf roughness of tube o, fractional mass extraction parameter
inner surface; [defined by equation (2)];
k., equivalent sand roughness; B, suction coefficient [ =v,,/i];
L, length of porous tube; 4, velocity profile parameter [ defined by
m, axial mass flow rate; equation (9)];
p, static pressure; i, dynamic viscosity of fluid;
R, inside radius of porous tube; v, kinematic viscosity of fluid [ = u/p];
Rep, Reynolds number [ = paD/u]; I, pressure coefficient [defined by equa-
v, radial distance from tube axis; tion (15)];
F, non-dimensional radial distance P fluid density;
[=r/R]; Ty viscous wall shear stress
* Now at Dept. of Engineering Science, Parks Road, [= — W(Ouf ar)w];
University of Oxford, Oxford. T.0»  Wwall shear stress without suction;
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T,.» local value of effective wall shear
stress [defined by equation (4)];
T,., average value of effective wall shear
stress [defined by equation (18)];
Y, 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 materiais 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 [ 1-3],
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
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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 alarge 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
93 was employed for the purpose. The inlet
Reynolds number based on tube diameter was
varied in steps of approximately 10000 from
11000 to 101 000. The fractional mass extraction
parameter o, defined as the ratio of mass flow
extracted over the entire tube length to the
entry mass flow, was varied in steps of 01 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 f,, 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
J, defined as the ratio u?/ut?, to have an almost
constant value close to 1-02 for all rates of suction
tested.

Wallis [8] 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 000121 000 was covered and in this range
the friction factor without suction for the rough
canvas hose was constant. The entrance suction
coefficient §, was varied from zero to 0-02. 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
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given value of §, 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 2:3m 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 f, was varied from zero to
0-00308. 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 8, 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 of air in porous tubes of circular 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 f, (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 k /D, 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

N .
%pﬁz—f()"fo( y ’D‘D)’

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 v,
normal to the surface, and v, was expressed in
non-dimensional form as v_/ii, and denoted by
the symbol #,. With certain qualifications to be
raised later in this section, 8, , in conjunction with
the specification of uniform suction, fully deter-
mines the wall boundary conditions.

An alternative parameter to 8, is the fractional
mass extraction parameter o, which for the given

value of L/D and the assumption of uniform
suction can be shown to be equal to

L
= 4§, D

)

@

a=1-—

__:niw i
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Another parameter which for uniform suction is
equivalent to B, is the ratio f = v, /@i, where @
is the local mean velocity, and § must increase
towards the exit of the tube because & fals off
linearly in the same direction. It can then be
shown that
f=2r— B - B
u [ —o/D)] [T~ 4B,6/D)]
Thus it emerges that the local wall shear stress
with suction can be expressed in terms of the
parameters listed in equation (1), and any one
of f,,a0or B.

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 cylindrical 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).

b
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F1G. 1. The flow at the effective surfacg.

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 v, can be defined as the
mass flow per unit surface area divided by the
density.

A second difficulty 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 u,,, then pu, v, 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
—u(0ufor),, + pu,v, appears in the equation.
The first term represents the shear stress acting
on the control volume—and therefore the rate of
transfer of axial momentum—due 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, v, in
addition to the viscous shear stress. The sum
of the two terms will be called the ‘effective wall
shear stress with suction’, viz.

ou
Twe = — U ar + pu v,

and the corresponding effective friction factor
will be defined as

@

T

fe=W' (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, v, and 7, differ despite the fact
that Rep, 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. AP/AS; 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
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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 7, 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, while 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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Fi1G. 2. Schematic arrangement.

an atomisation process from bronze ailoy 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 13um and a nominal
filtration rating of 21 um, and having an overall
porosity of 26 per cent. The length of the tube
was 2452mm, and its internal diameter
25-65 mm. Typical extreme conditions occured
at an inlet Reynolds number of 101 000 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
alorg it was only 0-006 bar.

The tube, as originally purchased, tapered from
25-4 mm at one end to 259 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

chamber

Thermocouple

Orifice pilate
it

INGSWORTH and Y. R. MAYHEW

Air supply
from compressor

Flowmeter 2

Mixing

Pressure

Pipe i-5m long ot
regulator

Sintered
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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
+ 024 per cent was attained, but the etching
resulted in a roughening of the surface, with
‘Talysurf readings giving an average value of
0-00142 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 wall Paraffin wax Static pressure insert

5 KRS SX XA RSISISE Y Y XY
B KX RIARKS
PSS SISO X X XXX
02030000050 5 I TeSeSoged

0 202050292%0%%) [l 0.9

Araldite

Fi1G. 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 tapping in the tube wall was
formed from a 1-5 mm dia. brass stub having a
0-8 mm dia. central hole (Fig. 3) in such a manner
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 12 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 55D01 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
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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
staticpressure 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

du 0
ra+5(ru)—0 6)

pOx Ox

+ 3£<ra—“) 2 lew.

ou Ju
u—+ov—=

Ox or

0%u
23

ror\ or

Multiplying (7) throughout by r, taking dp/dx =
dp/dx, 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

1 9 R%dp

el iy

v *m

#) = Inp 2

Rt oup)  ®
p
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where ¢ 1s the velocity profile parameter

1
= (j; (w/u ) 7 dF
d= 5= 9)
u 1
2[{ (w/u o) A7)
0
m is the rate of axial mass flow
m = pu(nR?) (10)
and t,, is the viscous wall shear stress
ou
=—py—) . 11
Tw u( 8r>w (11)

Here u,, and v,, are respectively the temporal
mean axial and radial velocities at the tube inner
surface. For the case of uniform suction, v,
and (0m/dx) are both constant. Equation (8) can
then be simplified, by introducing the effective
shear stress from equation (4), to

:% (omi) =

dp
— nR? i 2nRz,,. (12)

4.1 Local effective friction factors with suction
Integrating the continuity equation (6) be-
tween r = 0 and r = R, one obtains

o L
Mo (2)
o% P <R>

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

= —_———— 4 —_— — ——
¢ 2(1 — ax)? F + 40B L dx

(13)

(14)

where x = x/L is the dimensionless axial dis-
tance, and I7 is a pressure coefficient defined by
P, R

p—
n=C"I2 (15)
zpi} L

IT 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 IT and differentiated to give
values of (0IT/0x). The local suction coefficient
B was obtained from equation (3). With suction,
velocity profiles were measured only at the
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outlet of the porous tube, and values of ¢ 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, § was verified
to be about 102 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 & varied from 1-01
to 1:11, depending on the intensity of suction
(see Fig. 7). If it is assumed that § varies steadily
and without steep changes between the inlet and
outlet values, d, and d,, then it can be shown that
the term involving dé/dx 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 J, to assume that § varied linearly
with X between sections 1 and 2. Hence it follows
that

(16)

and
0=20,+ (8, — )% amn

with 6, taken as 1-02. Values of J, plotted in
Fig. 7 were calculated from equation (9). Each
velocity profile was integrated, using Simpson’s
rule to evaluate 4.

4.2 Average effective friction factors with suction
The average value of the effective friction
factor,f,, over the tube length x can be defined as

f; —
P“l

(18)

Q—-—ﬁx:

“ipilx

Integrating equation (12) w1th respect to X
between the limits X = 0 and X, one obtains

non R -
f.= ~ 3z +Z—[ ; — ol — ocx)z:l. (19)
Equation (19) was used to compute average
effective friction factors over lengths varying in
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steps of A(x/D) = 1, from x/D =1 to x/D = 9.
Atx/D = Oequation(19)becomes indeterminate,
but at the entry section the average value coin-
cides with the local value of the effective friction
factor as calculated from equation (14).

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.

5. EXPERIMENTAL RESULTS

5.1 Results without suction

Before the apparatus could qualify for experi-
ments with'suction, 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 x/D, 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

o Experimental
points

o Colebrook-White
o

Friction factor, {)x 0
~
T

Blaslus

| | WO R
! 2 3 4 5 6 7 8

Reynolds number, Re, x10™*

F1G. 4. No-suction friction factors.
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the pressure coefficients, for a range of Reynolds
numbers. These are seen plotted against Rej, in
Fig. 4. Also plotted on the same graph are
friction factors for a hydraulically smooth tube
as computed from the Blasius friction law

0-0791

1o~ ke,

(20)
and friction factors for a rough tube as computed
from the Colebrook—White semi-empirical rela-
tion

1 k 9-35
o348 —4log|l 4 22 | (1
73 g [R (Rem} @D

taking the roughness parameter k /R = 0-0015.
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.

5.2 Results with suction

Measurements of pressure gradient. For a
typical value of the inlet Reynolds number
Re,,,,pressure coefficients based oninlet dynamic
head are shown plotted against x/D for various
values of the entrance suction coefficient B,
(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—p,  4x

—=—| K, + K,B8, + K;$%
%pui Dl:l 2F1 3F1

+ By (Ky + Kby + Ksﬂi)]. 2
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where K, is the no-suction friction factor
corresponding to the inlet Reynolds number.
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Rep, K, K, K, K, K, K¢
11260 —0-007968 2154 8-654 0-2081 — 1705 2415
21710 —0-006855 2-448 —7-287 0-1444 — 1443 2364
29980 —0-006434 2:557 —10-96 0-1089 —11-54 1717
41840 —0-006154 2709 —12:42 0-1573 -17-79 3309
52120 —0-005886 2773 — 1477 0-1576 — 1892 3724
62550 — 0005745 2-600 —8-982 0-1596 —18-90 3694
70670 —0005616 2954 —20-87 0-1286 —17-40 3532
83280 —0005391 3135 —3046 0-0707 -1225 241-8
91420 —0-005350 3469 —42-48 00386 - 1047 2180

101160 —0-005249 3512 —44-16 0-0308 -10-02 2139
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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
Rep,, of 101 160 and at three different values of
the inlet suction coefficient f,, 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 [10]. 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/u, 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, d,, to the same quantity at entry,
d,, was plotted against §, 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 4,
viz. dé/dx, upon the friction factor has been

1110
o Average of experimental points
- Least squares third order curve
1-08}+

1-061-

T

1-04
1102

=function(B,,+/0)

I
x/0=9-3

| I i 1 1 | 1
8 21 24

1-00

0-98 L

27

Entrance suction coefficient, Bx103

Fig. 7. Velocity profile parameter vs. entrance suction
coefficient.
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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 §,/8, over the experimental
range of Reynolds number at each suction rate
(Fig. 7). This curve can be represented by the
equation

% _

S2=1-01056, — 23247 + 16113 B},
1

(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 §, 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. 7, is normalized with respect to the
no-suction shear stress, t .given by f,, x 3pu}

B
0-00
Q0|
0-0l
0-02

Twe
Twol

Re,=21710

Twe™ Twa(:‘?em .Bl,X/D’

x/D
F1G. 8. Variation of effective shear stress along the tube.
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where f,, is the experimentally determined
no-suction friction factor corresponding to the
inlet Reynolds number and %pu? 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 — ox)* could have been ex-
pected, because according to this law the shear
stress is proportional to #%, 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 §, 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, 1, generally in-
creases with f,, 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
for two representative inlet Reynolds numbers

¥
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of 21 700 and 83 280 in Figs. 9 and 10 in the form
of carpets where x/D and f§, are the two floating
variables. This ratio, f,/f.yw. therefore takes into
account the effect of the changing Reynolds
number along the tube. At large values of B,
and especially at the lower Reynolds numbers,
fo/few falls markedly towards the end of the
tube. Under these conditions, however, the
computation of f, is unreliable because the first
and second terms on the right-hand side of
equation (14) are of the same order of magnitude
and 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,/f.,, depends upon
local quantities, namely the local Reynolds
number, Rep, the local suction coefficient, 8, and
the location in the tube, x/D, Appropriate local
values have therefore been extracted from the

1op fo <fel Rep . By, x/D)
Re, =21 700

F1G. 9. Local effective friction factors with suction.
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fonty (R8p.By.x/0)
Rep=83 280
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FiG. 10. Local effective friction factors with suction.

experimental data by interpolation based on
least-squares curve fits. The results are shown
in Figs. 11-13, where f,/f.w is seen plotted
against B 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 8. For a given
suction coefficient, friction factors fall with
x/D, their dependence on x/D being very much
less at the higher Reynolds numbers. With all
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Local suction coefficient, 8x10°

F1G. 11. Local effective friction factors with suction.

1597

other variables remaining fixed, f,/fow is gener-
ally higher at larger values of Rep, but in-
sufficient data were available to establish a
relation.
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F1G. 12. Local effective friction factors with suction.
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F1G. 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 140 puv,, where pv, represents the rate of
condensation per unit area of interface, and i is
the average vapour velocity relative to the inter-
face.
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To test the validity of this assumption, it
suggests itself that the effective shear stress t,,
in equation (5) should be normalized by dividing
1,. by puv, instead of by lpu®. puv, 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 7, /puv, 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 § 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 1, with
puv,,, however, is that at zero suction the nor-
malized value of 7,, becomes infinite. To
overcome this difficulty, values were plotted in
Fig. 14 normalized by the sum of the correspond-
ing ‘no-suction’ stress 7,, and the term puv,,.
At low suction rates, the term 7, (= fowipu?)
in the denominator predominates, while at high
suction rates it becomes insignificant compared
with the puv,, term. Figure 14 gives local values

10 Tw,
hd =function(Re,,8, x/D)

Re;=40 000

x/0 f.0V2 pUp v,

Tu,
. op0?
cw 2P0 ¥ pOv,
[«]
o

PRI B L

30 35 40 45 50 55
Bxi0*

F1G. 14. Local non-dimensional effective shear stress.

of the normalized stress plotted against the
local value of § 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 § the curves bunch together around a
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value of about 0-7. This suggests that at high
rates of suction the effective wall shear stress is
about 0-7 of the rate of loss of axial momentum
of the sucked fluid, puv,, 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 Rep, x/D, pﬁvw,
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 21 700 and
83280 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 f, 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 f, 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 f,/f,, is seen to increase with entry
Reynolds number, a trend that was confirmed
at other values of Rey,,.

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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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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F1G. 17. Relative turbulence intensity profiles.

J. K. AGGARWAL, M. A. HOLLINGSWORTH and Y. R. MAYHEW

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 f,, 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 f, 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
value. f, increases with the entrance suction
coefficient. It also increases with x/D at large
suction rates, but decreases with x/D at low
suction rates.

(3) The local effective friction factor shows an
increase with the local suction coefficient f, this
increase being somewhat greater at higher
Reynolds numbers; at any given value of g it
shows a decrease with x/D, although at high
Reynolds numbers this dependence is negligible
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, f,, up to any given location in the tube,
is always greater than the no-suction value at
the, same inlet Reynolds number. f, 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.

1601

(7) The relative turbulence level in the wall
region is reduced at low suction rates, but at
higher suction rates it increases with suction.
Within the core of the flow, it always increases
with suction.
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FACTEURS EXPERIMENTAUX DE FROTTEMENT POUR UN ECOULEMENT
TURBULENT DANS UN TUBE POREUX AVEC SUCCION

Résumé—Des mesures de gradient de pression ont été obtenues pour de l'air s’écoulant dans un tube
poreux de section droite circulaire avec un profil turbulent entiérement développé a I’entrée et avec une
extraction massique uniforme a travers la paroi; on propose une relation empirique pour les gradients
axiaux avec succion. Un léger mais insignifiant gradient a été détecté dans la direction radiale. Les
expériences couvrent le domaine 11 000-101 000 pour le nombre de Reynolds a I’entrée, avec un rapport
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de la vitesse transversale pariétale a la vitesse moyenne axiale @ entrée variant de 0a 0,027. Les distributions
radiales de la vitesse axiale moyenne dans le temps et de la fluctuation de vitesse turbulente absolue ont
été mesurées a la sortie du tube et le paramétre de profil de vitesse a été relié¢ a un paramétre de succion. On
trouve que la forme du profil de vitesse moyenne dans le temps dépend de fagon critique du taux de succion.
devenant plus plate 4 des taux modestes mais plus pointue & des taux élevés. Le niveau de turbulence
relative croit avec la succion pour tous les rayons, mis 4 part une réduction au voisinage de la paroi a des
taux de succion tres faibles.

Des valeurs locales et moyennes du facteur de frottement effectif avec succion ont été calculées et sont
présentées sous forme graphique. Pour un nombre de Reynolds a I’entrée donné, les valeurs moyennes
croissent de fagon marquée avec la succion mais décroissent le long du tube. Pour un nombre de Reynolds

local donné, les valeurs locales évoluent de la méme fagon.

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

Zusammenfassung—Fs wurden Messungen des Druckgradienten gemacht mit Luftstrémung in einem
pordsen Rohr mit Kreisquerschnitt bei voll entwickettem turbulentem Strémungsprofil am Eintritt
und bei gleichbleibendem Massenentzug durch die Wand. Es wird eine empirische Beziehung fiir die
axialen Gradienten mit Absaugung gegeben. In radialer Richtung tritt ein kieiner, jedoch unbedeutender
Gradient auf. Die Versuche iiberdecken einen Bereich der Reynoldszahlen am Eintritt von 1000 bis 101000,
wobei das Verhiltnis Quergeschwindigkeit an der Wand zur grossten Langsgeschwindigkeit am Eintritt
zwischen 0 und 0,027 liegt. Die Radialverteilungen der absoluten turbulenten Strémungsgeschwindigkeit
wurde am Rohrende gemessen. Der Parameter fiir das Geschwindigkeitsprofil wurde auf einen Saug-
parameter bezogen. Das Profil der iiber die Zeit gemittelten Geschwindigkeit hdngt stark vom Saugver-
hiltnis ab. Es verlduft flacher bei méssigen, jedoch steiler bei hoheren Saugverhiltnissen.

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

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

Verlauf.

HKCIEPUMEHTAJILHBIE 3HAYEHNA KOSOOULWEHTOB TPEHUA IIPU
TYPBYJIEHTHOM TEUEHHUW B HOPHUCTON TPYBE IIPM HAJIMYNU
OTCOCA

AnHoranua—)liaMepensl TpajMeHTH AABJIEHUS I[IpH TeYeHMH BO3jAyXa B IHOPUCTOH TpyGe
KOJIBLIEBOTO CEYeHUA MpPU MOJHOCTHIO PAasBUTOM Npoduie TypOyNEHTHOCTH HA BXONe U NpHU
paBHOMEDHOM OTCOCe Macchl depes cTeHky. llpenoena sMOMpuUeckas KOPPeJNAUAA NiA
NPOJOABHEIX PAAUEHTOB MPU HaJWuuK orcoca. OTMEYEH HeGOMBLION MO BeanyuHe rpajueHt
B pajMaJIbHOM HAaNpaBieHMH. ONEITEH OXBATHBAIH MANA30H 3HaYeHUIt Kpurepus Peiinonbica
Ha sxoze ot 1,1 - 10% go 101 - 10* npu OTHOIIEHNH NOIEPEYHOH CKOPOCTH OTCOCA HA CTeHKe
K cpemHelt oceBolt cropocTu Ha Bxoje oT O o npumepro 0,027. PaguamnbHule pacrupeneseHus
cpemHEeit BO BpPEMEHH OCeBONl CKOPOCTH M aGCOJIOTHOM Mynbcanuy TYpPOYITEHTHOH CKOPOCTU
MBMEpAINCE HA BEIXOZE W3 TPYOHI, H NPOROAMIIACH KOPPEIALUA NapaMeTpa npoduis cropo-
cTu ¢ mapamerpom orcoca. Haitgeno, uto mpoduns cpepHeit 0 BpeMeHM CKOPOCTH CHUJIBHO
3aBHUCHT OT CKOPOCTH OTCOCA, CTAHOBACH §0Jjiee MOJOrUM -NPH YMEPEHHBIX CKOPOCTAX OTCOCA
¥ 60JIee PPYTHIM MK BEHICOKMX CKOpOCTAX. KpoMe TOro, OTHOCHTeNIbHAA CTEMEHB TYPOYIEHT-
HOCTH BO3PACTAeT C yBeJMYeHHeM OTCOCA AJIA PAJAMYCOB ; B IPUCTEHOYHON 30HE IPH OYeHE
HUBKIX CKOPOCTAX OTCOCA OTMEYeHO HEKOTOpOe ero ocsabuenue.

PacuuTausl ¥ TMPENCTABIEHE B rpaduueckom Bufe JOKAIbHEIE i CPelHNE 3HAYEHUSH dfpek-
TMBHOTC KOa(PUIMEHTa TpeHMA npu orcoce. IIpu NOCTOAHHOM 3HaYeHMn KpuTepus Pei-
HOJbACA HA BXOJe CpefHMe BHAYEHHS C OTCOCOM 3AMETHO YBEIMYUBAINCH, HO CHIDKAJIUCH
Bioab TpyOsl. A JAHHOrO JOKAJNBHOTO 3HAYeHus Kputepus PedHonbica Habmomanack

AQHANIOTMYHAA TEHXCHIMA ¥ Y JOKATLHEIX 3HAUEHUN.



