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Abstract

The term "baffle" has been used to describe two.
dimensional or three dimensional obstructions to the flow
with certain definablas physical properties. Two
dimensional baffles such as meshes or screens have been
used in wind tunnels to control turbulence, to reduce
variations in the mean velocity and to generate desired
velocity profiles. This last aspoct has been investigated

only in a few instances.

The experinents were conducted in air with the
baffles fixed at the inlet to a pipe with only a smooth
bellmouth entrance without any elaborate upstream
arrangements. A three dimensional axisymmetric baffle
was constructed with concentric cylinders of perforated
sheet and the lengths of the cylinders adjusted such that

the fully developed flow was obtained in a short distance.

This has been called the "concave friction baffle',

The pressure and velocity variations within
the baffle, the behaviour along the pipe of the velocity
profiles generated and the pressure drop along the pipe
have becen investigated. The intensity of turbulcnce was
measured immediately behind the baffle and further
downstream and compared with thosc obtained by other
investigators. An attempt hss been made to derive a

design formula for the concave friction baffle.

Velocity profiles gencrated by other
arrangenents of perforated cylinders were also
investigated and those produced by perforated plates of
uniform and varying resistance, meshes and honeycombs,

and their behaviours coumpared.
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1.1,

HISTORICAL REVIEW OF THE PROBLEM OF PIP® FLOW

Since the classical experiments of Hagen (1839) flow
in pipes has been the subject of numerous investigations
covering most aspects of practical importance. For the
hydraulic engineer the problem has been satisfactorily solved,
by empirical or semi empirical methods gradually evoived over
a period of more than a century, and it is now possible to
predict reliably the energy losses in most classes of
practical pipes. Nevertheless, what is yet lacking is a
realistic theory based on a correct understanding of the
process of turbulent energy decay. This however seems a long
way off, though Schlichting (1250 ) may have been over
pessimistic when he wrote "It is very likely that science will
never achieve a complete understanding of the mechanism of
turbulence because of its extremely complicated nature'l,

Hagen's (1794 - 1884) (Ref1 ) waper of 1839Rcontains an
important formula for the pressure drop along a pipe. It was of

the form

’h - drop of pressure head

Y -~ radius -

A = ;34 (ALe + 59-‘) L - 1length

. - quantity of flow

A&B Empirical constants

About the same time Poisueille (1799 ~ 1869) experimenting

~in Paris gave a formula for the pressure loss along a pipe.

Hagen, in a paper published in 1854, described the change
in the state of the water as it flowed in a pipe, observed and
recorded what is now termed laminay and turbulent flow. This
is,however often atfributed to Reynolds, who vworking years later,
observed the same motion in the course of establishing ris flow
criterion. The parabolic velocity distribution for lamina; flow,
called poiseuille flow, was derived independently by Neuman and
Hagenbach between 1858 and 1860. '



Weisbach (1806 - 1871) of Freiberg expressed the head

loss formula as it is used in its present form,
’% - head loss
~ length

L
d - diameter of pipe

o
n
\+)
-
™
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average velocity

gravity

g - accoleration due to
§ - friction factor.

Darcy (1803 ~ 1858) experimenting with various types of
pipes observed a change in the resistance to the flow.with
different materials. Osborne Reynolds (1842 - 1912) used
colour bands to demonstrate the exist nce of the two states of
flow and formulated his dimensionless parameter to define the
flow. This parameter is now called Reynolds number. He alsc made
considerable theoretical progress when he inserted mean and
fluctuating components in the Navier Stokes equation of motion
and obtained in the equation additional stress components due to
the turbulent fluctuations. These are sometimes referred to as
the 'Reynolds Stress’,

Attempts to express the turbulent stress in terms of
the mean velocity resulted in important developments in the
study of turbulent pipe flow. In 1897 Boussinesq published

a far reaching expression in the form

T - shear stress

/o -~ density
T= p€ 24 dY ~ the velocity gradient
/0 2y >y . Ve
£ - Eddy Viscosity



Prandtl ¢ " in 1925 made great progress in the study
of pipe flow and fluid mechanics in general when he formulated
his momentum transfer. theory,which expressed the eddy
viscosity in terms of the velocity gradient and a wixing
length. This led to the logarithmic velocity distribution
in turbulent boundary layers which agrees bhest with experimental
data obtained in pipes. About the same time Taylor formulated
hisvcrticity theory and Von Karman the similarity hypothesis,
both of which give logarithmic forms for the velocity
distribution. These are generally referred to as
“'phenom’.nological theories' which depend on empirical
constants for obtaining the final expressions Prandtl made
far reaching assumptions, but quoting Rouse (1958 ) "When the
simplicity of the relationship is compared to the complexity
of the phenomenon with which they deal it is the extent of
their usefulness rather than of their inadequacy that is
surprising". They have been very useful indeed. This was a
meeting of the mathematician and the empirical investigator
that has resulted in a more profitable approach to the .. _..
study of fluid mechanics.

It is now possible to predict velocity distributions
and pressure losses for fully developed conditions in both
.smooth and rough pipes. 1In 1911 Blasius analysed the existing
data and expressed the friction factor as a power function of
the Reynolds number. WNikuradse (193%3) worked extensively on
sand roughened pipes and obtained friction factors in terms
of an average roughness parameter., The Colebrook-White formula
for the friction factor in the transition region from smooth

turbulence to rough turbulence effectively completed the study.

-



More recently it was suggested by Mérris (1954 ) that
the spacing of roughness is the parameter of primary
importance and that it so happens with sand and commercial
roughness that the spacing is equal to the roughness height.
Data on flows with different for:is and types of roughness
is not sufficiently comprehensive to substantiate this.

The inadequacy of the phenoménological thuories to
explain the behaviour of different types of turbulance and
turbulent flows made investigators search for a more realistic
solution to the problem. The random nature of the flow suggested
the poséibility of a 'statistical' approach and in 1935 Taylor
published four important papers which contained some cof the
fundamental ideas on which the rresent day study of turbulence
is based. He derived a simplified expression for the decay

of homogeneous isotropic turbulence.

W - rate of energy dissipation.
/U - viscosity

a’- the turbulent fluctuation.

Where isotropy specifies a condition of turbulence where
the rotation or change in the reference axes do not change the
average value of any function of the velocity fluctuations, He
also derived a relationship between the correlation of the
turbulent intensities at two points and the scale of turbulence.

However, the statistical theory has not yet produced
results to replasce the older theories for pipe flow or other
types of shear flow. Laufer in 1953 made a great contribution
to the study of turbulence in fully developed pipe flow.

His investigations of the different fluctuating components,
the correlations, energy balance and energy spectra has
greatly improved the understanding of the mechanism of energy

decay in pipes.



Nevertheless the processes by which turbulence gains or
transfers energy are not clear. Neither is the interaction
between the mean and fluctuating motions nor how it is
possible to impose a particular turbulence structure by
imposing particular velocity distributions.

Studies in the inlet region are few or inconclusive.
There is little agreement between the theoretical predictions
for the inlet length required for the fully developed flow to
be established and those obtained experimentally. Different
investigators have given widely varying values with no definitc
variation with Reynolds number or inlet couditions.\ Extremne
values of 25 to 100 diameters have been observed. 1Inlet
conditions are known to influence the inlet length and it is
generally assumed that a greater intensity of turbulence
initially causes a reduction in the inlet length. ZCome
aspects of this problem have been investigated in the present
study.

Pipe flow has yet many nroblems which will keep

investigators busy for years to come.



l.2.
l.2.1.

SOME RELEVARNT PAST WORK

Flow in the inlet region.

Theoretical investipations in this region were made
by Latzko (Ref 2 ) and Ross (Ref2% ). Latzko analysed the
development of the flow for turbulent conditions by assuming
that the velocity distribution was composed of. a uniform
central core and a %ﬁ power function at the boundary. The

expression obtained for the total inlet length was

025 L - the inlet length

L .oe6
p 069 Ee

d - pipe diameter

ﬁe— Reynolds number
L -69 4 Pe = 104
= 207 = 10%

These values are very much less than those obtained
experimentally.

Ross gave an analytical solution for the development
of the turbulent boundary layer in smooth pipes, by using
the continuity, momentum and energy equations. A& }?Tﬁ
power function was not assumed as this restricts the
validity of the theory for a particular range of Reynolds

number., The expression obtained was

8 . 9043 = %o )% E_ (2+H)H. © ]

T Eé% ar T
© - momentum thickness
¥ - pipe radius
H - shape parameter

- Reynolds number

x.- cffective start of
turbulent boundary layer.

The above expression is considered to be valid for a

distance within 10 diameters from the inlet.



He also derived an expression for the pressure drop in

-

the inlet region

PP . o7 (A~ x°)5/5 |+ I
'/zfa:' Re 27 0-875 Log,, (Rg X=Xo) — 2:75
27

b- pressure

{o - density

-

4 - average velocity

This pressure drop expressed as a ratio of the fully
developed “ressure‘drop gives values of 2.5 at the inlet and
1.5’ 10 diareters from the inlet for Reynolds numbers of o€
Ross claims that there is good agreement - -with:the.wery-little
available experimental data.

The experiments of Kirsten and Schiller (Refd4 ) show that
with smooth inlet conditions the velocity distribution at the
w..ll can be expressecd as a %?power function, but not in the
initial length of the inlet region, for values of Reynolds
number between 0% and 5#!04 Other workers have,however,found
that the }?m power function deces apply for Reynolds numbers up
to 20&!04 and Schiller considered it safe to allow an inlet
length of 100 diameters. Schiller also showed that where the
boundary layer is wholly turbulent the inlet length increased
with Reynolds number but with smooth inflow where a laminar
boundary layer exists in the initial length the inlet length
decreased with Reynolds number.

Kirsten (Ref5 ) measured velocity profiles along a pipe
and obtained values for the inlet length varying from 50 to 100
diameters for Reynolds numbers increasing from 20x 10?
But according to Nikuradse the fuily developed profile already
exists between 25 and 40 diameters. ‘Shapirpo and Smith (Refe6) .
experimenting with tubes of " to 4" diameter,found that the
inlet length was nearly three times as long as that given by

Latzko's formula.

to Bo:uo?’



l.2.2.

Cox and Bapuw (Ref 7 ),experimenting in a rectangular
conduit,found that an ‘instimulated!" inlet length of 50
diameters was necessary and that roughening the inlet
stimulated the growth of the boundary layer and reduced the
inlet length to 40 diameters.

Shapiro and Smith (Refé ) gave values for the apparent
friction factor, which includes the pressure drop due to increase
in the kinetic energy, that are within 10% of the value for
fully developed flow, at about 20 - 30 diameters, and within 5%
at about 40 - 50 diameters.

A summary of the above mentioned works would indicate
that extreme values of 25 and 100 diawmeters have been observed
for the inlet length. A value of about 4O diameters is often’
accepted as reasonable.

Fully developed flow.

Bakhmeteff in his lectures on the 'Mechanics of
Turbulent flow',which were later published in 1936,made a
comprehensive analysis of Prandtl's momentum transfer theory
for the universal logarithmic velocity distribution in
turbulent boundary layers. He explained its scope, limitations
and assumptions and its agreement with the existing
experinental data for pipe flow. These are now well known and
experimental data for fully developed pipe flow is numerous.
Von Karman's nore rigid analysis agrees less than Prandtl's with
experimental data. At the centre the actual profiles are found

to deviate slightly from the theoretical curve,



Given below is the analysis following Prandtl.

Z&H— Turbulent shear stress on the
‘ SxSy face of a fluid element.
- W . .
t"‘! - /OUV d’~ Turbulent fluctuation in %

direction

v~ fTurbulent fluctuation in Yy
direction

Positive a’is on the average associat® with negative

hence the negative sign in the above expression.

da

| = 4]
dy

a mixing length

= Cons"'anf)(IV'l /e’_

P A7
ave = - hI‘J,“v l U - mean velocity (lecal)

av! =-Consh=nrxkl’2(dg)2 k- correlation factor
ay

including k mthe mixing length and writing constantxkd’?= 2

1t is proportional toy Yy - distance from the wall

r =/DC2‘32(3_‘_.C;)2

C- constant

Writing T:=17, the wall shear stress

* * - . o
and [T .y Y - friction velocity
J/o

2

V=zzdz
<y ()
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inte grating this exwression

4

”
Y
E.*Hy + B
When g =0 Sa_y y = ‘jc
Soa =fE6-.-H - /{n'zoj
c N - Kinematic viscosity

B, ,B'-- Constant

Writing y, = PI"{/'*

N hes the dim ensions of length)
"V*
e dnyy - thhp!
Y¥ ¢ 7\713 c P
using expcrimentally obtained values and converting to {og
10
u 575 log ¥y + 5.5
“ = ’ [~} + .
v* gN

Turbulence in fully developed pipe flow.

Laufer (Ref9 ) experimented in air in a 10" pipe at
average velocities of 10 and 100!'/sec allowing an inlet
length of 30 diameters to obtain fully developed flow after
screens, contractions and a 2)%2' length of sand paper
roughening. 0,0001" diameter Wallaston vlatinum wire was used
for the hot wire measurements. Turbulence iantensities plotted
in dimensionless form as a ratio of the friction velocity was
0.8 at the centre of the pipe for the fluctuations in all three
directions. This ratio for the intensity in the dircction of

flow increased near the wall to a maximum value of 2.6 at %:o-ms

H - distnance from wall

¥ - radius of pipe



The circumferential componmt increased to 1.6 further
from the wall and the radial compon.nt showed a slight
increase to a value of about 1.0 yet further from the wall.

He found that the direcct viscous dissipztion takes place

in a very small region close to the wall mf(:s

¥ -
7=HV
N
# . s .
Y - Friction velocity

The maximum production of turbulent energy, viscous and
turbulent dissipation and diffusion occured in the regian75=lr5,
at the edge of the laminay sublayer. The central region
received most of its turbulent energy by diffusion from the
wall region. gicctrum studies confirmed the idea of energy

Lo.gn; transferred from smaller to larger wave numbers.

l.2.4. Turbulence in artificially stimulated Boundary layers.

Laufer used sand paper to stimulate the growth of the
boundary layer in the pipe. He however allowed 30 diameters of
smooth pipe upstream of his test section and assumed that
‘stimuletion does not alter the turbulencsz properties of the
fully developed flow and that they are the same as if the flow
had developed naturally,

Klebanoff and Diehl (Refio ) investigatcd ~rtificially
thickened boundary laycers with zero pressure gradients. They
investigited the mean velocity profiles and some turbulence
properties. The experiments were done in a 4,5' wind tunnel,
0.04% low turbulence at 100 ft/sec Various ncthods were used
for thickening the boundary layery—rods of varying dianmeter, .

screens and sand paper.



When sand paper was used to stimglate the boundary
layer a 3" layer was obtazined at a distance of 10' [rom the
leading edge for = speed of 55'/sec. This was equivalent to
a 14' naturally developed layer. At a distance of 3' from the
leading edge the velocity profiles showed similarity. The

logarithmic velocity distribution obtained was

g =42Llo V¥+ 8575
v¥ qu

The deviation from the above exprescion was found to
increase with Reynolds number. A power function of the form
a4 - & “%
o _816(3&!)7
was then found to be in better agreement with experimental
values.,

Some turbulence properties were investigated in order to
establish whether these were uniquely related to the velocity
profile. Due to thg lasck of knowledge of the relationship
between the mean veiocity distribution and the turbulence
properties this could not be assuned, TheCJ'spectrum was found
to be similar for artificially and naturally developed boundary
layers but it was also found that the spectrum was insensitive
to the distortions in the mean flow. The intensity of a’
fluctuations showed similarity with similarity condition of
the mean flow when expressed as a ratiog};the local mean

velocity. &' was also found to be sensitive to cheanpes in
q

the mean velocity profile



1.2.5.

Effect of meshes on fhe flow in ducts.

rieshes are comunonly used in wind tunnels to control
turbulence and to reduce variations in the mean velocity,
and have been studied mainly from this aspect. Taylor and
Batchelor (Refll ) obtained an expression for the deflexion of

an airstrean due to a gauze or nmesh for flows at small

angles of incidence.
e/ b
&= I1(1—~ k)"
o= O /
# // P2
K = Pﬁ’ Pﬁ ¢ ﬁq a
[ 2.
éVACJ K - pressure coefficient

This expression forg’is only true for meshes wit: one

set of wires in the plane of the flow and the other

perpendicular to it. They also derived an expr=ssion for the

reduction in the disturbance to the mecan velocity, across the

mesh.

Ha

1
dy A

+ ol -k
+ ol + K

‘here u, is the velocity disturbance downstreanm

corresponding to d, the disturbance upstrean.

Prandtl gave a similar expression of the form

MYy !

a;, - 1+ K
and Collar (Ref i12) ° P

5 -

¢4,  2+K
These expression,according to Taylor and Batchelor are

particular cases of the expression derived by them.

7



Prandtl's is true only whensd=0 which implies that K is
infinitely large. This is not a practical case because even
when the stream is pérpendicular to the mesh oé7éc> due to
its fini te resistance. Collar's is correct only when aod=1
which according to Taylor znd B.tchelor is not true for meshes
with finite resistance since this implies that lateral
velocities are continuous across the meshes.

Tzylor and Davis (Ref 1) gave an expression for the

pressurc coefficient across a perforated rlate

§- fraction of the pressure
at contraction that is
recovered downstream

C.- Coefficient of contraction

P- Area Ratio (area of holes)
(Total Area)

No values are given in this paper for C. or B
Zchert and Pfluger (Refl4) gave a simple formula for the

pressure coefficient for perforated plates

2
< = (5)
and Morgan (Ref15)

K:_ = {I- Ccéll

2,2

&



Morgan also gave the variation of C, with 2  which
he said was correct for ﬁ <L o5

[ Ce
0.1. 0.612
0.2 0.612

* 0.3 0.622
0.4 0.631
0.5 0.644
0.6 0.662
0.7 0.687
0.8 0.722
0.9 0.781
1.0 1.000

Table (.1

The last two expressionSgive widely differing values for

the pressure coefficient

Eq p=o05 K. = l'o0

K, = 4-42

Wieghardt (Refié) obtained an expression for the pressure

coefficient for wmeshes by analysing available data

K, = 6(i-p)p 7 (acky

dm" the wire diameter
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The values for the area ratio given in (Refs)

are as follows

For perforated plates with hexagonal srrangement of holes

/B = 0-907 d.:.
Ay dy, - diameter of holes

4%- distance between
centres of holes

Perforated plate. square arrangement of holes

,3 = 0:785 é;
AR

Square woven nmesh
2
F =(l—-é_rp)
Am
d,- wire diameter

A,- distance between wires.

Dryden and Schubauer (Reflf) gave a simplified theory for

the reduction of turbulence by a mesh, ¢’ is reduced in
|

the ratio —_ __
(|+Km)%k

where U' = \/T/?,(U"".,. Vu_'_wu)

/ ' !
a’ v,
are the turbulent fluctuations, and Km the pressure
coefficient, by a single mesh, and in the

ratio ! by
(1 +KYV2

n such meshes. Therefore for the reductiocn of turbulence
it is more efficient to use n screens of coefficient K rather

than one screen of coefficient nk.



Grant and Nisbet (Ref 18) studied the turbulence
intensities behind meshes and grids and found tiat, contrary
to what is usually assumed, the turbulence was inhomogeneous
and anisotropic. They found variationsas large as 30% of the
mean value of ¢4’ and also considerable differences in the
different components. They expected this inhomogeneous pattern
to persist a considerablc distance downstream. An investigation
behind a 0.02" thick perforated plate with 3" hole diameter
also revealed the irrezular niture of tv-e turbulence intensity

benind the plate.

1.2.6. Artificially produced mean velocity profiles.

Owen and Zienkiewicz (Refi9) gave a design of a screen of
horizontal rods of varying spacing as shown in fig b below,

that produced a uniformly varying velocity profile downstream,

The method of design was as follows. The stream function

" was expressed in the fornm
L ely + &' for x&o
Aoty s A hy) A for %P0

!
whereS(is the strean function for the disturbance. %55 is

called the shear parancter. To satisfy the boundary conditions

for all v=lues of

] N=el ﬂ?C/-&h
c-?:h =iAnen Sin(0TYY) % Lo
‘Nz

n-e - an'x./,h

i' = Z Bne 5lh(niTy/,f.,> X0
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Then using the following.conditions

1.9%¥ is continuous across the screen.

b

2. éﬁ obeys the refraction condition given byo<=l-l(h+K)_%L
ol

3. The difference between the total pressure on the
upstream and downstream sides of the screen is equal to the
resistance of the screen,
An expression was derived for the variation of the screen
resistance 25 ' li '
E() ~ T(_lC—o—+ +a )(j:z ) )

a = 1 1+ KoY 7

K, pressure coefficient at

y=0

They experimented in a 207 square wind tuanel at 75'/sec
with a screen designed for Zc\]b = 0.45, Kewas 1.15 and the diameter
of the rods used was 0.125". The profile thus produced was found
to persist, even the small irregularities, except for the gradual
intrusion of the boundary layer. Increasing the value of Kp
and proportionately, that of the entire screen would
progressively transfer the velocity adjustment to the upstream
side. However with increasing pressure drops across the screen
the possibility of secondary flows occuring increases.

Elder (Ref2o) investigated the flow through arbitrarily
shaped screens of non uniform resi~tance. He dzrived an
expression involving the upstrean and downstream velocity
profiles, the shaype of the screen and the variation of its
resistance. FExperiments were conducted with a straight screen
of uniform resistance placed inclined to tice atre-m, and a
parabolic shaped screen of uniform'resistance placed symmetrical

with the screen.
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The downstream velocity profiles asreed closely with those
predicted by the expression. He also indicated a theoretical
approach for the flow through a screen in a circular pipe.

An attempt was made by Zanker (Ref2!) to produce a
'flow straightener! that would give the fully developed profile
in a pipe in a short distance. This was for use in conjunction
with an orifice meter. A perforated plate was used together
with a honeycomb. The diameter of the holes were varied but not
made axisymmetric. The velocity profile measured one diameter away,
was rounded but did not coincide with the fully developed
logarithmic profile. ‘“The points on the profile are not
sufficiently close to reveal any defects due to the wafer from
the 'flow straignutener' it is not known whether the profile
obtained was symmetrical or whether it did last a considerable
distance. K the pressure coefficient was large, between 5.1 and

5.7,
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DESCRIPTION OF APPARATUS

The pipe’which was of transparent peryex had a total
length of 15 ft, made up of three sections( fig 1 } ¢f: inside-
diameter51s, A smooth wax bellmouth with a2 3" radius curve was
fitted 5t the inlet to the pipe and the joint between the pipe
and bellmouth made smooth with plasticine., Originally a perpex
T junction connecte=d the horizontal test nipe to the blower.
However,when preliminary tests disclosed that disturbanceg
originating at the junction were carried as far as 8 diameters
upstreansa honeycomb was inserted at the end of the test pipe
immediately upstream of the junction. But it was noticed that
the honeycomb influenced the flow up to 4 or 5 diameters upstream.
This was ultinately overcome by using a transtion piece.

The transition piece joined the pipe to a square bend and’
was 12" in length. The bend itse¢lf was 3.88¢ square,90° and
slightly rounded off, constructed by soldering tin sheet.
Cascades were fixed in the bend to prevent the development of
secondary flows. A 5%" diameter vertical perryex pipe connected
the bend to a T junction. The.-vertical pipe had a butterfly
valve and further downstream a honeycomb to localise as far as
possible the effects of the junction. One end of the horizontal
member of the T junction was opened to the atmosphere through a
butterfly valve and the other was connected to the centrifugal
blower.

This centrifugal air blower was belt driven from a motor at
a speed of around 1800 r/m and could deliver up to 600 ecu & /mn
3.T.P. The notor was a 8.5 HP shunt wound constant speed one with
a speed around 900 r/m. A shunt field resistance permitted small
adjustments to the speed. The air was discharpged through a padded
cy lindrical mesh. The flow through the pipe was regulated mainly
by the butterfly valves and partly by the shunt field resistance.
Conditions were meintained constant throughout individual tests by
adjusting to a reference pressure. “.sually this was from a
pressure tapping at the end of the test pipe. The test pipe was
supported on and strapped firmly to a slotted angle iron frame.
There was & considerable amount of vibration transmitted from the
blower to the rest of the apraratus,probably through the timber
floor.
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MEASURING EGUIPMANT

At test Section 1, 5 diameters from the inlet,a standard
pilot static tube was used to obtain the velocity and pressure
heads. Its dimensions were

Outside tube Tnner diameter = 0.,1l00"
Qutg’ie M = 0.138n
Inner tube Inner diameter = 0.043"
Qutside " = 0.068"

The supporting tube extended across the pipe, thus keeping
conditions similar while the tube was trsversed across the pipe.
The tube was inserted into the pipe through a slot cut
horizontally in the wall immediately downstream of the tube.
Traversing was done by means of a micrometer traversing device
fixed to the frame and attached to the tube beyond the tapping
leads. With the scale reading set correctly withthe fuke.
against the wall, the distance from the wall could be read direct
corract to 0.002". Two pressure tappings on the wall connected
together and disposed at 120° to each other were alsc used at
this section as a check on the static pressure reading.

At test sections 2 and 3, 15 and 31 diameters from the
inlet 0.043 inside diameter total head probes were used. These
were constructed of hypodermic tubing with the suvporting tubes
extending right across the pipe and with the same traversing
device as before. The tube facing the stream projected %" from
the tube across the pipe. Wadl pressure tappings,ooddiameter, vere
wire used to obtain the pressure along the pipe and were all
connected by %' P.V.C, tubing to the manometers.

The manometer board had 9 vertical tubes and 2 inclined
tubes 1 in 5, connected to a large water container. Two
sensitive alcohol manometers with variable inclinations from
1.2 to 1.100 were also used and when fluctuations were small
these gave very accurate readings.

The pressure tapnings at the test scctions were directly
above the edge of the pilot tubes and no interference from the
pilot tubes to these readingsgwas observed.

Reading taken by total head and pressure tubes can be
defective due to various reasons some of which are given below
with the corresponding errors as found or estimated by various
investigators. In the present work one or more of these effects
would tend to predominate . depending on the conditions under
which the measurements were made.



{(2) Effcct on the total head reading of turbulent
fluctuations. Goldstein (Ref22) has shown that when the
total head tube is placed in a turbulent stress the head
recorded is

P+ ’/:/w2 . '/gfoa"

U- -mean velocity

UL resultant turbulent
fluctuation.

(b) Effect on the pressure of turbulent fluctuations.
Fage (Ref13) expressed this in the form

Pm =P + G/A[F" + o

hn- measured value

P - static pressure

(1 -
V", o - mean value of the

fluctuations perpendicular

to axis of tube.

¢ - constant.

For fully developed pipe flow was found to be 0.25,and for

isotropic turbulence o, = p + 0-5/097"

G varies with different conditions of flow.

(e) Effect of the angle the pilot tube makes with the stream.

Fage (Ref23) gave corrections for this

EG
Velocity 4o0'/sec
©: 30 _HL"iq_ =—0.0461
fu
o =10° = —0.0006

\ H — Total head
N \Q\

34
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(a) oaffect of the inclination of the strzam on the
pressure rcading. Fage (Ref23) gave an expression for
the correction for a tube 0.125' outside diameter,with

12 holes. .
Pg = o - © al/oaasm %e for © < 20°

(e) Displacement effect due to shear. DMacmillan (Ref24)
gave

S

2 =015 r

D fe -V § - the displacement
towards the higher
velocities

D~ tube diameter

Y- Distance from the wall

Near the wall an additional correction has to be
applied :

Y=o L= 0,015
D a
=2. = 0.0.

¢~ the velocity correction

U - local velocity

(f) Viscosity effects. @t
The tube sizes uszed were small,ﬁﬁviscosity effects
would be small.
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BAFFLES TESTED: CONSTRUCTION AND DATA

The Uniform resistance perforated plate was of standard
hexagonal pattern. The perforations were not symmetrical about
the axis.

Thickness of plate = 0,027
Hole diameter = 0.130"
Distance between hole centres = 0,197
Area Ratio - Area of holes_ P = 0,380

Total area

ke = (= B)® 2.66

Ky = (L—CT:&)Z (Ref15) =10 .60

K, and Kzare pressure coefficients.

The graduated resistance perforated plate was constructed
by drilling holes of varying diameter along radii. The pattern
of holes was axisyunutiic. The plate was filed and emery papered
to remove burrs produced by drilling. The variation of pressurec
coefficient was calculated on the assumption that the pressure war
uniform across the pipe both upstream and downstream of the plasec.

Then Ky _ amaqz aqu- the central velocity
o
Kmy - ©Pressure coefficient at
Km = 4.0 (assamed) centre.
Gr v Ke Corresponding values at

any radius.
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The tables shown below give the variation of Kpwithp for
values of €, obtained from Ref (15 ) and the variation of area
ratio with radius for values of &dmarx obtained from the

Ay

logarithmic velocity distribution for Reynolds number =zround 140 x10°

P Kz

0.1 149.00

0.2 51.00

0.3 18.90

0.4 8.80

0.5 4. 42

0.6 2.30

0.7 1.17

0.8 0.55

0.9 0.18

1.0 0.00

Table 2.1

Racliusa Cmax

T ] U? K* p
0.25 1.01 4,08 | 0.515
0.50 1.03 4.24 | 0.510
0.75 1.05 I,%0 | 0.500
1.00 1.06 4.4l | 0.499
1.25 1.08 4,68 | 0.490
1.50 1.11 4,92 | 0.485
1.75 1.14 5.20 | 0.476
2.00 1.19 5.68 | 0.462
2.25 1.25 6.24 | 0.450
2,50 1.40 7.84 | 0.415
2.75 1,86 13,85 | 0.345

Table 2.2
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The area ratio increases towards the centre of the
perforated plate and the dlameter of the drilled holes
decreased towards the centre of pipe.

The mesh was of cylindrical brass wire woven in a square
pattern, fig2

Number of meshes/sq inch = L.oo

Wire diameter = 0.015

Area Ratio = 0.400

Pressure coefficient

km = 60— p)p" %0 = 457
for & = 4o0/sec E;:.QﬁkL

When testing with the baffles at the entrance the plates
and mesh were held firmly between the wax bellmouth and the
perpex pipe. When the plates were tested inside the pipe they
were held between two pipe sections with an outside coupling
sleeve fig i+ + The plates and mesh were always in the same
position 5 diameters upstream of test section 1. The extension

piece used when testing with baffles inside the pipe was 12" long.

The friction baffles were fabricated from perforated sheet
stesl, with hexagonal pattern perforations. Cylinders were
formed by butt welding the edges of the correct length of sheet
and rolling into a circular form. fig.3 , A spacer piece in the
form of a2 slotted cross was first used to hold the cylinders in
place, but this caused interference to the flow and was abandoned.
Instead thin threaded rods )j ' diameter and small nuts were used
to space the cylinders, a rather tedious method but the only one
available for fixing that would allow dismantling and refixing
when necessary. The data for the baffles are given overleaf.
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Plate Thickness = 0.039n
Hole diameter = 00,0971
Area Ratio = 0.36
KI = 3-16
Ka = 12,50
CONVEX BAFFLE CONCAVE BAFFLE
(8HORT AT WALL) (SHORT AT CENTRE)
Diameter Lengtﬁ Diameter | Length
1,5n 15.0" 1.ov 2.751
2.5 13,5 2.0 3.50
3.5 12.0 3.0 L,25
’+.5 10-5 L*'-O 7-00
5.0 7.75
5.5 10.50

HOT WIRE EQUIPMENT

Principle of hot wire measurenments.

The hot wire technique is now adopted as a reliable
nethod for measuring turbulent fluctuations in an air stream.
The method is based on the fact that when a thin wire of
suitable material is heated to a temperature above that of the
a2ir stream the wire resistance changes due to the cooling effects
of the air stream, The fluctuating resistance is therefore a
measure of the turbulent fluctuations. The materials generally
used for the hot wire are platinum, platinum irridium and
Tungsten. The disadvantage of platinum is its low mechanical
strength and tungsten oxidises over 300° C and is difficult to
solder. Diameters of wires used vary between 0.00005" and
0.0005". (Ref25 ).

Two different methods are available for measuring
turbulencer— the constant current method and the constant
resistance method. In'the former.the current in the wire is
kept constant. This is the commonly used method and the one
used for the rresent measurements. The constant resistance
method requires a feedback system which until recently had
proved difficult to construct. Hinze (Ref26 ) describes the
different methods for measuring turbulence.

39



2.4,2.

2.4.3.

40

Construction of hot wire probe.

The hot wire probe consisted of a diameter hypodermic
tubing with a single insulated copper wire threaded through.
fig 4 . The wire was exposed beyond the tubing, a length of
about ¥". A steel wire soldered to the hypodermic tubing which
projected to the same extent as the coprer wire formed the other
prong of the hot wire. The distance between the prongs was about
0.1". The wire used was ™ollaston platinum of 0,001' unetched
diameter, and0,0001l" etched diauecter.

To facilitate etching,the wire was soldered slightly looped.
The tip of the hot wire was then dipped in a bubble of dilute
nitric acid contained in a small cavity in a copper plate. A small
current from a 1.5 volt battery was then passed through the wire.
The resistances of the wires used were bhetween 12 and 20 ohms
with an etched length of about 0.03".

The hot wire Circuit.

The circuit used is shown in fig4 . The wire was connected
to one arm of a Wheatstone bridge with an adjustable resistance
box with a minimum adjustment of 0.1 ohm on the opposite arm.

Two 5004 fixed resistance: formed the other arms of the bridge.

A sensitive galvanometer was connected as shown. The current

to the bridge was supplied from a battery of 12, 2 volt cells
connected in series with a variable resistance and a fixed high
resistance with a short circuiting switch. A scensitive
milliameter was also connected to the external bridge circuit and
under balanced conditions the ammeter read twice the wire
current..

The galvanometer terminals were connected to the input
terminals of a transistor amplifier. The anmplifier had two
stages of amplification. But there was no compensation circuit
for the thermal lag of the hot wire. This is usually included
in an amplifier used for hot wire measurements. The power supply
to the amplifier was from a 120 volt dry battery.

The output from the amplifier was connected to a
thermomilliammeter. The R,M.S. value of the signal could be
read on the calibration scale attached to the ammeter. The
amplified signal could also be connected to an oscilloscopt on
which the fluctuations could be observed and oscillogramsStaken.



2.4.4'

2.5.5,

41

Calibration of Amplifier and hot wire and the
measurement of intensity of turbulence,

The amplifier was calibrated by feeding in a Sine signal
from a signal generator at varying voltage and frequencies,
The irput was measured on a millivoltmeter and the R.M.S. value
of the output current on the thermoammeter. Thus the
amplification for different frequencies could be obtained. A
mean amplification was used in the calculations,

The wire was calibrated at the centre of the test pipe, 30
diameters from the inlet with the concave friction baffle at the
inlet., The hot wire probe was attached to a mwicrometer traversing
device and held inside the pipe through a copper plug, tightened
flush with the surface. The wire was centered in the pipe by _
aligning with the edges of a strip of paper pasted on the outside
of the pipe of length equal to half the circumference. The probe
was made radial as accurately as possible. The velocity at the
centre of the pipe was wecasured one diamster behind with a total
head tube and the wall pressure tapring. Jt was observed that the
hot wire probe did not interfere with these rcadings. The bridge
was balanced and the wire current noted for speceds varying from
9'/suto 60'/see . Total head and pressure readings were obtained
on an alcohol manometer with inclinations varying from 1.5 to
1.50. A typical set of hot wire calibration curves is shown
in fign-%

For measuring the intensity of the turbulent fluctuation in
the direction of flow the hot wire was placed perpendicular to the
stream at the required position. The bridge was balanced and the
ammeter readings noted. A typical hot wire calculation for the
turbulent intensity is given in Appendix 1, Pagel!33d .

Factors affecting hot wire measurements (Ref24).

.a. Thermzl lag of wire.

b. Cooling effects of the supports.
c. Non uniformity of velocity distribution along the wire.
d. Noise and mechanical vibrations.

e. The intensity of turbulence in the calibrating stream
may vary the calibration.
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'ith Concave friction bhaffle Concave face upstreasn the following
cxperinents vere perforined.

Velocity profiles and pressure drops in pipe for éiffercnt
Reynolds numbers using pilot tube and hot —vire.

kressure drop across Yofflc for varying Neynolds numbers.
Jeasureiment of turbulent intensities behind the baffle and at
the doimstrecm end of the pipe.

Tressure and velocity varictions -ithin the baffle,

Velocity profiles at differcent scctions of the pipe were
obtained with the concave friction baffle flat face upstrcan,
v7ith convex friction boffle, uniform and graduated resistance
perforated plates, 7arc mesh and ioneycomb, ith the uniform
resistance perforated platge pressure drops across the plate
Jere nmeasured and also turbulence intensitics «t the dovmstream
ent¢ of the pipe.
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CHAPTER 3
Pages.

Preliuminary investigations of

the concave friction baffle. A4 50
Derivation of the fornmula for

the baffle. 5] ——55
Discussion of the different terms

of the fornula. 56 — 62

Performance of the baffle. 6% — 76
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The physical charactcristics'of a two dinmensional
baffle as dufined on prge ! can usually be described by
one parancter, This for perfeorated plates is the.arca

ratio, ie., the ratio of holc area to total area., The
parameter used to dewcribo a sguare woven mesh is the
ratio of the wirc dicmeter to the distance between the
wires, The relationships betireen the pressuie drop across
the baffles and these paramcters as sugrested by other
investigators are given on pagei!8 and 19

For o complete description of a varied resistance
plate or mesh an exprescion of the veriation of the zhove
mentioned porameters is necescory and tiidis is normally
rdjusted so as to.produce a mpecific velocity profile
behind the bafile, A baffle of this type desisned to
produce a uniforianly vqryiﬁg velocity profile was

described in Ref 19 . A varying resistonce perforated

plate simply designed to produce a fully developed velocity

ptofile in a pipe wes tested in. these experiments but
did not give any uscful results.,

Three dimesnional paffles can be coustructed with
uniform or varied resistance plates or meshes, Elder
investigated three dinensional meshes (ref 20 ), both

theorectically amd exporimeninlly. Three dimensional
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baffles can also be constructed of vorying lengths of

perforated or unperfornted sheet with uniforia or vuried
spacing placed ia the direction of flows, Arrongements

of perforated concentric cylindexs were investigoted in
these experiments, particularly on arrangestent with the
leggths of cylinder incre-~sing towards the wall, which
shéwed intercesting characteristics ac descrived in the

following pages.,
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Preliminary experiments showed that the velocity

'profiles in a pipe downstream,of a baffle made of concentric

cylinders of perforated metal were affected by the slightest
non-alignment or eccentricity of the cylinders., This

is a seriocus defect if syrmetrical profiles are desired
downstream, however the profiles can be observed and errors
of this kind rectified by adjusting the alignment of one

or more of the cylinders, The cylinders were formed 5y
hand and differed from the perfect cylinder due to local
irregularities, but these did not cause the profiles to
become unsymmetrical. The difference is illustrated in

figo c

‘ Ha(S
Mcqor' defeof caas.ng Gy Mcnar error. which does nof- -
«mo( i Ve{actf_y prof-re. Bl effeq' the Veloaf_y Hof (e ; 3 ~ co
(eccenfncn“y of r,’ylmdusy x,r ‘;A (yrrcgularmgs "L c._yhnde(s) f

The arrangenent of the spacing rods was irregular but

this did not cause any cccentricity, although near the
baffle it did cause local defects in the velocity profile.
These rods were of small diameter and the wakes they
caused would only have been of the same order as the local
turbulence fluctuations so that lasting distortions of

the velocity profile were hardly to be expected.

The lenpths of the cylinders were adjusted by
trial and error to give an approximation to the required
profile in a short distance for a Reynolds number $$i=én4oxcab
The necessary adjustments to obtain the fully developed
profile werc affected by small changes in the relative

AG
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lengths of the cylinders znd the final adjustment
invelving nearly all the cylinders was a very difficult
task. As observed in fig.A 11 and discussed later, the
adjustments were not continued to the ultimate limit.

For convenience of adjustuent a larger spacing was used.

There are twc possible ways of using the baffle,
either with the flat face upstream or with the concave
face upstream. Symmetrical profiles could not be obtained
with the flat faca upstream and most of the experiments
were performed with the concave face upstrean.

T T T T T I P,

Difection of flow

“~

bt

. B Cencave’ face Cpstream

L - oncave foce downstream.. '
.; - U'._': . A_',Vf{‘".ﬂ . . Fiq d -:;'.' RN o t S 1 t T e .

At *
w0 . PP PR .

HEB

e e A L S

The edge of the baffle was at least diaﬁeter from

the inlet. During earlier experiments with the baffle
edge Tlush with the inlet to the pipe it was difficult
to obtain symmetrical profiles. Also,when the baffle
was flush with the inlet, the noise became objectionably

great,

Observations with Titanic chloride funmes
disclosed an outward movement of the fluid within the
baffle. These obcervations were, however, only possible
for very low flows, flows much smaller than those for
which velocity traverses were made. With the direction
of the baffle reversed the fumes showed an inward
movement of the air within the baffle. The ideas on
which the following theory is based were formed after
preliminary observations of the flow of the air
through the baffle.



3 KB
B e W __fRix gt ® tae

When cylindrical tubes of varying lengths
are arranged concentrically in a pipe as shown in
fig.e the several flow paths,

- B e g

A8

PP

P IR RPN
g AN LS

'Fiae

being different in length, are liable to experience
pressure gradients of different magnitudes. At the
downstream end these gradients all terminate in a
plané over which the pressure tends to be substantially
congstant. The unequal pressure gradients in adjacent
paths produce radial pressure gradients within the
cylinders.

Also, due to the non uniform distribution of
resistance across the pipc, the pressure and velocity
fields just upstream of the cylinders are influenced
by 1ts pres ence ,the flow tending to be di5p1acéd
towards the centre.

Assuming the cylinders are made of inpervious

.material, the fluid entering the space between any

two cylinders leaves by the downstream end of the same
space, so that except for certain minor readjustments
the entire change in the velocity pattern takes place at
the upstream end and none occuw within the cylinders

thenselves.

Howevexry when the cylinders are made of
perforated sheet so thet they are porous,considerable

radial currents can develop within the cylinders and

————— ——
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the distribution of velocity at the exit is no longer
that at inlet. The change which occurs within the
cylinders is then determined by the porosity ofildthe

radial differences of pressure.

The pressure variations likely to occur are

shown in fig.{

LAY RO ¥, - . PRY
:‘.:,,:;.: K -,,"1 ‘:v.-'._*,.‘. et e

A9

where Ps, p4 etc. are the pressures at the numbered
points showg at the inlet to the sprces of the baffle,
There is likely to be a pressure drop towards the centre
of the pipe immediately upstream and a corresponding
movenent of fluid towards the centre. In fig.f  the
downstream pressurc py has been considered constant
across the pipe and accordingly the'pressure in the
different spaces falls from Psto}ad ) Pqto]od etc. causing
a pressure gradient across the cylinders and consequently
causing a flow perpcndicular to the axis of the pipe
within the baffle.
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TFor simplicity assume

1)

2)

3)

That the pressure drops along the spaces
is much larger thaw the pressure variations

at the inlet to the different spaces
ieee PPy > b5

Between Psandpy, ppandpy etc. the

pressure drops linearly

The flow is axisymmctric.
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The suffixes refer to the space considerced and the
distance along the baffle
b- pressure
4~ length of cylinder ‘
¢ - mean outlet velocity (1o each space)
Co- mean inlet ve'locity C N )
Y - radiuc to the centre of the space

Y- distance from the w:ll to the
cylinder

n- number of svnaces from the
wall to the cylinder considered

In fig. three typical spaces 1 2 and ; are s!own and
in space 2,-or exauple, the pressurepzx at any point x«
from the origin within space 2 assuning a linear pressure
gradient and origin at the downstream face,is

Pax = P2 - E&jfé(’tz*"‘)] 3.1

similarly for space 3 and 1l.

Bl

“ —1
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Pax = Pa"l;%&*(lsﬂ‘)] %.2

bix "E"—Hﬁ‘ (b+2)] 25

¥ oPaz=Pa=p=p

and P —pg =

I

Then

Pax. = P"f—l(’fz +2) 3.19

Psx = b— (43 +%) %.2a
A

pix = b"-f‘(fl*") 3.2q

Since 4, , A, and 15 are not equal the pressures at a
particular value of X are not equal.

Therefore
defining a pressure drop coefficient K'across the cylinder
K‘= P'x'— sz 9'4_
%9DV2

/9- fluid deusity

V - velocity through the
perforations

The flow through the perforated cylinder per unit

area is PV

O

/5— Area ratio = Area of holes
' Total_ﬁ;gg

substituting for V from 2.4

‘EV (@OK/ (PIK sz)l/z =C (Pnt - :bzx)/z

. I
C=

_b__
(2pK)
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Considering the flow into and out of space 2 through
the perforations of an elementary circumferential area

of the inner and outer cylinders

L 2 Cal(12-5;)dx (Plx"sz)‘/z
2 o2 Czn(’(2+5/2)dx'(sz"Pax)'/2

5~ spacing (distance between
two cylinders)

Nett flow cut of syace 2 through the elenentary

circuriferential area
= 21 [(pax = ba (12 +58) = (b = Pox)(ra= 54)] ot
m atC[{C P~ Pus)t + (b - b2} 5
= {CPx = Pax)® = (Pax - F’ax)‘/zv} Tzd*:]

= {(b) xamC

Therefore the nett flow through the perforatlons 1nto

the whole lungth of the space s

The integral f {( Pix — sz.) 2 _ (”u. ng) }d'&

after substitutingz 3.la. 2.2 and 3.2a is

% P'h/{l l:‘f‘(!‘) - ';':.U")] 3.7
)= (1- b/la>yZ
fa(£) = (g, -1)"™

A
Similarly the integral [ {(Pll _ sz) 2+ (P:X - Pax)yz} olx

I NIRERD)] 3.8




Inserting 3.7 and 8.8 in 3.6 the nett flow from space

2E0 apme L[ - BIO] * S0 f (O — 14

Th: decrease in the nean flow between inlet and exit

from space 2 18 = Uuzyoa T8 — Cyax 2T T8

v T T s (Ues— Uay) = ‘V;ﬂCP"/"l;, Ez{-f.(l)-fa-(‘-)}'*'5/,_{{:@)*{;(‘)}]

o= Chin =24, ¢4 B [0 - 0} +5 100 + 20

3.10

If ¥ is the pressure drop cocfficient for the baffle
then X = Ibl 3.1\
hpa*

d - mean velocity of flow

Substituting for P andC in

am.g CUdla __ ?5 ‘/212 [.NL {,,(t)}-r 5 -}"(1 -le)}:l .12

An approximate solutlon to aquation 3.12 can be obtained
by exrressing Ay the length of a cylinder at distance
Yy from the wall in a non dimensional logarithmic

forn and using generalized suffixes /e'i—o‘n (°‘-3 (d\ —_—2.1%

Al = (1 - sloadrs
n-1 -
°q YA-)s d - diauneter of pipe, Y2 = ns
Y, = (n-H)S
Yy = (n-1)5

If it is assumazd that ‘4"‘: 1 (an estimate of the error
nn

caused by this assumption has been meade in Appendix 1

rage 139 )
then

() = (1— ladhs )"’-_- fan 3.1
q%_:)s



Similarly
i) = (Lot _ )R o fo——— s
°9‘%ﬁ+ns

Substituting for.Pa and {3(1) in 3.12 and generalizing

the suffixes

o = iy 22 (140 [(han = #0) + £ (hn + i)

25 (K)* |owg cor]

Efzn"fm) + a‘%({;n +-}‘.n>]

o Ay

3.16

Dimensionally

[ . . - P
E@ is a ratio of pressure drop coefficients
across and along the baffle

P the area ratio

The velocity difference is in a dinmensionless
forn

has to be expresscd as a function of 17
.is the recuired velocity

The denominator function is nondimensional
- {

s — 2(n-'a)
is the diameter to the centre of any space
considered

v Mo oo

The spacinrs in the yuierator has the dimension
of length

In the following pages the various terms of equation

will be further exemined.
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The pressure drop coefficisnt K' across the

perforated cylinder and the area ratio p

56

4.

| o K , P

7|——-ap _.___._Fl
—_—l —_d T f*
b : Pa
| — Uy
| K- pressare  drop P
| “‘Pf’clehr k'~ precscre drop
. 0] . ‘ F[q -g . (g) .C'Orlffl‘ﬁ.leﬂf

K'and p both depend on the material of the baffle. As
mertioned earliecr the pressure drop coefficient for
a perforated plate for the conditions shown in fig.A[)

has been expressed in two ways in previous work

K.=(|;$)2 Ret 14

Ka =(l;¢.«.ﬁ)" Ray 15

P C%— coefficient of contractidn-

It is possible to have the sare area ratioﬁ with a
few holes of large diameter or with many holes of small
diameter. Therefore it is reasonable to expect what
could be called a "pattern factor" to affect the value
of K . This “pattern factor" could be implied in the

coefficient of contraction and in that sense¢ the latter

expression is more appropriate. But how exwctly the

hole diameter or arrangement of holes ¢ ffects the
coefficivnt of contraction or the pressurce drop
coefficient is not known and has not been sufficiently

studied.

There is; however, a basic difference between
the conditions for which K has been defined in the above
expressions and those existing in this baffle as seen on

comparing fig.hl) and fig.h(2). In fig. h(a) Vp<€u, o1 uy

- where as in fig.h() up>a « If two comparable
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Reynolds numbers were written based on the velocity

of flow through the perforations the value of ﬁQ will

be much smaller for thc latter conditions. K is known

to be influenced by Ke though this has not been

considered in the expressions given ahove. If the same

perforated plate was investigated under the two conditions
k' can be expected to be smaller thanK ., The

velocity difference -ty will also affect the value

of k'.

In increase in § will cause a decrease in K’
and an effective decrease in the overall length of the
baffle assuming that all other factors remain un-
altered. Therc will however be a limit to the possible

increasc in the area ratio.
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The pressure drop coefficient X along the pipe

(across the bvffle) and the spacine s,

If a baffle composed of perforated cylinders with equal
spacing and of equal lensgth is considered, fig.{@), the

pressure drop coefficient § will be a function of the

68
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spacings and the length 2..

n

ele

S

_.‘ Fiq, j LT '. o ‘»:: ._‘.'_,

in a non dimensional form.
ol, » -~ experimental constants

5= Sﬁ(ﬁ_‘j‘é‘g)% — 347 qg - constant for a

particular material
d - pipc diesmeter

[4

# will be a function of the friction properties and
the thickness of the material, Considering a baffle
with equal spacing but with the lengths adjusted to

give a desired profile fig. {(a) and\{ determined for such

a baffle, then from exprression 3.f7 , the equivalent
length £, 0f a flat baffle could be cstablished.
¥ ’tmay="l’£c 3,18

4 can be expected to be a constant for all baffles
designed to give a particular conversion of velocity
profiles. Therefore,for a required sracing s and
pressure drop coefficient ‘Y,the maximum length of the
baffle could be obtained. It is evident that there nmust
be a lower limit of ¥ for a particular spacing below

which the baffle could not function.



The choice of spacing will be influenced by a number
of factors, There are two extreme cases—in one a very large

spacing between the cylinders and in the other a very narrow
spacing,

In the first case there is a possibility of the
upstream disturbances and the large scale eddies being carried
through and affecting the doimstream flow, This could cause the
flovi to become unsymmetrical,

In the second case, the overall length of the baffle
will be small and pressure gradients may develop across the pipe
downstream of the baffle,

There will be an oplimum spacing for which the above

conditions are best adjusted such that the fully developed flow
is obtained in the shortest possible length.
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The inlet and exit velocities.

It is assumed that the zpproach velocity to
a particular space is not affected by radial flows
inside the baffle and that it depends only on the
resistance to the several flows. Since the spacing is
the same this will primarily be a function of the length.

For simplicity assuming a power function as follows

_ _
£¥¥i==(£_) L - the cylinder length
a A where Uay = é

®
a Ay i {f- a constant
4 = %Imax P - the maximum length of

max

the baffle
¥ and® must be experimentally determined.

The second term in the expression
is the required velocity, and

for the fully developed

N
1
£

logarithmic profile

Ydy _ 5.75 Logv_*y_ + 58
v# N

Vt friction velocity
and u=4 when Yy=0-2287
égucan easily be plotted for the required Reynolds
number and the velocity corresponding to the midpoint

of each space taken as the mcan velocity for that space.

The logarithmic profile could also be drawn
for a rough pipe and the baffle designed to give the

required profile
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In equation 3.16 the denominator function

Fom (0= g0} g, 40}

gives the following values for d = 12, 14, 16 and 22.

S
n Fn
% = 12 14 16 22

(1.125) (0.155)
2 0.1060 0.0870 0.0600 0.0748
3 0.1040 0.0820 0.0636 0.0504
i 0.1460 0.0960 0.0717 0.0504
5 0.2520 0.1300 0.0960 0.0450
6 0.9120 0.2490 0.1420 0.0639
7 - 0.8430 0.4160 0.0632
8 - - 0.8020 0.0841
9 - - - 0.1224
10 - - - 0.2010

Table 3,

The calculations for d = 22 is shown in App.l page 6
For n = Lﬁgﬁz'becomessinfinitely large, and the values
obtained for Fn are too large. If however n is given
a value slightly greater than 1 a more realistic value
of Fn is obtained. In tho above table the valuc of
Fn for n = 1.125 has been included for g = 22,
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The effect of Reynolds number.

The Reynolds number does not appe:r directly in
the expression 3.16 and is not expeccted to affect the
exprcssion to any considerable depgrec, Q%E in this
non-dimensional form changes only slightly with Re
8 and K'will change with Re hut since they appear as
a ratio the expression 3.16 nay not be greatly affected
by it.

Summary and limitations of the theory.

If the various experimental constants are
determined the variation in the length lq for a concave
friction baffle can be obtained from expression 3.16

for any pipe diameter, spacing and pressurc drop.

A nore rigid analysis of the problem would be
desirable but is difficult due to the complex nature
of the phenomenon. The discontinuity in the flow
cannot be reduced to a mathematical plane as can be done
with a simple screen. The variation of the resistance '
along and across the baffle has to be considered. The
medium of flow within the bafﬁle is not homogeneous,
unless the spacing is‘reducud to the sume magnitude as
the perforations, in which case the baffle will act
differently. The double deflexion of the stream lines

make the flow pattern conplex.

Certain inconsistancies in the theory have been
mentioned earlier. At the wall cither the assumptions
for the velocity variation or the pressure variation
is incorrecct, and the denominator function Fn needs

adjustment there.

A vaffle designed on the above theory and with
experimentally determined constants was constructed
and tested and found to be about 8 percent less

gffective thon intended.
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PERFORMANCE OF TEE BAFFLE

The cxperiuental pressure contours within the
baffle were obtained with a 0.1" pressure probe of
hypodermic tubing with 4 0.025" diawmeter holes round
the circumference drilled radially 2" from the end of
the tube, Fig.Awand fig.B.l show the pressure contours for
the two directions of the baffle and this confirms the

general pattern of the flow observed visually.

In fig.Ato with the concave face upstream the

equipressurc lines follow the extremitilcs of the baffle at

both ends except near the wall on the upstream side.
Actually the equipressure lines can hardly be smooth

curves as shown in fig.A.lo, they would rather be

stepped across the cylinders as shown in fig.K

t Fig K
o ‘Tiable

to error when the stream 1s oblique to the probe. The

v - _.—_:— ——— ,,w.,ﬁv,_l.:..._ l___ _,_.‘_.A__.' g e g e __:_,,
The pressure readinzs of such probes are

reading is then higher than the undisturbed pressure
reading of that region (lower-wepressures) though-this
error can be reduced somewhat by using 4 holes
equispaced round the circumference. An estipat~ of this
error is made below using the correction for inclination

given by, Fage (page 25).

oot

[

e
o FPerforatedt Cytinders

Eqal pressare Lines -

——
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Observations on an alcohol narometer inclined 1l:2 at

the inlet to space 3 fig.Alowere as follows:

Total head = 8.0 mn.
Suction pressure = 58.5 mm.
Velocity head = 50.5 nmm.

Corrcction to pressurc

head =021 50?6 x2 ¥ Velocity head
Taking © = 15°
sin %e = 0,067

the correction in nmm. inclined 1:2 to the
0.31 x 2 x 50.5 x 0.067
2,05 nm.

Actual suction pressure = 60.55 mm,

pressure reading

An error of about 3% in the pressure readings. Thercfore

the equipressurc linc shown in fig.Alowill actually bhe
inclincd more. Since the probe was O.1" diamecter it
occupied a large part of width, C.5", of cach space. The
resulting contraction tends to increase the velocity

locally and so to reduce the pressure (large - ive pressure),
This nmay compensate the error due to inclination to a

certein extent.

Upstream of the baffle the pres=mure lines,
~fig.A'lo, the pressure lines are inclincd towards the
centre of the pipe disclosing a region of low pressure
there, so that the fluid converges towards the centre
wherc correspondingly the velocity is greater within the
baffle itself. There is a double deflexion of the stream,
towards the centre upstream, and towards the wall within

and this occurs when the concave face is upstrean.

The assumptions regarding the pressure variation,
linecar with distance and equal at the inlet to each space,
made in the theory are only partially justified by
fig.Awoand fig.A.l{|. Near the wall at the upstrean end
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the inclination of the pressure lines actually indicate
flow towards the centre cven with the baffle. The

pressure lines also show a distortion at the centre.,

Downstream of the baffle the pressure is constant across

the pipe and this was correctly assumed in the theory.

Fig.A Il shows the pressure ‘drop along the
different spaces in the baffle. The maxirmum difference
of pressure across the spaces occurs 2t the inlet to the
innernost cylinder and between the centre and the wall
this is nearly 25% of the total pressure drop along the
axis of the baffle. However,this is considerably less
than predicted according to the theorcetical assumption
of equal pressure at the inlets and linear pressure drop
with the baffle. The theoretical pressurec for the same
conditions as for fig.Alo and fig.A N would be as shown
in fig.At2 and there is a considerable difference
between this and the actual pressure conditions. A
more correct assumption that will be in better agreement

with actual conditions is shown in fig.A12

The mean velocity given in fig.dlowas calculated
from the pressure reading 4" from the inlet and is
expected to be about 2% higher than the actual value as
observed from other tests where symmetrical profiles were
obtained and the nean velocilty from the profile and rressure
readiny compared. The downstream profiles in this case
werc not synmetrical due to the intcrference caused by
the attachments and tubing for the pressure probe, placed
inside the pipe dovnstream of the baffle. The higher '
values of the mecan velocity calculated from the pressure
tapping are probably due to the large curvature of the
‘bellmouth.

The flow for the pressure investigation with

the baffle is the revorse rosition, with the flat face
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upstrecan fig.B! was adjusted so that the same pressure
drop was obtained across the zxis of the haffle as it
was thought that this will give the most suitable

basis for comparing the two pressure investigations.

The mean velocity in this case was lower for the same
pressure dfop due to the difference in the inlet
conditions. As secn from fig.Ah2 nearly a third of the
total pressurce drop occurs at the inlet within the first
hzlf inch of the baffle.

Both upstream and within the bzf{fle the flow
wes towards the axis, there being no double deflexion
of the stream lines as in the former position. DPockets
of low pressure exist on the downstream side,which accounts
for the nonsymmetry of thc profiles produced by the
baffle in this position. Even after repcated attenmpts
a perfectly symmetricel profile could not be obtained,
It was generally noticed that if therc werc prescure
variations across the pipe downstream of any baffle it

was almost impossible to obtain symmotrical profiles.

However, the profiles in fig.®3 are not very
different from the dcsired profile. Since the dircctions
of flow are quite opposite in the two positions the
upstrean velocity adjustment must be different.

Therefore, the inlet velocitics to the spaces of the baffle
not only depend: on the lengths of the cylinder. but also
on their relative position and the relationship

between the inlet velocities and the lengths shown in
fig.Als will be correct only for & concave arrangement

of c¢cylinders.

The maximum pressure difference between the
centre and the wall is again about 25% of the total
pressure drop along the axis fig.A2 and occurs at the

exit to the innermost cylinder.
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Total head readings were obtained at the
inlet, exit and 1.5" from the inlet inside the concave
friction baffle with the concave face upstream using
a shielded total head tube of small diameter. This
tube was first tested in an airstream and gave correct
total head readingswith inclinations of the tube with
the air stream up to 45° . The flow for the total
head investigation in the baffle was the same as that
for which pressure contours were obtained in fig. Alo
and the velocities obtained are shown in fig.A 13
This shows an increase in the average velocity of every
space between inlet and outlet, which is inconsistent

with the pressure contours of fig.Alo

The pressure gradients azt the inlet and exit are
steep and positioning the total head tube accurately
inside the baffle was difficult. The slightest error
in positioning the total head tube could cause a
considerable error in the reading when placed in a
steep pressure pgradient. No GQuantitative results
could reliably be obtained from these readings. It was,
however, noted that the velocity profiles are flat at the
inlet and symmetrically rounded about the space centre
at the exit. Within the baffle the profiles are eccentric
towards the outer side, obviously due to the outward

moverient of the air.

Hot wire measurcements of the inlet velocities
to tge baffle are shown in fig.A14 The {low was the
same as for the profiles of fig.A.2 . The average
outlet velocities obtained from fig.A7 are alson shown.
These are consistant with the pressure contours and the
variation of the inlet velocities with the cylinders is
shown in fig.A 15, together with the exnression deriver

from it. Value are shown in Appendix 1 page 134 .



Referring azain to fig.A#4 the outlet velocity
in the syace adj-cent to the wall ix less thah the inlet
veloecity whick -t first sight avi.ears to be inconsistont
with the general vutward flow. However,this is possible
since at the upstrean end the flow is actually towards
the centre in the space adjacent to the wall, tae
pressure contours here bheing different from what was

exiected as discussed earliur.

Figz.A.2.2shows a hot wire velocity traverse at
the upstrean wvdge of the baflle. Phe profile is flat
except for the boundaury layer. Along the axis the velocity
increases frowm 48.1ft/sec at thz upstream edge of the

baffle to 64.0fi/sec at the inlet to the innermost cylinder.Fk?AJ4

An attempt was made to obtain the value of K3
the pressure drop coefficient across the zerforated
cylinders,hbut this was not successful. A single
perforated cylinder was fixed axially insidc the pipe with

its upstream end closed with s perforated disc fig.L

.‘-I i

=
. -

<
/<;2i2j Y \ Perforcted dise '
Fhi L

It was expected that the pressure drow rroduced across

the disc would persist some w.y downstreau 30 that a
pre~sure¢ gradiznt would be produced betwezen the outside
and the insidc of tre cylinder, andé by makinr velocity
and pressure traverss -t two scctions some idea of K/

could be obtained. But the pressure 1" downstream of the
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disc was found to be uniform throughout the cross section

of the pipe. If such an investigation is to be successfully
carricd out in a pipe & more elaborate arrangement with

two blowers will be necessary. An aporoximate value of

K’ was obtained using the derived design expression and

exserimental date from the tested concave friction bhaffle.

Fig.E1l shows the values of § the pressure drop
coefficiant acrocs ths baffle.for flat friction baffles
(i.e. cylinders of equal length)., With swaller spacings
¥ appears to be effected by Re more than with larger
spacinzgs. The expression obtained for the variation
of ¥ with length of cylinder and spacing on the
apsunption thnt ¥ is indespendent of Re is also shown

in fig. €1

» concave friction b-ffle was designed using
expression 3.16(baqes) The calculations ere shown in
Appendix 1 pages i 8. The baffle was constructed and
tested and the profiles obtained shown in fig.cl The
profile obtained was flafter than the desired logarithnic
profile. The pressure coefficient ¥ was equal to
unity the designed value. Another unexpected feature
of fig.C!l is that the profils though different from the
fully dcveloped profilc ,remains unclianged along the
length of the test pipe. With a smallir spacing of
" as used for this baffle it was more difficult to
obtaln symmetrical profiles than with the baffle with

%" spacing.

The discropancy between the expected profiles
and those actually obtained may be due to incorrect
pressure assumptions in the theory and errors in the
experimental coefficients. By suitably adjusting the
theory and with better experiwental valucs of the required

coefficlents it wlll be possible to obtain a correctly



designed concave friction that will give the fully
developed logarithmic profile in a short distance. The
low pressure drop coefficients and the cli-dnation of
elaborat: upstrean arranganents makes the concave

friction baffle a useful means of achieving this,

7o
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The tctal drag coefiicient for the perforated
plate used in the construction of the iriction baffle
an be calculated fro.: the velues of pressurc drop
cocfficient for a flat buffle ziven in fiy B.I.

dr:: dwey oud vhe suvrface drag

5N

This includes both tihe
znd due to the arrangerent of thtCu in the beffle the
forit drag would be a considerable nart ol the tctal drag.

It is however (ifficult to cuhlhtc aceurately thesc tvo
components of the total drag.

The average velocity through the bhaffle iz greater
than the avervass velocity in the pipe,aue to the
cross cectional arean occupicd by the plates ce showa in

the toble below.

Spacin L b
P g g%moﬁﬂébe gI@fogfupleﬁ a ;‘
i 1" .
13 0.039 5i¥hig I.10 [I1.2T
i o . ' . v
% 0030 3.95 TJ20 | Tl

Table %.2

&—Average voloclty through pipe

dg— w i haffle
CQQ, =D
S Siirface area x pdf Cq— Topal A
fz_._- aéfgfgfent

D — Total drag

-



Assuming that there is no change of momentum betwreen
the upstreuam and dovmstream sides
D = (pr_:p,)ﬁzf? P, — upstrecm pressure
4 p2 ~ dovmstrean pressure
a. ;;pipe dicmeter
¥ -;pressure drop cocfficicent

=2 _ ;aq
a nd
b’ez_u

_ )’____________ one
Cd= " %3 +zzay)27£ pipe

The draz coef icient cqlculated from the values of

from Tlg. E. 1 ore given in table belou.

Iy

Spacing ﬁ&?%f% of Arca Ratio g&%@ﬁﬁt§§’ cd

140 Ln 0.36 2. 48 0.0318
AL on 0136 2;14-8 0:0%64
%" 4" 0- %6 _2.48 00488
Teble 3.3
Frongis and Hinton (Ref %2 ) investigated the

drag coefficient of perforcted plates at zero indidenceT
They concluded that.perforated surfaces,particularly

those with holes, are surprisingly rough in the
aerodynamlc sense, the roughness depending on the
perforated area and on the diameter to depth ratio of
the perforations. Some relevant data from Refsa iz shown
in Table3. 4 , and figim gives the plotted valucs from
Tables 3.3 and 3.4 . Figm — page 74
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A 04355 243 0,071
B 0,255 638 0, 049
C 0;355 | 21,6 0,038
D 0355 | 8k,0 0,028
E 03089 2.k 0,028
F 04355 540 0, 038
G 0,089 5.0 0,022
Table 8.4

Cd for plate A is considerably higher thon that for
the perforated plate used in the precsent experinents
even though both hove simil-r values for the chrricter~
istic pa aneters of perforated plates., The form drag for
a geries of plates as used in the.baffle vas expected to
be higher than for o sinzle »late, Hovover, the thickness
of Plate A was 0,048"'as compared -/ith 0,039" for the
thickness of the bafile.plates and the tests on Plate A
were in a neglizible vressure greadieat at an average
specd of 100 '/sec whereas the baffle had steep pressure.
gradients across it and the velocitics were cround

50 t/sec,
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The minimum serface ares of perforated plate
required to convert a flat velocity profile in a pips
to the fully diveloped logarithmic profile cun be
obtained using these total dras cocfficients, Agsuning
that the pressure upstrecn ~nd dowmstream of the baffle
are uniform across the section of the pipe the mininum
pressure drop to produce this conversion is given by

Bernouilli's equation

Eq Ref Fig A1 e = 169.0x0%
V: = 270
N = 1627 & 10'6
a = 6o.0 f/See
U = Toz ffsu
ag\* _
(%4 = 128

Theh by Bernouilli's equation

P"" P:. = I Bs'gégz_ %&_ = o 38(%-(_:,‘2

74

e \6 = O 38 Py - o (FO' "'eSfed Concave'
f_&z friction - baffle Y A l~o)
2
- 6.67_“&_" e T
o o066 |
o.of
PEAG COEEFICIBENT © ‘f'b o— From Tebie 8.3
C 804
o ° +e +c
003 I
-+ b
802 +G Flg m
ool [~
HoLkE D/AMETER
v rbre THICKMNESS oF PLATE

T 14 ki ¥

T
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If it is aczuned thoat the difference in the

momentun of the two profiles upstream and, dovmstream of
the baffle is small, then the baffle must provide a
minimum drag of
Ap x o ;QF%':_L Ap — Crosseetional  Mea
of PiPe

Concidering the baffle au a serles of plates with

a constont drag cocificient Cd, the total drag of the

baffle is

Ay — Total surfoce cuea o
o Ap = o-BBEéS%Z Lospie f
Spacing| €d Ab X;é’c;zafs Y.I—‘_f 1;0
# o 0.0488 | 5.40ap| 0,697 1,745 "
w 0,036k | 8.64ap| 2.2 5.410
Table %.6
The valuc of Lo , the characteristic length (die

the eguivalent length of a flat baffle ref pagze 58 )

of the ideal concave friction baffle are given in table
3.5 , together with the corresponding values for the
actual baffle tested, The baffle designed with a

spacing of ¥#M, and ¥ =1 aia not zive the desired

velocity conversion, One re.son for this may be that with

a spacing of ' a pressure drop of ¥ =1 is insufficient

to produce this coaversion
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Taylor (Ref 88 ) derived an exprecsion for the drag
coefficient of o perforated plate perpendicular to the

fluid streun

Co. K
(1+)4K)*
Taylor anéd Davis (Ref 13 ) obtained e:xperinental data

for perforated plates with various arca ratios. Table 326
shows the theoretical and experimental values, There is
little agreeiient between the two.

Ce
((+ IR K]? - 2
Gf. 1 [Reb 1> ey k=S ;i

0.550 | 2.50 | 0,790 | 0.950 | 0.725
0.5%0 | 2.49 | 0.835 | 0.990 | 0.764
493 | 3,29 | 0.840 | 0.945 | 0,722
0.420 | 6,00 | 0,950 | 0.960 | 0.691
0.188 (40,1 | 1.35 |0.330 | .
0.38  |¥i kk 0,850

.41 [*Fh4, 48 0.785
0.55 [*1.65 0.796
Table 3.6

* Yoalues from procent experdiments

The value of the coefficient of contraction
calculated from the experimental values of K bothfron

data given by Taylor and Davis and the present

experiments are lorger thon those given by lorgan (kaqcl9 )
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CHAPTER 4
PAGES

BEBAVIOUR AND CHARACTERISTICS
OF ARTIFICIALLY PRODUCED

VELOCITY PROFILES. 78 —— 93
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If a sufficient length of similar Yboundary
conditions is available, the velocity profile of the
fluid flowing within the enclosed boundories acyuires

an uncheonging shape, the shape and the length required
for its developnent depending on the bouvndory conditions,.
Thisz is true for stroight lengths of duct with cross |
Bections that do not produce secondury flous., However, by
suitable changes in the cross section or the resistonce
properties of the boundaries the fully developed
conditions cun be Stimulated in a shorter length thon is
otherwise required. Also, any desirced velocity profile con
be stimulated by suitable oarrangementzs of resistance
acroscs the path of flow,

The subsequent behavior of those artificially
produced velocity profiles connot, howevery be ¢ sily
predicted and -rould depend on the method by which they ..

were produced and the a@ssociated turbulience stiuctures.
Some aspects of this problem have been dnvestigated and
deseribed in the following poges witlh roefercnce t4 the
velocity profiles genercted by the tusted baffles,
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. The flow immediately downstream of the friction baffle,
figs.A5 andA.j can be described as a number of concentric wakes
rather than a series of jets. At the exit from a nozzle jets
are characterized by a potential core, although in the fully
developed region jets and wakes have comparable properties. No
such potential core exists in this case, the turbuleat boundary
layer appearas, from fig.A.3,to have developed across the space
between the baffle cylinders.

Wakes and jets are often classified as 'plane' or
'circular' according to the shape of their cross section. The
flow immediately behind the baffle is 'circular' at the centre
and tends to a two dimensional 'plane' cross section near the
wall. Shear flows are usually classified for their turbulenee
properties as 'free! turbulence or 'wall' turbulence. There is
a transition from 'free' to 'wall' turbulence within 10
diameters from the baffle. This is, however,not a very correct
description of the flow since the wall effects exist even
immediately behind the baffle, and 'free! turbulence is not
associated with pressure gradients and confined ‘spacess “nil phese
do exist in the flow behind the baffle.

In fig.As the velocity profile ¥%" behind the baffle is well
defined, though the peaks on one side do not correspond to the
centres of the spaces, due probably to a slight non alignment of
the baffle cylinders. The assymmetry of the velocity profile
should be attributed to the line of supporting rods which was
near the axis of the traverse on the left side of the profile.

A hot wire traverse taken 2'" downstream of the baffle is
shown if fig.A.7.| including readings close to the wall which were
not possible in the.pilot traverse of fig.A.5 . The flow
conditions were the same for the profiles in figs.A.2 andA.7./
The average velocity calculated for fig.A.7./is 49, greater than
that of fig.A.2 which may be regarded as the true value.
Considering a sel «f figures from Appendix 1 page 132, Given
below,this difference »& not excessive

1 Hot Wire . Velocity
Distance from Wall Current M.Aa. I ft/sec
2.00" 25.00 535.5 505
1.75n 2k.95 621.0 49,5

A difference of 0.05 mA in the ammeter reading gave W.
velocity difference of 1'/sec, and the smallest digision of the
nilliarmeter was 0.5 nma. )



8o

The intensity of the turbulence in the direction of flow
was ueasured 2" downstream of the baffle and given in fig.4.72.
and fig.A8. Fig.Aj2gives the intensity corresponding to the
profile of fig.A7.! while figs.As.22andA.83 give a more detailed
investigation behind two spaces of the baffle. If these values
are compared with the intensities for fully developed regions
of free jets and of wakes as obtained by Townsend (Refs37and28),
even though the conditions of flow are different, it will be
observed that the intensities obtained in this case are very low.
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The maximum intensity in the fully developed region of
the free jet is nearly 30% of the local velocity,fign ,
whereas fig.A.8.3shows an intensity of only 3 to 5% of the
local velocity.

, In a search for an explanation of this difference the hot
wire egquipment was investigated against a nanufactured unit
based on the constant temperature method, The two hot wires

were fixed downstream of a large meshed grid about 12" apart and
at similar positions relative to the mesh wires. The manufactured
unit gave readings that were 30% higher than those obtained with
the equipment used for these measurements. This may be partly
due to the absence of compensation for thermal lag and if there
are higher frequency fluctuations behind the baffle in, the pipe
the difference due to this cause will be even greater. The
construction of the wire was not perfect. The etched part of the
wire was not rigidly fixed and was liable to twist in the air
stream. The wire was looped across the supports so as to
facilitate etchlng off a small part (O 5 - 1.0 mm) -of the silver

Acoatlng.‘

PR -

' 'Fl'q.‘P

. Het Wire as consrrac‘lcd . Cortect Canstruduon ,Oor
L hof W:fe_

8i

The wire should have been held taut bptween the supuorts,
since looping permits the wire to vibrate and the vibration

e ffect the hot wire response. To measure the intensity in the

direction of flow the wire must be held perpendicular to the stream
The wire response changes when it is not perpendicular to the
stream. Making the looped wire perfectly perpendicular to the

alr stream was very difficult.

Referring again to figs.A-82andA8.3the fluctuations
decrease at points corresponding to the centres of the-spaces
between the baffle cylinders and increase at the quarter points
of the spaces corresponding with regions of maximum velocity
gradients, This is an interesting feature and if compared with
fig nt). and nfz) the flow is similar to a combination of jets and
wakes with the intensities increasing in the region where the
two merge. As far as known no information is available of
turbulence measurements in a flow of this type and comparison
with work ‘is not possible.
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An attempt was made to obtain theoretically a continuous
expression for the velocity profile along the pipe by considering
it to be a superimposition of a decaying periodic function and

a constant lcg function of the form.

a = ea(gjf’sm 2 [7- (ns+£_)] +-Aloq By

.
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and A log By the fully developed logarithmic profile.
Schlichting (Ref29a) refers to a somewhat similar but much
simpler case that was successfully investigated both
theoretically and experimentally by Olsson for the flow
behind a row of bars in a frce stream, with no »nressure

gradients.
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He assumed a velocity distribution of the form

U=A (%C )-ICos(_ﬂ%l)

whered is a constant and the power —[was obtained by a
dimensional analysis of the equation of motion in its
simplified form

-Uau,_; 14
33 £ oY

The shear stress? was expressed as
2 2 2
T = 1 _LU _ﬂ! +/£ d2u\ %
r* 5y \/(3*! '(bw)

.. 4
-f was assumed to be' a constant,and »f:.%
2

and the expression fore, obtained was

U, = ‘?(;l\'—i (%)2% cos (2TY4)

Experimental values were found to be in agreement with this
expression for X >4 . Also_%% was evaluated at 0.103
A

for g} = 8

With the flow conditions in the pipe the pressure
gradients cannot be ignored and the rate of decay of the wakes
cannot be obtained from a simple dimensional analysis and
suitable assumptions regarding the mixing lengths was not
possible. However, the rate of decay of the velocity differences
at the centre of the pipe was obtained from figs.AS andAe
Figs.A.6.l andA.6.2 show velocity measurements taken 1 and 2
diameters downstream of the baffle, No systematic variation can
be identified in the velocity measurements 1 diameter downstrean
except at the centre where the velocity gradients are only halfl
those behind the other spaces. There is only a scatter of pointis
2 diameter downstream.

Considering the flow at the centre of the pipe the maximun
difference in the mean velocity decreases as 2 °7up to 1 diamn*-=
Zbeen the distance from the baffle and ~°'? between 1 and 2
diameters.
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The values given by Schlichting (Ref29b) for the decrease in
the centre line velocity difference in free jets and wakes
are

Two dimensional jet x—O.E
Circular - jet x 1.0
Two dimensional wake £ 0+5
Circular wake A;O.66

The values obtained in the pipe are closest to the circular
free jet.

From these values obtained and from pressure measurements
downstream of the baffle that are discussed later, it appears
that the steeper the pressure rise the slower the rate of decay
of the velocity differences . {"ith a rising pressure gradient
the rate of decay is slower than with a zero or ‘a falling
pressure gradient.

Yelocity profiles obtained 10 and 11 diamters downstream
are given in figs.Al,A2, As andAé , for different values of
Reynolds number. Figs.As andA& were obtained using a vertical
water manometer and are considered to be less accurate than
figA! for which an inclined alcohol manometer was used.

Fig.A2.2 is a hot wire traverse 10 diameters downstream. In all
these the points close to the wall lie below the profile
obtained further downstream and above at the centre., This is
noticeable even for the measurements at low values of Reynolds
number in fig.A.L2 even though the differences are negligible,
Had the baffle cylinders been adjusted perfectly,an unchanging
profile could have been obtained. The effects of the baffle
wakes are negligible at 10 diameters. The scatter ofipoints was
small and smooth curves were obtained,

Figs.A!, A2 andAs give velocity profiles obtained 26
and 27 diameters from the baffle. The velocity profile
‘calculated from

g _575 | ﬁ,t 55
—_— o] + o
vf"‘ q N

is given in fig.A.2 and it is seen that the curves do not
coincide at the centre of the pipe. It has been found by
investigators that measured fully developed profiles do diverge
at the centre from the logarithmic profile given above. This iz
seen in Schlichting's (Ref29c) logarithmic plot of Nikuradse's
data. But in the present measurcvments there appears to be a
larger deviation than is usually obtained for naturally
developed flows.



It seems quite possible that this is also due to the
inaccurate adjustment of the baffle cylinders and with further
refinement of the baffle closer agreement could be obtained at
the centre. The logarithmic plot of three of these profiles
is given in fig.A4 and all the points lie below the expected
line. The friction velocities were obtained from the pressure
drop in 10 diameters necar the end of the pipe and these are

larger than the corresponding calculated values (Appendix 1 Pagel3o)

The values from fig.A.2.! have been plotted again using the
calculated values of the friction velocity and these points are
in better agreewent with the given line,

The pressures along the pipe are shown in figuAS
together with those calculated from the Prandtl Nikuradse
resistance formula. In all three flow conditions the points do
not lie well on the calculated line but show a systematic
variation from it. Immediately behind the baffle, as seen in
fig. A ll, the pressure rises at a diminishing rate for a distance
of about 1 diameter. The pressure drop appears to be snmaller
than that given by the calculated line up to about 15 diameters
figA s and beyond that greater. The mean kinetic energy changes
slightly along the pipe and this can account for the deviation
of the pressure drop from that expected in fully developed flow.

With no baffle in position at the inlet the flow was very
unsteady so that recording values of total head seemed
pointless. At the end of the test pipe 31 diameters from the
inlet the fluctuations of the vertical manometer were as much
as %" whereas with the baffle in position the fluctuations were
less than 0.1" and about 3 or & mm on an alcohol manometer
inclined 1.5. Also at the wall the pressure varied but these
variations were somewhat less than the variation in the total
head.

Some important questions arise from the above discussion
of the veloecity profiles. Is similarity of velocity profile a
sufficient criterion for the flow to be fully developed?
[Eﬁe term "Similarity and self preserving condition' could also
be used to describe this state of flow and as used by Townsend
has a wider relevance in other kinds of shear flows. However,
the term "fully develo-.ed" used here refers to the unchanging
state of the neﬁnflow and turbulence propertleéz] If the rate
of strain corrcspondlng to the fully developed flow is
stimulated artificially in a short length in such a manner that
it does persistswould the structure of turbulence he the same as
if the flow had developed naturally., assuming of course that thec
boundary conditions are the same?

as
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Klebanoff and Diehl (Ref)o) investigated the properties
of an artificially thickened boundary layer for a smooth plate.
A brief review of this work is given on Page!'$. One of their
important conclusions was that "The mean velocity distribution
appears to afford a simple means of identifying a fully
developed turbulent boundary layer!", Their study did not
include nmeasurements of the shear stress. However Jacobs
(Ref30) made an interesting study of the velocity distributions
and shear stresses in a duct in the transition from a smooth wall
to a rough wall and from a rough wall to a smooth wall, with
abrupt changes of the surface. He found that the wall shear
stress assumed the fully developed value corresponding to either
a rough or a smooth surface almost immediately after the change
although the stress distribution and the velocity profiles kept
changing for a length of about 10 times the height of the duct.
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These are very interesting observations. No turbulence
neasuremnents were made in this investigation, It would have
been useful if turbulent intensities were measured for these
conditions.
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Laufer's use of sand paper lining to roughen the initial
length of the smooth pipe,’ -+ in his experiments,would cause
the fluid at the rough wall to be retarded faster than if it was
smooth,and although a certain length was allowed for readjustment
to the smooth profile,an overall shortening of the total length
was possible. The properties of artificially thickened boundary
layers mentioned in the last paragraph could be expected to apply
in pipes as well. Laufer's method can be described as essentially
a gradual 'turbulence' process, But the use of a baffle, such as
a concave friction baffle in a pipe to create the fully developed
flow in a shorter length»is a different process where the necessary
adjustment in the total energy of the fluid is affected right
across the entire section of the pipe and involving large radical
components of velocity. With the baffle,too,a certain length is
required to allow the disturbances caused by it to decay. An
observation of Klebanoff and Diehl which is relevant to the
differences in the methods that has been mentioned above is that
once similarity conditions were established the turbulence
properties, those that were measured, were independent of the
method of thickening though the different methods required
varying lengths for similarity conditions to be established.

From the discussion above it was expected that the
turbulent intensities measured in the pipe would be the same as
that in naturally fully developed flow, The intensity in the
direction of flow measured at 10 and 26 diameters downstream from
the baffle are shown in fig.A9 , plotted nondimensionally as a
ratio of the friction velocity. The values measured are very low
when compared with those of Laufer (Refg ) shown in figs.t
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Since the pressure drop in the nipe, and therefore the
friction velocity, was somewaat different from the expected
values for fully developed flow, small diffcrences in the
intensity of turbulence could have besn expectéd. But these
differences are large, due to other causes, Fron the pressure
and velocity measurcments, the shenr stress distribution could
have heen cipected not to differ greatly from the fully developed
strees distribution. Unfortunctely, this wcs not measured, nor
was the intensity perpendicular to the flow. Without thege, it

turbtlence
is inpossible to coumzent on the corsectness of the measurcments
made. It may be that-thewe melsurements arce too low, due to
defects in the measuvring cquipment, some of vhich were dizcucsed

earlier, Oscillograms token 26 dimmeters dovmstrecm are shovm
' ‘ ) A ) 0 ~ - -

on Page 89



a,w“.'v ;ﬁ,-f}% v""‘

f{{rx “({

e

01" from Wall, '_$= ©036 [u:-"
: u

0D 805

PR

06" from Wal|, $t= 0218 @ =@ 3%
u

d v v’
2.75ftom Wall, 4 _1.c0 _@_—7’ = O'0l5
Y u

Oscillograms  taken 26 2 diama  downsatream of Concave

friction .

baf{le Re = 129.1x10% (As Jor A2).

Film gpeed « 10"/sec
Calibration carve = 50¢/s

89



If similar velocity profileé could be produced
with different turbulence fields associated with then,
their subsequent behaviour would provide useful information
regarding the interaction of the mean velocity and the
turbulence field. The gradusted resistance perforated
plate was designed to produce the fully developed profile
with & turbulence structure different from the naturally
developed turbulence field. The area ratio was reduced
towards the wall (i.e. less open space)'and the hole
diameter was increased in the same direction (page 37 ).
A though it is hardly possible to compare the turbulence
generated by this baffle with the complex naturally
developed ficld without an extensive investigation of
the turbulence behind the baffle, 1t was expected that
this baffle ¥OUldproduce a close approximetion to the
fully developed profile with a different turbulence
structure, the large eddics being near the wall and

the snaller eddies at the centre.

Unfortunately the baffle did not function as
expected. ‘Downstream conditions were very uncertain
and the profiles varied at the same section for the s-ne
flow conditions. A set of profiles obtained are shown
in fig.G . The average velocities st the different 7~an4¢;
do not zgree dus to the whirling flow in the pipe produced
by the pressure vari«ticsh across it on the downstream
side of the baffle. Traverses were also made with a
honeycomb at the inlet -~ but the

profiles did not show zny noticeable difference.
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The behaviour of velocity w»nrofiles rroduced
by a convex arrangement of perforated cylinders was
also investigated. The cylinder len:ths of ths convex
friction baffle were uniformly increased towards the
centre (pzge 39 ) and the baffle was fixed with the
convex face upstream. There was no cylinder lining
the wall as for the concave baffle. No pressure readings
were taken inside the baffle but the equipressure

lines expected are as shown in fig.w
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The wakeslimmediatéiy behind the baffle decay

in & short distance, at 3 dismeters the profile is
peaked a2t the centre and at the wall fig.D! and fig.D 2.
At 10 diameters the profile is flat for a large part

of th: cross section of pipe. The interesting feéture
of these profiles is the rapid changes they undergo in
the short length of »ipe, to give a profile that is

not very different from the fully develoved one at

26 diameters. The behaviour of these profiles is a
contrast to those produced by the uniform resistance
perforated plate as discussed below. The pressure drops
corresponding to the above nentioned profilass are much
higher than for the fully developed flow at the same
Reynolds number, fig.D|

Velocity profiles in the pipe with the uniform
resistance perforated plate are shown in fig.Fi
with the plate at the inlet immediately behind the
bellmouth and with an extension pipe upstream of the

plate. The central flat core extends for a large part



of the pipe cross section, the profiles beinpg flatter
for the lower Reynolds numbers. In the central
region the profiles change very little along the

test length though the boundary layer has developed

unsymnetrically.

The difference in the subsequent behaviour of
similar flat profiles is seen on comparing fig.D|
and fig.Fl The flet profile at 10 diameters in
fig.D! changes to the round profile at 26 diameterss
vhereas the flat profile at 5 dinmeters in fig.F|
remeine essentially the same. This difference is
obviously due to the different turbulencs fields
produced by the baffles and associated with the profiles,
and any explanation must be based on a detailed
investigation of the turbulence fields. However
some visual observations that were made in the two

cases may be worth noting.

A smoke jet held close to the perforated plate
was found to whirl through the individual perforations

fig. X , forming eddies with their axes in the direction

[P oviiflll,owA V. B8 P SO S |
i lqﬂ
- —— ——ne
‘le:dlon :ffrb/ i‘;;:wdwn —_—— — ——’-?‘j
flow (Y( —_—— o —— —
l. Pertotated 7P;{ara1ed blate

l’// pate Fﬂg)(

Whereas with the pérforated%no such wh&rling was
N -

observed and the eddies shed by thaigy}iéde£>apﬁ65}ed
to be with their axis perpeggicular to the direction of

flow, though this was not/éasily &bserved. Also there
P
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was less spreading of the smoke jet with the cylinders
than with the plate in the short distance that the smoke
could be observed. These visual observations were with
very low flows. The intensity 6f turbulence neasured

31 diameters downstream of the perforated plate

is shown in fig.F2

{

A1l the profiles with the perforated platc have
unsymmetrical boundary layers. This cannot be
attributed to unsteady atmospheric conditions
upstream because the flow downstreanm was steady and
there was no evidence of large scale whirl, The
perforation of the plate . of a hexagonal pattern was
not axisymmetric and velocity traverses were made with
the plate rotated through various angles ,but this did
not reveal any connection between the nonsymmetry of

the velocity profile and the pattern of perforations.

A velocity profile was obtained with the perforated
plate inclined at a small angle of 2° to the axis
investigatce the possibility of the nonsymmetry being -
caused by very small inclinations of the plate with the
axis of the pipe. The profile obtained is shown in
fig.F3 , and this confirms the tendency of the stream
to deflect towards the normal as found by Taylor and
Batchelor (Ref.1l ) rypage 7 , but the profile is
uniformly inclined across the pipe and is very different
from the nonsymmetrical profiles of fig.F| , which is

due to some other cause.

Fig.H! shows the profiles obtained with the
fine wire mesh and fig.J! gives a set of profiles
obtained with the honeycomb. The behavieour of the

profiles obtained with these baffles is very uncertain.

Sone conclusions derived from this discussion
of the behaviour of artificially produced velocity
profiles sis given in—the followine—pages.-
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CCHCLUSTIONS

concave friction haifle is

he a siumple means of producing
ciic fully developed flow ia = pi
it &.

pe within a short distance
riranzenents,

2. +ith suitably sdjusted lenxths and spaciang the fully
developed profile can be obtained within IC diawmeters frowm

tnethe Daffle sith & low pressure drcp coefficient of about
unity. :

3, The forunla derived for the desimn of such baffles pives
an approxiiiotion to that required and further iuvestigation
of the foruula for the concave friction bhaffle is nccessary.

4, The velocity profiles and pressure drops clong the pipe
penind the concave friction baffle are in close thouzh not
eract azreeuent ith those cxpected for £.11y developed flow.
Houver, perfect agreciment seems attainable writh baffles of
tuis type.

5. The turbuleunce intensities mcasured are differont from those
obtained by davastijators of fully developed Ilow in pipes.
The reasoits for this were investizated but an explanation
heas not been couclusively established.

6. Every lwo-diwcnsioual balffle, cuch as perforated plates and
iweshes aich cere tested; zave an unsymmetrical profile
which reamadued unsyametrical aloaz the length of the test

sine,

7. Velocity prcfiles »roduced by the conve:x friction baifle
chan_ed rapidly te noarly the fully cdeveloped profile at
the cnd of the test pipeyvhercas the flat profiles produced
by the uniforwu resistance »erforated plate shoired little
chanze.

8. Chaajes in the velocity profiles are influenced by the nature
of the turbuleunce produccd by {the baffles ond associated
rith the generated velocity wnrofiles.

9. Siwmilar profiles produccd with different turbulence fieclds
subsecuently behave differently.

TO. The inlet lenzth veguired for vroducing a lasting fully~
developed »nrofile dopends not only on the intensity cf
turbulence but also on the naturc of the turbulence
»roducecd at the inlet.
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MIAN AIR VALOCITIZSS FROM UATER MINOMETER

Total head reading on vertical manometer = m;
Pressure reading = X"
Velocity head = ' "2“";
Yo Patt?= X
2 fa Z Peq
U= 66-6[% at 20°
a= A X
TEIMPOC A
15 65.9
16 66,0
17 66.1
18 66,2
19 66.4
20 66.6
21 66.7
22 66.3
23 66.9
Specific gravity of absolute alcohol = 0.8
fa — Density of air al 20°C = 0'00234 lpg Seci/ﬁ4
Puo — " " water " = 1935 Ibs sec®/p4

9

u ——Ve{ocn'fy of ar ﬁ/Sec

= %217 ft [sec?

&7



of concave friction bafile, using clcohol manometers inclined

YII

CAL VOLOSITY TRAVELSE

Horizontal traver:

Values for fig. A2.1:-~

o 26 diametersz {rom downstre

am face

1:5
Zero reading of manoncter = 11,0 nm
Atmospheric tenporature = BOOC
Rigkamog From | EESASHES
laletelsy mm .

0 175.0

A5 175.0

12,0

15.8 17G,5

21.0 196.5

26.0 200.0

Distonco, | Total |Heqn . | DAERanct | #okat fei8city

u! mm u f/sec - y" mm a f/sec
2,05 161.5 | »2.75 2.75 88.0 55,90
0,10 156.0| 35,00 5400 91.0 55. 10
0.20 146,5 | 338,60 3.25 2.5 54,70
0.30 1ko.0 | 40.90 3.50 57.0 55,20
0.%0 152, L ko 3.75 101.0 )u.so
0,50 128,0 | #..CO L, 00 105.0 51.40
0.50 125,0 | 45,10 h,20 108.0 50,60
0.60 120.0 | 47.30 Lo 115.0 Lg,25
1.00 115.0 | 48.70 4G 118.0 h7,50
1.20 110.0 | 50.10 Lk.8o 125.0 45,70
1.40 110.0 | 50.10 5.00 151.0 43,20
1.50 105.0 | 51.40 5.10 132.5 53,40
1.75 9G. 55,50 5.20 140,0 40,90
2,00 9G4 0 540 5,0 145.5 36,60
2,25 95,0 | 54,20 5.40 156.5 34.80
2,50 ¢2,5 | 54,70

28



/29

Lozarithmic Flot of Values for Profile A.2.1

Sown in Fig. A4

* . e o . .
y — friction velocity firoi sxperimental data
(p

age 130 ) < = 2,205
"
Y, — friction velocity calculated = 2,115

N —Xkinematic viscosity.

Yy % *
Distance i%r log ¥ JET log Y&
From o111 Y N Ve N
6.05 14,01 [1.753 | 15.50 1,75k
6.10 15,86 | 2,054 16,55 2.035
0,20 17.50 | 2,356 118,25 2,336
0.50 186,55 {2.531 16.35 2,512
0,40 19,65 2,656 20,50 2,637
0.50 20,50 | 2,753 21,20 |. 2.75k
0.60 20,90 |2.832 21,60 2.813.
0.00 21.45 | 2,857 22,40 2,938
1.00 22.05 |3.054 25,00 3.035
1.20 22.75 | 3.133 25,70 5,114
1.40 22,75 | 2.200 2%.70 5,181
1.50 '25.25 | 3.231 24230 3,211
1.75 24,15 | 3,297 25,20 5.276
2,00 21,15 | 3,356 25.20 54336
2.25 24,60 | 3,405 25,60 54586
2.50 2L,80 | 3.h51 25,80 453
2.75 25.30 | 3,494 26,40 3,474




Analysis of Datc Corresponding to Figs. A.l.l;,

hel.2 and A.2.1.

between

. - *
Fig afhe | Re { f v¥ | ve
Al,2, 51.0 37.5x10: 06,0230 |0.0185 [1.660 |1,490
hA.2.1.0 | 4558 128;9x10’ 0.C186 |0,0170 (2,205 |2.115
A. 1.1. | 60.0 [ 169,0x10" [0©.0139 |0.0162 [2.920 [2.700

wvas obtaincd from the proessure

drop in the »ipe

20.8 2nd 21 dicmaters from the inlet,

VALUES FCR NONDIMENSICONAL VELOCITY -PRCFILES, FIG, -A.1l7

" Fig A. 1+ % Fig A.2.1 Frg A:. 1.1
Vi Y uffsee |HU/eimay affsec  |[Cl/cimax af*/_S% a/cllmcu-
0.0 | 0,000 || 22,0 | 0.500 | 29.0 | 0.525 | 43.0 | 0.594
0.05 | 0.138 | 25.8 | 0.705 || 36.2 | 0.655 || 5¢.0 | 0.690
0.1 | 0.275 [ 28.1 | 0.767 | 40.6 | 0.735 | 5&.1 | 0.746
c.2 | 0.50 [ 30.1 |o0.022 | #&.6 | 0.808 | 58.1 | 0.802
0.3 | 0.825 [ 32,0 | 0.87% || 47.4 | 0.8556 || 62,0 | 0.855
c.t | 1.100 | 35.2 | 0,905 || 4S.4 | 0.8ck | 64,4 | 0,888
6.5 | 1.380 | 34.0 |o0.930| 50.7 | 0,916 | 66.6 | 0.920
0.6 !1.650 [ 35.0 | 0.956 || =2.2 | 0.945 || 68.4 | 0.94k
0.7 |1.925 | 35.6 | 0,973 | 55.2 | 0.963 | 9.9 | 0.96k
c.8 |2.200 [[36.1 | 0.986 || 54.0 | 0.975 | 71.2 | 0.983
0.9 | 2.48c || 35.4 | 0,995 || 54.9 | 0.991 | 72.2 | 0.586
1.0 | 2.750 |[36.6 | l.ocoo || 55.3 | 1.000 | 72.5 | 1.000
L, = 55 log \fv“q +55 { — Experimental
. fo — Calevlated :
J-—_fL = 2 Lo‘l %' a*: Av.e!aqe Velocu.fy
4 Frichon  Velocity,
v = a [fg V¢ — Calculated fricton Velocity
b= fa* 4

-fn'chon Coe f-f-fc{ ent

]
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Calculated logerithmic profile for concéitions .

corivesponding to Fiss, 4.1.1 cnd A.2,1
Y 575 b?.ﬂy_ + 55 for F'l'q Al U— 635 + 15-5109'\!
v N :

FigA2.1 d=4g.5 + mwstow

y' tog 4 aA-!‘f sec ﬁl'z,ﬂ-'/lsu
C.05 |=1.3CL | &3.30 | 32.79
0.02 |-0.699 | 52,69 | 39.06
0.4 -0.398 | 57.33 | 43.70
0.6 -0,222 | 60,056 | 45,02
0.8 [-0.097 | 61,99 | 47.33
1.0 0.0 57,50 | 48,50
1.2 0.079 | 64,72 | 49,45
1.4 0,146 | 65,76 | 50.26
1.6 0.20k | 66,66 | 50.96
1.8 0,255 | é7.45 | 51,58
2.0 0,501 | 68,16 | 52,14
2.2 0.342 | 68.50 2,63
204 0.350 | 69.%0 | 53.10
2.6 0,415 | 69.%4 | 55.51
2.75 0.439 | 70.30 | 53.680

Variation oi the pressure dron cocfficient

Fig., A, 16 for coacuve friction haf:le

Ke e
Z7.8 x 103] 0,784
755 0,710

122.2 0.760
151,0 0.867
133.5 0.923
14220 0.936
153.5 0.960
173,0 1.03%6




T TRAVERSE

“:*; A.9

HOT W
2

6.) dinucters

friction baffle

Calibration curves for hot

TyPical hot wir. calculation page:- 133

from downsircanm face of concave

wire figs K1, K2 and K3

rom bl | Y0 leaureat | 2 A% é‘;‘;:” & |z |@
y" v- radus | 1 A - lveloeity Rea ng | o #/sec V¥
2,750 [1.0C [ 25,20 | 636,0 [ 54,9 | C.131 | 0.0159 | 0,875 [0.396
2,50 | 0,909 25,15 631.0 | 52.8 | 0,100, | ,0123 | 0.650 | 0,294
2150 |oi53 | 23%o0 | €570 | Sois | outit | oranrs | 0iodh | olhoo
2,00 |G,728 | 25,0 | 50, J14C | 0,00L75 | .88 .
1,75 |0,637 | 24,95 | 621,0 | 49,5 | 0,155 | 0.0195 | 0,965 | 0,437
1,50 |0.546 | 24,90 [620,0 | 49.c | 0,288 | 0,0238 | 1,165 | 0,527
1.4o 0.509 24,90 | 620.0 | 49,0 | 0,189 | 0,0238 | 1,165 | C,527
1,20 ;6 25,80 | 616,0 | 48,0 | 0,205 | 0,0252 | 1,260 | 0,571
1,00 b.)o 24,75 | 511,01 45.4 | 0,250 | €.0298 | 1,391 | 0,531
0,80 |0.291 | 24,65 | 611,0 | 45.2 | 0,240 | 0.0512 | 1.410 | 0,639
0,60 |0:218 | 24,50 | GoT.0 | 42,3 | 0,065 | 0.0352 | 1,489 | 0,574
0.5¢ |0,162 | 25,50 | 600;0 | 42,3 | 0.292 | 0;0338 | 13641 | 0,745
c,40 |0,145 | 24,40 | 600,0 | 40,8 | 0.315 | 0.0425 | 1,735 [ 0,786
0,35 |0;127 | 21:,35 | 595,0 | 39;5 | 0,328 | 0,0k48 1,770 o§803
0,30 |0,109 | 2,25 | 591,0 | 39,0 o,;no 0,0h64 | 1,810 03830
0,275 |0.100 2b 20 | 590,0 | 38,5 | 0,245 0;0472 1?835 0?831
01290 |0:058 | 21710 | 9860 | 36,8 | 0290 | S0 | 122 | e
0,200 (0,07 . 6 36, 03 ,052 v .
0,175 | 0,064 2&;05 580,0 | 36,0 | 0,400 | 0,0562 | 2,025 | 0,918
0,150 |C.055 | 24,00 | 576,0 | 35,8 | 0;420 | 0,059% | 2,215 o§965
0;125 |0,046 | 24,00 | 576,0 | 35,8 | 0,471 | 0,0666 | 2;421 | 1,098
0.100 |0,035 | 24,00 | 576.0 | 35.8 | 0.562 | ©,0796 | 2.850 [ 1.290
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The expression used for calculating the intensity of

turbulence 7as . .
[T _4 {7 (Bpdacensmnt +_ S }(£52)0
o0 =

J—_— (12_ Io’)l A-F
U'* —~Root meen square of -turbulence fluctuation in

Eéfw

cirection of flow
o —=licun velocity.
Ro ~=Co0ld rosistance of wire
K £ —Box resistance
1 —'/ire current
{o—Thermo ammeter reading
Ag—Anplified constant
s —=8onstant resistance of bridge

(’%,k —From fig. K3
lo —From fig. K1

Typical calculction for distance 1Y from wall
fig, 4, 9. (poge 132 )

cold resistance Ilo = 3 8a

1= 24.795 m.4
u= U46.4 ft/sec, ——7Tig, K1

R = 220
Ay = ©-265 3
i., = o230 mA
5 = S00Ow
12 = 326 (mA)*
ol - o545
2
@ 4 {uira's( 0545) + ?o‘:czsxalxzz 50:;:2 ".Aﬁ?
ed .

(woo)z {éu - 326} X o 265

Il

9.0298




Variation of Lonzth and Inlet Velocity for Concuve Friction

Baffle.

Values frem 4,7 plotied in fiy. A.15

Amoy = 108"

Uay — cipsiteam Vejocity
Uy — Downstream Velocity

lq" jare log Loy oy Yay tog Uay
- Ay G- -4
7.75 355 [ 0.1%19 | 47,70 | 1.0k0 | 0.017C
7.,0C | 1,500 | 0,1761 | 50.1C | 1.C95 | C,0365
L,25 | 2,470 [0.3927 | 33.50 | 1,170 | 0,c682
$.50 | Z.0C0 | 0,550 | 53.90 | 1,395 | C,1L446
2,75 | 3.820 | 0.,5621 | 63.9C | 1.395 | 0,146

Flat Triction Baffles(Equal Longth)

o,

Variation of ¥ the pressure coefficient with Reynolds
Re B. Re ¥ Re ¥

91 x 10®| 0,400 [[69.9 x 10®| 1,469 47 x 10®| 0.275

101.0 0,622 ||10%,0 1,280 78,0 0,348

125.0 0.571 |115.5 1.950 | 108,0 0.266

127.8 0.625 |1116.,5 1,985 || 124,38 0.3556

157.5 0.61¢c [129.0 2,18¢ || 1410 0,506

162.,0 0.526 |[143,0 2,270 || 159,5 c.ko2
152.5 2,120 ( 184,0 0,352

Length 49 4" 2%

spaa'nq n 74" % n
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DECIGNED OF

35

CONCAVE FRACTION BAFFLE

lq % )"5 ':aag - ua%[

45 (-éi)

Lmox)®
daaq _ (&4 Iq x)

/Zrnax = 71.'(C

3.

—_— 307

I — 3-’9

318

Ay — the cylinder length

Jnc
K’

Udy

[a}
JF >

Ae

¢ i

the woximum length of baffle

——pressurc cocfficient across perforated

———pressurc cocfficicnt across beffle

—Upstream velocity ot the inlet to
each space '

—-dovnstrean velocity from logurithmic
profile

—uverage velocity

——snacing

—arcn ratio

——denominator function

——characteristic length (equivalent
lenpth of flot bafile causing sanme
pressurc drop across

——constants




c

A 8 Y :
2 @535 eoos byg ‘Zi;j'; e 2 3 - R R L Al L sZ:l ';f:;n) Fo
! 22.00 | o .00 |/ 3424 o« r-54t4- 00 11290 | /80 |o0.290 |00 |0:-538)0-F62|/-538 |0:0%8ej 0.0738 |0-535€
2 |11.00 |22.00 |7.34 10414 | 1-342¢|0-8657|0.776 /200 |0.224 |0:200 0473 |0-447 0026 0-.72-0 0-530|0. 0488 00748
,' 7.34 "'wi s.50 |o.gés /‘0'4,4' 0704 0.630 ,:,70 0.170 |e-170 |o0.412 |0 412. |0.00 |0-824 |0.06/2]|0-0804|0.0504
4 |550 |73¢ | 460 |0-7404|0-06570.0435 | 0856 | 1150 |oa4 |0.1s0 |0.380 0:387 |-0-007 |0:76) | e-0664 205/ o-0504
s |4-40 |5.50 |3-66 |0-¢435|0-p40¢|0-6635]0-868 |1 10 |03 |0.100 |0343 |0-874 0011 |0:737 |0 o749 0,05 é|0-04 30
| ¢ l|s.c6 |#ao (514 |o-6é3s o'gﬂg 0-4969 0-876 |7-130 |/-724 |o-/30 |0:35x[0-360 |- 0.0/ o.]/a; 0-0909 |[D: 0650 |0.0£39
7 13/4 |3.66 |2.75 04969 0'“_’50;4393 088/ | 1-130:|0-119 0-/30 .0'345 2-340 -°'°';' o'705" lo-mo_|o-0782 0063
8 275 |84 |2.04 |0-6393)0-49¢9|0-2874 0-882.|/-130 (0.8 |o130 |0:3¢%|0-860|.0.078 0204 |o- 1429|0/05/ |o-08%
9 |2.44 ?.73. 2.0 |0-397¢|0-4393]0.342¢ ,,,-53 /130 (o np |o-/30 |o-342|0.340 |-0r018| 0702 |0.2000|0/90¢ 0. 122¢
©_|z:20 |2-4¢ |a-00 o-a'ﬁ..aqv 0-3874 |o-30/0 0-895 | 1740 |ous °"/4'° 0-339| =374 |-0-035| 0.3 |0-3300|0"340|0-30/0

" Fn = {fan- fin} +d_§_{{,n rf.n} —— Jrom expression 2./6 (}:&gc)

fof 9

22

9¢t



3]
The ¥-fle gousizned is for o spocing s = %7, § =1
and.% = 22, The function Fp has be:n calculated, shom on
pagelab o The veriation of the upstream velocity with lenszth

is given by fig; A,15

Uay _ (o-az ,&W)Va-as 8.9
Ay

From fig. Tl

1189 o-gbo
— o d {)
¥ — ooos4(§) (a. 3.17a
Using o simplificd forn oI this cxoression
0 .
Y = 0'0084(%) ét- 3.7 b

the charactoristic lensth of the haifle already t -cs8ted was
[Vl
obtained, eqgual to 5:41", Since its mawimum length was

10.5" M =1.94% from 3.8
For %:22 N1 A=r3as=Mc fom 8.176

2 dnoy=1"94%1-845= a.¢4"

the aprroimate valuc of k! obtoined by applying the deesign.
formula for the dita obtained from the S¢3ted  baffle was 1.62.
The arca ratio for the mauterial wes 0.36. Substituting those

values in expression 3,16

o 755 Fa by — _"325 - tdy
13.4 &

adq\nm obtoined from the fully developed lozarithmic
orofile and. the required variation of length i3 riven in the
Yy 1 Y g

table below,



n Fa Gty Ay "
- - 2,60
1 0.1050 | 0.755 2,40
2 |o.o748 | 0.925 | 2.22
3 | o0.0504 | 1.000 | 2,02
L |o.o504 | 1,045 | 1.82
5 0,50 | 1.080 | 1,71
6 0.0638 1,110 1.47
7 |o0,0832 | 1,133 | 1.40
8 |o.0841 | 1.155 | 1.28
9 |o.122k | 1,174 | 1.13
10 |o.2010 | 1.193 | 0.97
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Estlmate of the error causecd

by the aesumption made in tie

theory of page 54 that o _ g 0 _
n+l oln-}
From Table From Toble. % Error|ah. CL I
A4 = 1,061 |leg-2 ‘ln ¥ =1. 1501 y 8.37/0-915
+ .
Jafy = 0.893|l0g.d 0,856 5.26 104
ns/ *P9m-i '
= 1,161 21.140 1.84|102
g = o -
b g, =0.939  =0.0368 7.59| |08
Ay _
» fooiplogfd) —— 213
Pressure drop coefficient for purforated plate K

Test Average Velocity
Head ins YWater

Pressure Drop K
Across ‘later
ins Water

2,350 b, 440

F. 1.5 0.530
F. 1.6 0.175 0.770 It 500
Area Ratio B = 0,38 :
K = (Lg,é)’ = 2.66 .= 1,000
= (=ep)* = 10.60 c= 0.629 (page 19 )
- P Lyl C= 0.85 - (FromTest )

—COQHI'CJ%T of Contracton

139
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