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Figure 6.15 illustrates how an initially parabolic profile
is flattened as it passes through the pipe. This is due
partly to the suction and partly to the potential flow
solution. The suction at the wall removes the slower
moving fluid next to the wall and produces the flatter
profile as shown. The flattening is also due to the
fact that the potential flow model is unable to sustain
the parabolic profile as the no-slip condition at the
wall cannot be satisfied and gradually the parabolic pro-
file will disappear. For the no-slip condition to be
simulated it is necessary, by some means, to enter the
tangentcial velocity at the pipe wall as a boundary con-
dition. A method of attempting this is described in
Chapter 8, during the discussion of future work.

This section has presented the theoretical results obtained
from the potential flow programme. Limitations of the
method that were obvious from inspecting these results

have been mentioned, however, it is not possible to
critically appreciate them until a comparison is made

with other work in section 6.4.

6.3 The Experimental Results

The eaperimental data and derived quantities are tabulated
in the appendix. Each table is followed by a graph showing
the measured axial velocity profiles.

‘'The experimental measurvements were reduced and analysed
using various formulae and techniques, these will now be
discussed.

The two orifice plate results were used to calculate the
volume flow rates in standard cubic meters per hour. One
standard cubic meter is that quantity of air which occupies



one cubi: meter when at a pressure of 1 atmosphere and

a temperature of 15,5 °C.  According to British Standard
Code B & 1042 the working formula for the calculation of
the flow rate is for dry air:

Q= 7,099 x 10”° «x Cg xd x ExvR x//g AR 5 b

where E is (1 - d'"‘/Dz)'i
and D is the inside diameter of the piping in mm.

The constant in expression (“.3.1) allows for the in-
clusion of readings in the un.ts in which the measurements
were made.

Table 6.1 gives the values of the constants for both
orifices.

Property Orifice Plate 1 Orifice Plate 2
Cq 0,59 0,583
d? mm? 6400 1706
d?/pn? 0,62 0,66
B 1,62 s P |
Table 6.1 - Orifice Plate Constants

The difference between the flow rates measured by the two
orifice plates gave a measure of how much air was passing
through the walls of the porous pipe. The flow rates
were calculated in terms of standard cubic meters so that
direct comparisons could be made between runs carried out
at different total pressures and temperatures. In this
form the flow rates were directly proportional to the
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mass flow rates. In the Appendix an anlysis of the

possible errors introduced due to measurement is given
and the maximum error due to measurement in a typical

value of flow rate was found to be 1,8%.

The pitot tube traverse readings were taken in millimeters
of water, this measured the dynamic pressure of the flcw
at the various radial locations. The axial velocity

was calculated using expression (6.3.2)

/19,6 h,

V, = ———— /s » . . X g A (6.3.2)
% // Pair

The maximum error in Vx due to measurements, as calculated
in the appendix, is approximately 2%.

The volume flow rate calculated from the pitot-static tube
readings was calculated by the integration technique des-

cribed in the appendix. The result was obtained in cubic
meters per hour at the working pressures and temperatures.

The mean velocity at the inlet to the porous section was
calculated from expression (6.3.3):

o _ Volume flow rate in m’/hr

X Internal cross-sectional area in mex 3600 m/s
mean
- A . 3 .
. Volume 1%¥?2§ath in m’/hr T g 4 (6.3.3)

\ Reynoids number, based on diameter, was calculated
Lsing the mean axial velocity evaluated from expression
(643805

The pressures measured at positions 2, 3, 4, 5, 6 and 7
by means oi static pressure tappings were tabulated in
millimeters of mercury. The coefficient of pressure



as defined in section 3.7 was calculated using as the
denominator the dynamic pressure on the axis of the pipe
at static pressure tapping number 2, This pcsition is
considered close enough to the inlet of the porous pipe
to indicate the dynamic pressure there (in fact it is
positioned only 25,4 millimeters away). The expression
for calculating the coefficient of pressure was:

Oy
jov,’

an

Cp, = x 13,6 § G S R, Y

The largest error, due to inaccuracies in measurement of
the pressures, in the coefficient of pres :+ is 6%. (See
Appendix)

The hot-wire anemometer readings were obtained in volts
from a digital voltmeter. These readings had to be cor-
rected to allow for the temperature of the air. The
correction foirmula is given in the appendix. Once this
had been done it was next necessary to extract the axi:sl
and radial components of the velocity from the rcadings.
At each location inside the pipe measurements were made
with the hot-wire probe:

i) perpendicular to the axial flow
ii) parallel to the axial flow.

The voltage ~eading on the probes is related to the effec-
tive cooling velocity on them by the following expressions
(see Apperdix for more details).

6

R %)
E Eo * B.Ueff . - . . L] . - (6.3.5)

and

Ueff’-U1’+kU|2 . A : (6.3.6)
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When the axial flow is perpendicular to the hot-wire the
effective cooling velocity is given by:

U = V; + kV: . . . . . . (6.3.7)

2
effl

A typical value of k is 0,04 (others are given in the
Appendix) also Vr << Vx. Thus for this orientation
expression (6.3.7) becomes:

Uefflz - V; . . . . . . 5 (6.3.8)

If E, is the voltage output (corrected for temperature)
with the hot-wire perpendicular to the axial velocity,
then the axial velocity, Vs may be read directly from
the calibration curve for the probe c~ncerned in meters
fer second. Inaccuracies ue to reading the graphs must
be included with the inaccuracies of the measuring tech-
niques and due to this the maximum error in an axial
velocity due to a hot-wire measurement is expected to be
2,5% (see Appendix).

When the axial flow is parallel to the hot-wire the ef-
fective cooling velocity is given by:

2. L 2
Ueff" Vr * ka . . . . . . (6.3.9)

Now V: and kv; may be of similar magnitudes. Uefff

is the effective cooling velocity read from the calibration
curves for E". the voltage output (corrected for air tem-
perature) with the probe parallel to the axial velocity.

Vx has been evalunted from expression (6.3.8) and so k

may be obtained from figure C.8 given in the Appendix.

Vr may now be calculated from expression (6.3.9).
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The hot-wire anemometer readings, their corrections due
to temperature and the calculations leading to the axial
and radial components of the velocity are given in the
Appendix.

Figure 6.16 shows curves of the pressure recovery along
the porous pipe, as calculated using expression (6.3.4),
for various suction rates. An average suction coefficient

Bav is defined as:

. Volume flow rate through the porous wall
Bav  Tnside surface area ol;g?he pipe X V .+ (6.3.10)

For total suction the ideal pressure recovery is C_ = 1,0,
The two curves B, = 55,3 x 107 and Bay = 49,9 x 1077 are
both for total extraction of fluid. The differences in
the values of By €an be seen to be well within the experi-
mental accuracy. It can be se¢en that there is not quite
complete pressure recovery. Although it is very close
there is a percentage loss of approximately 4%. The loss
is due to the skin-friction effects at the pipe wall.

The other curves for different values of g take on a
similar shape. As the suction decreases so the pressure
recovery diminishes. There is slight scatter about the
cmooth curves although this is not significantly large.

It is not known how the static pressure readings are
affected by the porous wall. It is thought that the
radial velocities are so small that the tappings will
actually measure the static pressure and will not be
augmented substantially due to the stagnation of the radial
velocity.

Skin friction effects are not expected to be the same for
the different suction rates as skin friction depends on

the gradient of the velocity profile at the wall. Suction
at the wall will change the velocity profile and thus the
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skin friction will vary. If the curves are non-dimen-
sionalised according to the method developed in section

6.2 then any differences between the resulting curves
should be due to skin friction. The non-dimensionalised
curves are illustrated in figure 6.17. Three of the
curves lie on or close to one smooth curve. One curve
lies above this and one below it. In the Appendax it

was shown that calculated values of the pressure coeffi-
cients could be in error by up to 6% due to measurement,
and so it is not possible to comment on any trend since

the differences between the curves are less than 6%.

It is expected, however, that the curve for BaV =21,7 x 10°
is an overestimate for the pressure recovery as it predicts
no losses due to skin friction. This ca2n be seen by com-
paring it with the non-dimensionalised theoretical curve,
this will be done in the next section.

Figure 6.18 shows a typical set of velocity profiles
measured along the porous pipe, others are given in tae
Appendix. At r = =31,5 mm the hot-wire probes are intro-
duced through the pipe wall. It can be seen that the
velocity readings near the wall are .ffected by the probe
holes. There is leakage through the holes as shown by

an increase in velocity in the vicinity. As the centre
of the pipe is approached, however, the effects diminish
and the profiles become symmetrical as shown by zero axial
veiocity gradient on the centre line. It is not thought
that the left hand side influences the right hand side
because the profile is not radially distorted, but the
effects of the holes diminish long before the centre line.
Only the right hand side of the graphs will therefore

be examined.

The shapes of the axial velocity profile are examined by
plotting each velocity relative to the mean velocity at

3
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the same axial location. The curves obtained for several
tests are shown in figures 6.19 to 6.22. In all the
figures it can be noticed that the inlet profile is the
flattest of all and as the suction is applied, so the
tendency is for the velocity profiles to become more
peaked and move towards a laminar type profile. There
does not seem to be any pattern once the initial profile
has changed. The profiles do not gradually become more
peaked as the end of the pipe is approached. One charac-
teristic is extremely interesting to note. The most
peaked profile has a marked chanue in curvature as the
pipe wall is approached, in some ‘cases it actually expe-
riences a point of inflexion. The next profile downstream
after this becomes less peaked again and the curvature
returns to normal. If the pipe was longer perhaps the
profiles would gradually become more peaked again and also
experience another inflexion point. It is difficult from
such limited data to draw any definite conclusions on

this phenomenum. An inflexion in a velocity profile is
usually associated with a change from laminar to turbulent
flow, or flow separation. Flow separation seems a little
difficult to visualise in this situation as fluid is
'beiqg extracted through the wall and hence is being at-
tracted to the wall even in the presence of an adverse
pressure gradient. The laminar-turbulent type transition
seems more feasible. It could be that, initially the
profile enters fully turbulent, but as flu'l is extracted
there may be relaminarization as indicated by the more
peaked profiles. As the profile proceeds down the pipe
fluid is sucked away, the inflexion is experienced and

the boundary layer becomes unstable and reverts to a tur-
bulent one as indicated by the flatter profiles.

It is not possible to draw the velocity profiles passing
through the origin at the wall of the pipe, as it is not
certain whether the no-slip condition will apply for
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the porous pipe under considerzion. Fluid may be able
to leave the pipe through the porous walls with an axial
velocity due to the structure of the bronze. Figure
6.23 illustrates this statement.

spherical bronze particles

o X FEoY oo

R Al ___’,Vf
vx

Fig 6.23 - Flow leaving the pipe with an axial velocity

This means that although the gradient of the velocity at

the wall still gives a measure of the shear force on the

air i e skin friction, it need not be measured at Vx =0,0.
Several of the profiles approach the wall with zero gradient
indicating (if the no-sl’p condition is not satisfied)

that the skin friction is zero there. Thus suction may

in fact cause a decrease in skin friction.

It is indicated in the Appendix that the calculation of
the radial velocities was subject to considerable in-
accuracies due to the difference in magnitude between the
two velocity components and inaccuracies due to trans-
cribing results from the calibration curves. The radial
velocity measurements could be in error by up to 23%.
Several of the traverses have been plotted in figure 6.24,
Attention should be paid to the shape of the curves rather
than the magnitudes due to the uncertainty in the validity
of the results. As expected the radial velocicy is zero
on the axis of the pipe and increases towards its maximum
value at the wall of the pipe. Again only the right hand
side of the profile is plotted due to the interference of
the probe holes. The curves are not linear but are
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sitightly concave. If the tables in the Appendix are
studied it can be seen that some of the radial velocity
profiles are slightly irregular, and experience the occa-
sional drop in radial velccity as the wall is approached.
This is due to the sensitivity that the radial velocity
calculations exhibit with slight inaccuracies due to
measurement. The radial velocities at the wall appear
to be overestimated as compared with the average suction
velocity required for a given mass extraction. A pos-
sible explanation for this is the wall effect on the hot-
wire. The wire loses heat due to the cocling effect of
the air and ais~ by radistion to the wall, thus an over-
estimate of the cooling velocity is made and hence an
overestimate of the suction velocity.

To measure the radial velocities more accurately a dif-
ferent method must be devised. It may be possible to

use crossed probe hot-wires, but it is thought that these
may experience the same difficulties due to the difference
in magnitudes between the two velocity components.

6.4 Comparison of the theoretical and experimental results

and work done by other authors

There were mary difi culties encountered when trying to
compare results between various authors. The main ones
were due to the way in which other research has been pre-
sented. Frequently, insufficient data was presented and
so it became impossihble to non-dimensionalise with respect
to the same variables and comparisons became impossible.

Figure 6.25 shows experimental results of Aggarwal et al

[25] illustrating the rise in pressure obtained along the
porous pipe for various values of a, an extraction coef-

ficient. Where a is defined by:
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_ Mass flow rate extracted through the sides

@ = Mass Tlow rate flowing axially into the pipe
LMW 7R Ny O R R W
“
"R Vmean ‘xmean X
The ratio Vx_/\lxmean is related to B, the suction coeffi-

cient. For a turbulent velocity profile the mean velo-
city is 0,814 of the maximum axial velocity and for a
laminar parabolic profile it is half the maximum. Thus
for turbulent flow:

o= 2,468§ 7 esrnier | R aopde, " R (6.4.2)
and for laminar flow:

= 48& T R B (6.4.3)

The curves of figure 6.25 are similar in shape to the
theoretical curves of the present theory which were illus-
trated in figure 6.2 and the experimental results shown
in figure 6.16. The actual pressure recoveries due to

a given suction rate, however, are lower than predicted.
To compare the three sets of results it is useful to col-
lapse the pressure curves of figure 6.25 by means of the
non-dimensionalising process described in section 6.2.
The resulting curves are illustrated in figure 6.26.

For the high suction rates the curves collapse within
experimental accuracy onto one curve, indicating that the
effects of skin friction are similar for these flow
situations. As the lower suction rates are approached,
so the points deviate from the standard curve indicating
an increase in skin friction.
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Figure 6.27 compares the present theory and experimental
results with experiments performed by Aggarwal et al [25]
and Berger and Blake [18]. The results have hHeen non-
dimensionalised with respect to the suction coctficient.
Differences between the experiments and the theory must
be due entirely to skin friction effects, and the errors
due to measurements. The three experiments exhibit
varying proportions of skin friction. The present expe-
riments agree to within 5% of the theoretical results,
and appear to be effected less by friction than the other
results. All three experiments were conducted with
porous bronze specimens made by the same manufacturers,
however, they were of different porosities. Aggarwal

et al conducted their experiments with specimens of Grade
A porvosity (see section 5.4), Berger and Blake with Grade
C and the present ones were performed with grade D.

There appears to be an agreement. It seems that the
smaller the porosity the greater the skin friction. This
can be explained with reference to figure 6.23. The
smaller porosity pipes are made from smaller spherical
particles of bronze. This means that there Is less
likelyhood for the fluid to be able to leave through the
wall with an axial velocity and the no-slip condition

is probably met. As the spherical particles increase

in size, and hence the porosity increases, the no-slip
condition may be violated and the skin friction is reduced
as indicated in figure 6.27.

The limitations of the potential flow theory are obviously
the inability to predict skin friction, however, the

shape of the curves are all very similar and as a starting
point in an analysis the potential flow theory gives a
reasonable approximation to the real flow situation.

Jt is expected that if the no-slip condition could be
simulated in the potential theory the theoretical and
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experimental curves would agree more closely. It is evi-
dent from the curves that the physical nature of the
porous material plays an important part in the actual
pressure recoveries achieved and any theories will have

to incorporate this.

Figure 6.28 shows a comparison of the potential flow
theory and a theory developed by Yuan & Finkelstein

(11] for uniform blowing into the porous pipe. The two
are in very close agreement. There is no data available
for comparisons with experimental results.

Figure 6.29% shows experimental velocity profiles measured
by Aggarwal et al [25]. The axial velocity has been non-
dimensionalised with respect to the mean axial velocity.
The four profiles shown are obtained at the end of the
porous pipe for various suction rates. One profile has
almost become a laminar one as indicated by the parabolic
profile. This is for practically total suction. One
of the profiles exhibits an inflexion point as was ex-
perienced by the experimental results given in section
6.3. Figure 6.30 shows theoretical predictions of
velocity prefiles for various suctions in laminar flow.
These profiles were obtained by F M White [14] and are
typical of those achieved with similarity solutions.

The profiles become more peaked as the suction increases
and have an inflexion for certain extraction rates. For
large suction they also predict reverse flow at the wall.
This has never been substansiated by experiment.

Figure 6.29 shows that, according to Aggarwal et al the
net effect of suction is to make the velocity profile

yuller at modest suction and to make it more peaked as
the suction rate becomes greater. Weissburg [15] also
found that velocity profiles became fuller at low rates
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