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conditions.

The boundary conditions are the normal fluid velocities
specified at the elements' contrcl positions. These,
like the elements, arc input to the programme in a clock-
wise direction, thus the first boundary conditions will
indicate the inlet flow into the pipe, and the last ones
will dictate the outlet flow. Intermediate ones will
specify how much fluid is extracted or added through the
wall of the pipe.

The first results from the finite element programme were
obtained with uniform velocity profiles at inlet and out-
let to the pipe. The suction or mass addition rates
were also assumed constant down the pipe, and were evalu-
ated remembering that continuity could not be violated.

A typical example of boundary conditions used is given

in Fig 4.5.
; !
| porous section :
non porous | non porous
pipe : I pipe
| |
| |
e R S B x el A

|
] ! T

-———_e_l 1 axis : L

Fig 4.5 - Boundary Conditions specified at control positions

For the example given inFig 4.5 the boundary conditions
would be input into the programme as follows:

’Vl’ "'Vls +v1’ 0: 09 0. 'Vg, ‘Va, 'VR) ‘Vg, 09 0) 0) "V'n -pr Vi
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The minus signs indicating fluid flowing out of the pipe.
These are the values of Fj as described in section 3.3.
Equation (3.5.2) is now solved for the unknown source
strengths o In the computer programme this is done
using a standard IBM subroutine for the inversion of the

influence coefficient matrix A, this gives:

-1
o; = (A ).(Fj) b Rl - e, e (4.7.1)

Because potential flow is assumed superposition of solutions
is possible. One obvious sol-.tion of the problem is that
the outlet and inlet flows are identical and there is no
fluid transferred across the porous surface. This as-
sumes that there is no friction at the pipe surface, but
this is typical of a potential flow solution. In the

other extreme it may be assumed that there is no t<cctal

flow through the pipe in the axial direction bHut there is
either mass addition or extraction through the porous wall.
These two extremes are shown in Figs 4.6a, b and c.

Vi ::fgf #n - e — Vo
Hitttitt e o
ok g = e g ‘E::: Vo
e e
oy Witbibb % it
W= 3 e TS ="

AR RARRE

Fig 4.6 - a) No mass transfer across the wall
b) Pure mass extraction across the porous wall
¢) Pure mass addition across the porous wall.
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The superposition of a and b or a and c for different
magnitudes of flow yields a whole range of different
flow situations from large suction through zero transfer
to large mass addition. Taking, for example, situation
a) superimposed directly with situation b), the result
will be given by the boundary conditions shown in Fig
4.7

2V} P11 441

i ] v, zero
JRNR—— outfiow

Y

Fig 4.7 - Boundary conditicns for situations shown in
Figs 11a and b superimposed.

The resulting boundary conditions imply that a’l the fluid
flowing down the pipe is extracted through the porous pipe
and there is no outflow at the pipe exit.

It can be seen that the main problem is reduced to finding
the solution to the boundary conditions given in Fig 11

b and <. These two flow fields are in fact Iichtical,
due to the potential flow nature of th. problem.

Due to the discrete nature in which the boundary conditions
are specified, it is possible to use any inlet and outlet
velocity profiles, for example a parabolic profile may be
used. The mass extraction or addition through the

porous pipe may also take many forms, more detail is given
concerning the choice of distribution in section 4.9.

4.8 Off Body Calculations

Once the source strengths distributed over each element
have been calculated the whole flow field is evaluated.



Section 4.4 explains how the potential and velocities in-
duced by an element at a point J may be calculated. J
can be situated anywhere inside the pipe and the total
effect, of all the elements, at J is given by the summation
of the indiviaual effect of each element, Thus the po-
tential and velocity components at all points inside the
pipe are calcuiated by using exactly the same numerical
procedures as given in section 4.4. Special care is
needed on the axis of the pipe, that is where . S 0,0,
because the expression (4.4.4) which gives the radial
velocity becomes singular here. There is no real diffi-
culty, however, since the problem is axisy$metric there
can be no radial velocity at y = 0,0, and so the value

of ¢y is examined in the programme and for A 0,0,

the radial velocity is assigned the value zero.

4.9 Mass transfer distributions through the porous pipe

Section 3.10 discussed the effects of axial pressure grad-
ients on the mass transfer distributions along the porous
pipe. It was decided to use Darcy's law in the form
given by expression (3.10.2) (for the reasons explained

in section (3.10) to relate the radial velocity at the
porous surface to the pressure diop across it. To begin
the iterative procedure to calculate the actual transfer
distribution along the porous pipe with a given inflow,
(uniform velocity Vk, say,) and given outflow (uniform
velocity Vo), it is necessary to assume an initial distri-~
bution. A constant transfer rate along the pipe is
assumed and the total flow field is calculated as des-
cribed previously.

In section 3.7 a coefficient of pressure was defined which
related pressures in the pipe to the pressure at the inlet
in order to be able to evaluate pressure recovery along
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the pipe. To enable comparisons with experimental work
it is necessary to have information on the pressures
existing inside the pipe in relation to atmospheric pres-
sure. It was decided to test the programme assuming
that the stactic pressure at the inlet was atmospheric
pressure and required suctions were achieved by applying
a back pressure at the exit to the pipe.

The computer programme calculates the coefficients of
pressure at all control points on the porous surface,
for the constant mass transfer rate. With these coef-
ficients of pressure it is possible to modify the trans-
fer rates according to equation (3.10.2), and rerun the
programme. The only restriction on the mass transfer
is that continuity is satisfied.

Using equations (3.7.1) and (3.10.2) gives:

2
V, = k(p-pg) = k(p-pj) = Ez’_“’l’i T . e,

Expres.ion (4.9.1) may be used at every element's con-
trol position on the porous surface. If there are n
elements defining the surface then there are n expres-
sions of the form:
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therefore:
v’(‘z = Cp__l.(_z
Vay  CPy,
. . - . - . - - . - . . (4 .9.2)
Vv
&n 5 Cpkﬂ
LA

The total inflow to the pipe is szvk. The total out-

flow (axially) along the pipe is ﬂR’Vo.

The flow leaving through the porous surface must be given
by:

sz(Vk—Vn)

and this must remain counstant.

WQ////$\ ~VYrn
3!
— v va s v L o e - i

Fig 4.8 - Shows a velocity distribution along the
porous surface.
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The total integrated effect of a velocity distribution
such as the one shown in Fig 4.8 is given by:

total outflow = ZnR.As(an + V,L2 SR Vﬂn) vl gy ol ko8 v 3)

where As is the length of an element, the integration
uses a modified form of the trapezoidal rule.

Expression (4.9.3) may be rewritten as:

\')
\'} n
- 43} n
total outflow 2mRAS V’“(l“'v;"jl R v-,‘—l) . . . (4.9.4)

which when using equations (4.9.2) becomes:

+Cpk Cpkn
total outflow = 2mRAs Vn;(l CE;% * aee e {)

but the total outflow must also equal

2
m™R (Vk - Vo)

and so an expression has been found for an:

R(V, - V.))
v, = ko Pl T e SR s
1 i (1#Cpk2* pkn)
S C"_‘""" BN N T e
pkl ka
1

in terms of values known from the first computation.

Similarly from expressions (4.9.2), the other velocitics
may be calculated.

This new set of velocities describing the vransfer rates
across the porous wall are used as boundary conditions
and the computer programme is re=-run. A new set of
pressures are calculated which in turn give a new set

of transfer velocities. This iterative process is



continued until equilibrium is reached, that is, when
the pressures and velocities cease to change.

4.10 Calculation of Stream Lines

To be able to visualise the effects of various boundary
conditions on the porous pipe flow problem it was found
useful to visualise the flow field by plotting the
streum lines.

As a datum the axis of the pipe is chosen to represent

a stream line having the value of stream function

v = 1,0. The computer programme calculates values of
velocities in the radial and axial directions at points
on, or inside, the pipe. Equations (3.8.1) are then
used to calculate stream functions at these positions.
Either expression may be used, one involves integration

in the axizl direction and the other in the radial direc-
tion. The integrations arec performed using the trape-
zoidal rule. Integration in the radial direction is
chosen as this is the most accurate since less integrations
are required before the boundary is reached, thus reducing
truncation errors due to the trapezoidal method.

A check was made on the accuracy of the method by com-
paring it with an integration performed in the axial di-
rection, The results are indicated in the next section.

Once values of stream function have been evaluated, use
is made of a standard contour plotting programme which
plots lines of constant stream function (st: .n lines).
Plots obtained for various boundary conditions are given
in Chapter 6 a typical one is given in section 4.11.

The output from the computer pr« amme also calculates
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the potential at positions on and inside the pipe. These
are also plotted by the contour programme and the results
appear in the next section.

4.11 Typical Results obtained from the Computer Programme

A full set of results obtained from the computer programme
for various boundary conditions is given in the appendix.
This section illustrates the f. mat used in presenting

the results and discusses important aspects in relation

to the method of programming.

Jt was mentioned in section 4.7 that because superposition
of flows was possible the main problem was reduced to the
solution of the boundary conditions givea in Fig 4.9.

& 20 units B
o BT O

B L

Fig 4.9 - Boundary conditions for the solution of the
basic problem

Using the boundary conditions given in Fig 4.9 the pres-
sure coefficient Cp, calculated by the programme plotted
against axial distance along the pipe for various radial
positions, is shown in Fig 4.11. The porous section of
the pipe is labelled. It can be seen to be displaced
slightly about the centre line, this is dun to the way
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in which the elements were ¢c"ined. The programme ie-
quires an even number of input points as use is then
made of the symmetry of the problem thus omitting dupli-
cation of calculations. To euable a porous section ten
units long the boundary conditions used were as shown in
rig 4.10,

cenne:of the
pipe

10 units

Fig 4.10 - Shows the displacement of the porous section
to the left to enable a section 10 units long
to be used.

This displacement about the centre line in no way effects
the results as can be seen from graphs 4.11 and 4.12.
From Fig 4.11 it is noticed that pressure gradients in
the radial direction are almost negligible.

Figure 4.12 shows the stream lines calculated for the
voundary conditions given in Fig 4.9. The stream lines
in fig 4.12(a) were evaluated by integration in the radial
direction and those in Fig 4.12(b) by integration in the
axial direction. The two plots appear to be extremely
similar, any differences are due to the errors introduced
by the trapezoidal procedure used in the integration,
which should be more pronounced in Fig 4.12(b).

Figure 4.13(a) and (b) illustrate lines of constant



potential and lines of constant stream function for the
boundary conditions given in Fig 4.9. The lines of con-
stant potential are calculated directly from the potenticl
flow method; the lines of constant stream function are
calculated by integration of velocities in the radial di-
rection.

As is expected, from potential flow theory, tne lines in
the two plcts are orthogonal, which indicates that the
method of calcuiating the stream functions is adequate.
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12 - The streamlines calculated for the boundary conditions of Fig 4.9
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Fig 4.13 a) Lines of constant potential for the boundary conditions given

in Fig 4.9
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Fig 4.13 b) Lines of constant stream function for the boundary conditions

given in Fig 4.9



CHAPTER 5

EXPERIMENTAL APPARATUS & PROCEDURE

5.1 Introduction

The purpose of the experimental work was twofold. Firstly
it was desirable to have a wide range of results for com-
parison with the theoriec and experimental work described
in Chapter 2. Secondly with sufficient experimental

data a critical appreciation of the theory developed in
Chapters 3 and 4 could be made.

It was essential that the experimental apparatus be as
versatile as possible so that a range of data, for com-
par.son with previous research in the field, could be
collected. This involved the ability to have laminar
or turbulent flow in the porous pipe and a whole range
of suction and blowing velocities through the porous
surface.

This chapter discusses the design of the experimental
apparatus and the measuring techniques employed. A de-
tailed description is given of the experimental procedure
and any difficulties encountered duri- experimenta-
tion are mentioned.

5.2 The Air Supply

To enable a wide range of data to be collected it was
necessary to have an air supply which could deliver a
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variety ol volume flow rates. The obvious choice was

a centrifugal fan, When the design of the working sec-
tion was commenced, it was found that to be able to ob-
tain a large range of suction velocities a higher pres-
sure, than was available from a centrifugal fan was
required. (The design of the working section is described
in section 5.4) The compressed air supply available

in the laboratory gave a sufficiently high pressure but
was unable to deliver air at the required volume flow
rates. The air would have needed to be filtered before
it was introduced into the porous specimens as it con-
tained moisture and grease droplets.

The final choice of air supply was a Roots type blower
made by Howden Godfrey Ltd, driven by a variable speed
belt type transmission. This was a positive displace-
ment blower which could deliver oil-free air up to a
pressure of one atmosphere. Its maximum available air
flow rate at sea level was 1 020,0 m®/hr at 0,825 bar
gauge pressure. The delivery end was fitted with a
pressure relief valve of the spring loaded plate type.
The speed of the blower, and hence air flow i1ate, could
be varied by changing the setting of the belt transmis-
sion. On the inlet side to the blower the air was
cleaned through a foam filter thus eliminating particles
down to five microns. Also on the inlet side was an
orifice plate together with pressure tappings and a
thermocouple to enable direct comparisons between air
flow rates at the blower and these measured through the
apparatus.

When in operation, especially under severe loading, the
air would leave the blower at temperatures ranging from
60 °C to 90 °cC. It was therefore necessary to cool the
air before it reached the working section of the apparatus.



- $1 =

The blower was situated on the roof of the laboratory
where it was permanently installed. Air was delivered
to the apparatus through a 101,6 mm diameter (four inch
nominal diameter) pipe which passed along the length of
the roof (through approximately thirty meters of piping),
and down into the laboratory. It was decided, for sim-
plicity, to cool the air by using an annular cooler
positioned as close as pessible to the blower where the
temperatures of the air were highest. Due to the greater
heat transfer w. :re the air was hottest a shorter cooler
could be used than if it was positioned closer to the
apparatuc. Water was used as the cooling fluid and the
detailed design of the cooler is given in the appendix.

After leaving the cooler the air expanded into smaller
diameter piping in the laboratory thus undergoing a
further temperature decrease. A schematic diagram of
the air supply is given in Fig 5.1.

5.3 Flow Regulation and Measurement

Fig 5.2 shows the general layout of the testing facility.
A more detailed account of the working section is given
in section 5.4.

Air entered the laboratory from the blower via 101.6 mm
diameter (four inch nominal diameter) piping. The blower
and apparatus were protected by a by-pass valve which was
always in the fully open position when the blower was
started, thus allowing a minimum amoun! of air to pass
through the .upparatus and the bulk of i" to be discharged
through the by-pass into the atmosphere. As he by-pass
valve was closed so the air flow through the apparatus
increased. An orifice plate of 80 mm diameter (orifice
plate number one) conforming to British Standard code
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B S 1042 was used to measure the volume flow rate through
the apparatus. It was installed in the network according
to the standards. A pressure tappiag at the high pres-
sure side of the orifice plate measured the static pres-
sure by means of a mercury U-tube manometer with one end
open to the atmosphere (static pressure tappring number one).
The air temperature at the high pressure side was measured
by means of a copper constantan thermocouple. The cold
junction was kept at O °C in a vacuum flask of well stir-
red melting ice, the voltage in milli-volts was measured
using a Combridge potentiometer. The calibration charts
for the  rmocouples used in the experiments are given

in the app .. :x. The pressure difference across the
orifice pla.» was measured with a water filled U-tube
marometer.

The working section of the apparatus was designed for
three different diameter porous pipe specimens. They
were of 25,4; 44,45 and 63,5 mm internal diameters.

After orifice plate 1 it was necessary to have a contrac-
tion in the pipe to enable the various size specimens to
be accommodated. Tests were only conducted on specimens
of 63,5 mm intzrnal diameters due to the time available,
however, the apparatus does not require any further modi-
fications to allow for tests on the other sizes.

After the contraction it was necessary for there tc be

a sufficient length of straight piping before the working
section, to allow for the flow to settle down, and any
swirl induced by the orifice plate and the bend to be
eliminated. The length of pipe according to B § 1042

was approximately 2,5 meters. Introduced into this pipe
was another thermocouple which allowed temperature measure-
ments to be made ofter the contraction and before the
working section, for reasons that will be explained in
section 5.5.
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Before the air entered the working section of the test
facility a traverse of the flow was made with a miniature
pitot-static tube of 0,65 mm internal diameter. The
tube was connected by means of rubber tubing to a water
U-tube manometer, thus enabling a measurement of the
dynamic pressure inside the pipe to be made. Also at
this station measurements were made of the static pres-
sure (static pressure tapping number two) by removing
the rubber tubing from one side of the pitot tube.
Measurements were taken at positions 25 mm apart across
the cross-section of the pipe. The traversing mech-
anism and pitot tube are illustrated in Fig 5.3.

After the wéfking section the static pressure of the air
was measured at pressure tapping number seven (see Fig
5.2) attached to a mercury U-tube manometer. Further
down stream another thermocouple measured air tempera-
ture (thermocouple number three). Prior to the second ori-
fice plate the static pressure was again monitored on a
mercury manometer. Orifice plate 2 had an orifice
diameter of 11,3 mm in a pipe of 50,8 mm internal diame-
ter (two inch nominal diameter). The pressure difference
across the plate was measured with corner pressure tap-
pings and a mercury manometer.

Following orifice plate 2 the air exhausted to atmosphere
via a gate valve. By controling this valve the amount
of air flowing through the corifice plate to the atmosphere
could be regulated. As the valve was closed so more

air was forced to flow through the walls of the porous
pipe, through the manifcld and into the atmosphere. In
this way for a given volume flow rate of air through the
apparatus, regulated by the by-pass gate valve, suction
through the walls of the porous pipe could be controlled
by varying the back pressure on the working section by
means of the outlet valve.
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By attaching the outlet of the manifold to the compressed
air supply, in the laboratory, air could also be intro-
dured into the porous pipe, these blowing tests we¢~e not
conducted due to the time available.

5.4 The Working Section

The porous specimen that was tested was made of sintered
bronze manufactured by Sintered Products Ltd. of
Nottingham K England. it had an internal diameter of
63,5 mm, ar external diameter of 6%,85 mm and was ap-
proximately 25,5 mn long. The manufacturers produce
the sintcred bronze in five different grades. They are
A, B, C, D and E according to the porosity. Grade A

15 least porous and grade E is highly porous. The grade
of material used for the tests was D, thus indicating

a moderate to high porosity. The manufacturers claim
that this grade allows the passage of particles less
than 25 microns.

The test specimen was heid in place by mild sieel flanges
(See Fig 5.4). Surrounding the specimen was another
porous pipe of 111,1 mm internal diameter and the samc
length as the test section, this was manufactured froem
Porosint grade C sintere. bronze (maximum particie
diameter able to pass is 12,5 microns). This larger
pipe was used as a control Initially the working sec-
tion was designed for both blowing and suction tests,
a:d the larger porous pipe was situated so that, during
plowing tests, the inner test pipe would experience uni-
form blowing over its surface. In the suction tests

it also served a similar purpose as the air that was
expelled through the walls of the inner pipe was then
forced to pass through the outer pipe before it flowed
into the rubber tubing connecting the working section
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to the manifold. This ensured that the inner pipe was
completely isolated from any adverse effects the mani~
fold may have had, such as applying irregular suction
cver the pipe surface.

Surrounding both porous pipes was a steel pipe of 168 mm
internal diameter which had six outlets distributed
around its surface. These delivered air, via rubber
tubing, to the manifold as illustrated in Fig 5.2 and
shown in more detail in Fig 5.4. It was possible to
prevent flow from leaving the working section through
the walls of the porovs pipes by tightening clips around
the rubber tubing. This e¢nabled tests to be performed
with no mass transfer to or from the system.

The working section was sealed using Gaco - 'O' rings,
these are indicated in the assembly drawing Fig 5.4.

The apparatus was designed so that a variety of different
specimens could be tested inside the basic working sec-
tion by simply removing the inlet and outlet pipes and
flanges and replacing them with different sizes. De-
tailed drawings and dimensions of the components in

the working section are given in the appendix.

The working section was rigidly supported on a handy angle
framework as shown in Fig 5.6.

Measurements of velocities in the axial and radial direc-
tions within the porous specimen were made with hot-wire
probes. The probes were introduced into the working
section through four aluminium guide tubes, of six milli-
meter internal diameters, which penetrated the three
layers of piping. They are illustrated in Fig 5.5.

They were also used as static pressure tappings.
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