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Abstract  

The term "baffle" has been used to describe two. 

dimensional or three dimensional obstructions to the flow 

with certain definable 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 aspect has been investigated 

only in a few instances: 

The experiments 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 been investigated. The intensity of turbulence was 

measured immediately beh52nd the baffle and further 

downstream and compared with those obtained by other 

investigators. An attempt has been made to derive a 

design formula for the concave friction baffle. 

Velocity profiles generated by other 

arrangements of perforated cylinders were also 

investigated and those produced by perforated plates of 

uniform and varying resistance, meshes and honeycombs, 

and their behaviours compared. 
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1.1. 	HISTORICAL REVIEW OF THE PROBLEM OF PIPE 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 evolved 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 (1950) 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 natured. 

Hagen's (1794 - 1884) (Ref i ) paper of 1839 contains an 

important formula for the pressure drop along a pipe. It was of 

the form 

(At. a. + 61.2) 
r4 

- drop of pressure head 

- radius 

1. - length 

G4- 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 laminar and turbulent flow. This 

is,however loften attributed to Reynolds,who,workinz, years later, 

observed the same motion in the course of establishing its flow 

criterion. The parabolic velocity distribution for laminar.flow, 

called poiseuille flow, was derived independently by Neuman and 

Hagenbach between 1858 and 1860. 
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Weisbach (1806 - 1871) of Freiberg expressed the head 

loss formula as it is used in its present form. 

4.f L07- 
cl 2.9 

-41 - head loss 

L - length 

d - diameter of pipe 

6 - average velocity 

acceleration due to 
gravity 

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 also 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 

shear stress 

pe aU 
ay 

P- 
au _ 
by 

density 

the velocity gradient 

E. - Eddy Viscosity 
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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 mixing 

length. This led to the logarithmic velocity distribution 

in turbulent boundary layers which agrees best with experimental 

data obtained in pipes. About the same time Taylor formulated 

hislicl-tf,city theory and Von Karman the similarity hypothesis, 

both of which gPve logarithmic forms for the velocity 

distribution. These are generally referred to as 

''phenom'alological 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 
	1 

that has resulted in a more profitable approach to the . 2. . 

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. In 1911 Blasius analysed the existing 

data and expressed the friction factor as a power function of 

the Reynolds number. Nikuradse (1933) 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 Morris (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 forns and types of roughness 

is not sufficiently comprehensive to substantiate this. 

The inadequacy of the phenom6nological theories to 

explain the behaviour of different types of turbulence and 

turbulent flows made investigators search for a more realistic 

solution to the problem. The random nature of the flow suggested 

the possibility of a 'statistical' approach and in 1935 Taylor 

published four important papers which contained some of the 

fundamental ideas on which the present day study of turbulence 

is based. He derived a simplified expression for the decay 

of homogeneous isotropic turbulence. 

IT/ 	rate of energy dissipation. 

7.5(s) 	
viscosity 

U - 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 replace 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. 
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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 definite 

variation with Reynolds number or inlet conditions. Extreme 

values of 25 to 100 diameters have been observed. Inlet 

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. Some 

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. 

9 



1.2. 
1.2.1. 

SOME RELEVANT  PAST WORK 

Flow in the inlet region. 

Theoretical investigations in this region were made 

by Latzko (Ref 2) and Ross (Ref5). 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 V7//' power function at the boundary. The 

expression obtained for the total inlet length was 

lo 
	

L =. 0.69 l e 
 
a.25 

	 L - the inlet length 

d - pipe diameter 

ee- Reynolds number 

	

= 6.9 	of 	Re  I: 104  

	

21'7 	106 

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.4 

power function was not assumed as this restricts the 

validity of the theory for a particular range of Reynolds 

number. The expression obtained was 

0 _ 0,043 	(x- Ito  )5/6  5 	(2+44)H. e  
2r 

E)- momentum thickness 

7- pipe radius 

H- shape parameter 

pee- Reynolds number 

740- effective start of 
turbulent boundary layer. 

The above expression iP considered to be valid for a 

distance within 10 diameters from the inlet. 



He also derived an exprension for the pressure drop in 

the inlet region 

P2fa' Rev6 	

2T ) 5/6 [ + 	  
0.875 Lo5,, (pe  x.—x.)—  2.75 

7.7 

ICISLL 	0 	X — ?co 

pressure 

e - density 

- 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 1  10 diameters from . the inlet for Reynolds numbers of RD6  

Ros claims that there is good agreement with.  

available experimental data. 

The experiments of Kirsten and Schiller (Ref41 ) show that 

with smooth inlet conditions the velocity distribution at the 

w_11 can be expresSed as a yl7 power function, but not in the 

initial length of the inlet region, for values of Reynolds 

number between 104  and 5$104 
Other workers have,however,found 

that the 1/7Th  power function does apply for Reynolds numbers up 

to 20x104 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 (Refb ) measured velocity profiles along a pipe 

and obtained values for the inlet length varying from 50 to 100 

diameters for Reynolds numbers increasing from 2oxioa  to eogto 

But according to Nikuradse the fully developed profile already 

exists between 25 and 40 diameters. 1apirp and Smith (Ref 6 ), 
experimenting with tubes of )6" to 4" diameter ifound that the 

inlet length was nearly three times as long as that given by 

Latzko's formula. 



1.2.2. 

Cox and Bay (Ref/ ),experimenting in a rectangular 

conduit,found that an 'tnstimulated" 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 (Ref6 ) 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 diameters have been observed 

for the inlet length. A value of about 40 diameters is often 

accepted as reasonable. 

Fully developed flow. 

Bakhmet•eff 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 

experimental data for pipe flow. These are now well known and 

experimental data for fully developed pipe flow is numerous. 

Von Karman's more 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. 
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Given below is the analysis following Prandtl. 

  

Clx  - Turbulent shear stress on the 

87Ay face of a fluid element. 

C..41- Turbulent fluctuation in x 
direction 

rxii  = -/D u'vi 

VL Turbulent fluctuation in .9 
direction 

Positivecul is on the average associated with negative 

hence the negative sign in the above expression. 

zi, .,... „col  .constant,el vil  i  a mixing length 

 

U'V' . — klc711\771 c,1 - mean velocity (local) 

    

=. -constantxk.e26:192  k- correlation factor 
dy 

including k in the mixing length and writing Constantgk.e2-....e 2  

and 	rx v E.:. c 
c .p,e2(01c4)2  

/ 	37g 

If-e is proportional toy 	v - distance from the wall 

r _•=fc2.y 2(cAir 
d y 

Writing ra Co  the wall shear stress 

la 

CA/ 1 

C constant 

and 
 /

To 

7 

V' 2 r.-. C2•9 2  (5102  
did) 

Y- friction velocity =V 



inte grating this exy,ression 

n  4.4 = Y -frvii 4 5 

When U = 0 	g 

.'.U rY tEenv - 

 

IV- Kinematic viscosity 

15, 	Constant 

Writing yo  = 13 1g_ 
V I(  

has the dim ensions of length) 

14 

v44  

E 

1.2.3. 

using experimentally obtained values and converting to 40910  

(4 	= 5 .75 tog 	 + 5. 5 
17' 

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 21/4' length of sand paper 

roughening. 0.0001" diameter Wallaston platinum wire was used 

for the hot wire measurements. Turbulence intensities 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 .direction of 

flow increased near the wall to a maximum value of 2.6 at 
rT  
v, 0.015 

- distr).nce from wall 

7 - radius of pipe 



The circumferential componjnt increased to 1.6 further 

from the wall and the radial componc..nt showed a slight 

increase to a value of about 1.0 yet further from the wall. 

He found that the direct viscous dissipation takes place 

in a very small region close to the wall T. 4 Is 
I

se
=

41 

0 - Friction velocity 

The maximum production of turbulent energyviscous and 

turbulent dissipation and diffusion occured in the region7= 11.5.  

at the edge of the lamina:J. sublayer. The central region 

received most of its turbulent energy by diffusion from the 

wall region. sl.:ectrum studies confirmed the idea of energy 

1:A.:1_; transferred from smaller to larger wave numbers. 

1.2.4. 	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 

'stimulation does not alter the turbulence properties of the 

fully developed flow and that they are the same as if the flow 

had developed naturally. 

Klebanoff and Diehl (Reffo) investigated .-artificially 

thickened boundary layers with zero pressure gradients. They 

investig3ted the mean velocity profiles and some turbulence 

properties. The experiments were done in a 	4.5' wind tunnel, 

0.04% low turbulence at 100 V/Sec 	Various methods were used 

for thickening the boundary layerr—rods of varying diameter, 

screens and sand paper. 
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When sand paper was used to stimulate the boundary 

layer a 3" layer was obtained at a distance of 10' from the 

leading edge for a 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 

= q.2 1.01 V + 5.75 
V4  

The deviation from the above expression was found to 

increase with Reynolds number, A power function of the form 

GI - 
V * 

8. /6 (u2Z1) 	• 
N 

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 the lack of knowledge of the relationship 

between the mean velocity distribution and the turbulence 

properties thiri,  could not be assumed. The Gi/ 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 ul  

fluctuations showed similarity with similarity condition of 

the mean flow when expressed as a ratiodofthe local mean 
a' 

velocity. u' was also found to be sensitive to chances in 

c4  
the mean velocity profile 
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1.2.5. 	Effect of meshes on the flow in ducts. 

iieshes are commonly 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 (Refit ) obtained an expression for the deflexion of 

an airstream due to a gauze or mesh for flows at small 

angles of incidence. 

t•► ( K V2  

pressure coefficient K - 

This expression for'is only true for meshes witli one 

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

perpendicular to it. They also derived an expression for the 

reduction in the disturbance to the moan velocity, across the 

mesh. 

c42. 	► + 
c4, 	i 	a. 

¶here 01  is the velocity disturbance downstream 

corresponding to U1  the disturbance upstream. 

Prandtl gave a similar expression of the form 
02  
ug 

and Collar (Ref i2) 
CAI 	2- k  

+ k 
These expression)  according to Taylor and Batchelor are 

particular cases of the expression derived by them. 



Prandtl's is true only whena,zowhich implies that K 	is 

infinitely large. This is not a practical case because even 

when the stream is perpendicular to the mesh 6C70 	due to 

its finite resistance. Collar's is correct only when a. 
which according to Taylor and B tchelor is not true for meshes 

with finite resistance since this implies that lateral 

velocities are continuous across the meshes. 

Taylor and Davis (Refl$) gave an expression for the 

pressure coefficient across a perforated plate 

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

Cc- Coefficient of contraction 

Area Ratio (area of holes) 
(Total Area) 

No values are given in this paper for C, orp 

Echert and Pfluger (Refl4) gave a simple formula for the 

pressure coefficient for perforated plates 

K1  = (1=4)2  
tfl)  

and Morgan (Ref 1 5 ) 

;(2.  a 6 - Cefe 
g2/52- 
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Morgan also gave the variation of Cc  with /8 which 

he said was correct for 8 <0.5 

p c, 
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.o 1.000 

Table 1. 1  

The last two expressions give widely differing values for 

the pressure coefficient 

E9 	p 0.5 	K, = I.00 
K2  = 4.42. 

Wieghardt (Retie') obtained an expression for the pressure 

coefficient for meshes by analysing available data 

KM  = 66 — 1l)/' /3l 44„,)- 

'9 

dm- the wire diameter 



The values for the area ratio given in (Ref1.9) 

:,re as follows 

For perforated plates with hexagonal arrangement of holes 

= 0.907 c 

416- diameter of holes 

distance between 
centres of holes 

Perforated plate. square arrangement of holes 

' 0. 785 ca 

Square woven mesh 

dm- wire diameter 

distance between wires. 

Dryden and Schubauer (RefI7) gave a simplified theory for 

the reduction of turbulence by a mesh. 4' is reduced in 

the ratio 	 
(i+ Krn)Y 

where 	r. 114(012M. v t2 - L 1 ) 

U', Y', 
are the turbulent fluctuations, and ern the pressure 

coefficient, by a single mesh, and in the 

ratio 	I 	by 
ICY7/2  

fl such meshes. Therefore for the reduction of turbulence 

it is more efficient to use n screens of coefficient K rather 

than one screen of coefficient nk. 
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Se.  

-••••:.; 	• • •:•• 
ve,457,&hy ret 	est eli!irr  

Resistortee 
Scree', 

Grant and Nisbet (Ref1S) studied the turbulence 

intensities behind meshes and grids and found that, contrary 

to what is usually assumed, the turbulence was inhomogeneous 

and anisotropic. They found variationsas large as 30? of the 

mean value of ce and also considerable differences in the 

different components. They expected this inhomogeneous pattern 

to persist a considerable distance downstream. An investigation 

behind a 0.02" thick perforated _plate with VI hole diameter 

also revealed the irrefsular n--Aure of tre turbulence intensity 

behind the plate. 

1.2.6. 	Artificially produced mean velocity profiles. 

Owen and Zienkiewicz (Ref19) 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 form 

r. QV 4- ,4 ' 	10T X 0 

+ y2  ?, 	-41j) 4  S 4°Y 
 x 0 

where y is the stream function for the disturbance. 211 is 
(.4 

called the shear parameter. To satisfy the boundary conditions 

for all wlues of 
11.04 	nr1701 

An  e 	(nrrVh) x 4: 
n= 
n:64 	— 07T X/.47 

.51'n (nirtiA 	° 
U:#7 n=1 

21 
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Then using the following_ conditions 

1.0 is continuous across the screen. 
dij 

2. b54  obeys the refraction condition given byoe= 1.1 (i+ KIY2' 
-ax 

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 
N) 	--2Xh 	

2. 
1(1.  )(711-- 	) i+ca 

z 1.1 (I+ K°)- 
Ko pressure coefficient at 

11=0 

They experimented in a 20" square wind tunnel at 75'/sec 

with a screen designed for >\---6  . 0.45)  ko was 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 eo  
and proportionately,that of the entire screen ';ould 

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 (Reflo) investigated the flow through arbitrarily 

shaped screens of non uniform resistance. He derived an 

expression involving the upstream and downstream velocity 

profiles; the shape of the screen and the variation of its 

resistance. Experiments were conducted with a straight screen 

of uniform resistance placed inclined to tc stre-m, ane, a 

parabolic shaped screen of uniform resistance placed symmetrical 

with the screen. 
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The downstream velocity profiles agreed 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 Zenker (Ref 21) 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 wakes from 

the 'flow straightener' 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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2.1. 	DESCRIPTION OF APPARATUS  

The pipe,which was of transparent perTex,had a total 
length of 15 ft, made up of three sections( fig 1 } 	inside 
diarneter5li:',. A smooth wax bellmouth with a 3" radius curve was 
fitted Fit the inlet to the pipe and the joint between the pipe 
and bellmouth made smooth with plasticine. Originally a perpex 
T junction connected the horizontal test pipe to the blower. 
However,when preliminary tests disclosed that disturbances 
originating at the junction were carried as far as 8 diameters 
unstreamta 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 ultimately overcome by using a transition piece. 

The transition piece joined the pipe to a square bend and' 
was 12" in length. The bend itself was 3.88" squaret9e and 
slightly rounded off, constructed by soldering tin sheet. 
Cascades were fixed in the bend to prevent the development of 
secondary flows. A 514" diameter vertical perpex 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 6000.4  ft/rOln 
S.T.P. The motor 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 discharged 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 maintained constant throughout individual tests by 
adjusting to a reference pressure, 7sually 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 a considerable amount of vibration transmitted from the 
blower to the rest of the apparatus,probably through the timber 
floor. 
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2.2. 	 MEASURING EUIPMtENT  

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

Outside tube 	Inner diameter 	= 0.100" 
OutsLe.c " 
	= 0..138" 

Inner tube 	Inner diameter 	= 0.043" 
Outside " 
	

0.068" 

The supporting tube extended across the pipe,thus keeping 
conditions similar while the tube was traversed 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 
against the wall,the distance from the wall could be read direct 
correct to 0.002". Two pressure tappings on the wall connected 
together and disposed at 120°  to each other were also 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 supporting tubes 
extending right across the pipe and with the same traversing 
device as before. The tube facing the stream projected A" from 
the tube across the pipe. Wag pressure tappings,o.o4Viameter,were 
were used to obtain the pressure along the pipe and were all 
connected by Y." 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 tappings at the test sections were directly 
above the edge of the pilot tubes and no interference from the 
pilot tubes to these readines was 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. 



(a) Effect on the total head reading of turbulent 
fluctuations. Goldstein (Refn) has shown that when the 
total head tube is placed in a turbulent stress the head 
recorded is 

p 	%2Eu2  4- ye. 5/' 	

(.4- mean velocity 

U- resultant turbulent 
fluctuation. 

(b) Effect on the pressure of turbulent fluctuations. 
Fage (Refa3) expressed this in the form 

	

Iorn  = + GKciix + W0:] 	
fpm - measured value 

- static pressure 

c/11 , cat ,.  
- mean value of the 

fluctuations perpendicular 
to axis of tube. 

G - constant. 

For fully developed pipe flow was found to be 0.25,and for 
isotropic turbulence pm  = p +c).5097% 

Ovaries with different conditions of flow. 

(c) 	Effect of the angle the pilot tube makes with the stream. 
Page (Refa3) gave corrections for this 

EG 

Velocity 4o7sec 

	

Bo° 	Ho- No 	0.0461 Pu
s 

	

e 100 	 = —0.0006 
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H — Total head 
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(d) Lffect of the inclination of the stream on the 
pressure reading. Fage (Ref23) gave an expression for 
the correction for a tube 0.125" outside diameter with 
12 holes. to

o  = loo  - o. 5vouasir, 26 	for 9 < 20°  

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

D 
= 0 , I5 	U 7 2 	- the displacement 

towards the higher 
velocities 

tube diameter 

11- Distance from the wall 

Near the wall an additional correction has to be 
applied 

Gk= 0.015 

0.003 

0.0. 

Cid- the velocity correction 

- local velocity 

(f) 	Viscosity effects. 
The tube sizes used were small 

would be small. 



2.3. 	BAFFLES TESTED: CONSTRUCTION AND DATA  

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

Hole diameter 

Distance between hole centres 

Area Ratio - Area of holes _ 
Total area 

k, 

0.027" 
= 0.130" 
= 0.197" 

= 0.380 

= 2.66 

(Ref 15) 	=10 .60 

2.3.2. 

K1  and K2 are pressure coefficients. 

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

Then 	KY 	(umot)2 
	

64r„ax  - the central velocity 

kUY 

km  — Pressure coefficient at 

km  = 4 .0 (cissearneaci) 
	 centre. 

Ur 	Kr 	Corresponding values at 
any radius. 



The tables shown below give the variation ofgzwithA for 
values of Cc  obtained from Ref (m) and the variation of area 
ratio with radius for values of amag obtained from the 

[Ay 

logarithmic velocity distribution for Reynolds number around140)(10 

0 K2. 
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0
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0
0
0
0

0
0
0
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149.00 
51.00 
18.90 
8.8o 
4.42 
2.3o 
1.17 
0.55 
0.18 ' 
0.00 

Table a., 
Radius 

1" 	uy 
umog I. 	is 

0.25 	1.01 	4.o8 	0.515 
0.50 	1.03 	4.24 	0.510 
0.75 	1.05 	4.4o 	0.500 
1.00 	1.06 	4.44 	0.499 
1.25 	1.08 	4.68 	0.490 
1.5o 	1.11 	4.92 	0.485 
1.75 	1.14 	5.2o 	0.476 
2.00 	1.19 	5.68 	0.462 
2,25 	1.25 	6.24 	0.450 
2.50 	1.4o 	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 diameter of the drilled holes 
decreased towards the centre of pipe. 

2.3.3. 	The mesh was of cylindrical brass wire woven in a square 
pattern, figa 

Number of meshes/sq inch 4.00 

Wire diameter = 0.015 

Area Ratio = 0.40o 

Pressure coefficient 

66— p)is-5  t2dr3  = 4.57 

for 6 . 4o/sec Rd = ijelm 
tY 

2.3.4. 

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 F . 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 4iere fabricated from perforated sheet 
steel, 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.6 . A spacer piece in the 
form of a 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 yid! 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 0.039" 

Hole diameter 0.097" 

Area Ratio = 0.36 

3.16 

K2 = 12.5o 

CONVEX 	BAFFLE 
(SHORT AT WALL) 

CONCAVE 	BAFFLE 
(SHORT AT CENTRE) 

Diameter Length Diameter Length 

1.5" 15.0" 1.0" 2.75" 
2.5 13.5 2.0 3.5o 
3.5 12.0 3.0 4.25 
4.5 10.5 4.o 7.00 

5.o 7.75 
5.5 10.50 

2.4 	 HOT WIRE EqUIPMENT 

2.4.1. 	Principle of hot wire measurements. 

The hot wire technique is now adopted as a reliable 
method 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 
air 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 
turbulence,— 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 present 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. 



2.4.2. 	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 14". A steel wire soldered to the hypodermic tubing which 
projected to the same extent as the copper wire formed the other 
prong of the hot wire. The distance between the prongs was about 
0.1". The wire used was Wollaston platinum of 0.001" unetched 
diameter, and0.0001" etched diameter. 

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 between 12 and 20 ohms 
with an etched length of about 0.03". 

2.4.3. 	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 50'012. 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 sensitive 
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 amplifier 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 oscilloscope on 
which the fluctuations could be observed and oscillogramstaken. 
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2.4.4. 	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 ii put 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 micrometer 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 lEaf the circumference. The probe 
was made radial as accurately as possible. The velocity at the 
centre of the pipe was measured one diameter behind with a total 
head tube and the wall pressure tapTing. .It was observed that the 
hot wire probe did not interfere with these readings. The bridge 
was balanced and the wire current noted for speeds varying from 
Wsuto 60,fra . 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 figKrri  

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, Page68 

2.5.5. 	Factors affecting hot wire measurements (Ref26). 

.a. Thermal 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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ajEf=MENTS 13.7011ED 

dth Concave friction baffle Concave face upstream the followin,s 
experiments were performed. 
Velocity profiles and pressure drops in pipe for different 
-...?cynolds numbers using pilot tube and hot ':ire. 
1-ressure drop across baffle for varying 'Reynolds numbers. 
Tleasurement of turbulent intensities behind the baffle and at 
the do-mstream end of the pipe. 
Pressure and velocity variations —ithin the baffle. 

Velocity profiles at different sections of the pipe .::ere 
obtained with the concave friction baffle flat face upstream, 
with convex friction baffle, uniform and graduated resistance 
perforated plates, 	mesh and honeycomb. ith the uniform 
resistance perforated plat4pressuro drops across the plate 
:sere measured and also turbulence intensities Lt the downstream 
end of the pipe. 
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CHAPTER 3 

Pages. 

3.1. Prelitninary investigations of 
the concave friction baffle. 44 —6o 

3.2. Derivation of the formula for 
the baffle. 51 	55 — 

3.3. Discussion of the different terms 
of the formula. 56-69- 

3.4. Performance of the baffle. 6'3 -76 
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The physical characteristics of a two dimensional 

baffle as defined on p:.ge I can usually be described by 

one parameter. This for perforated plates is the. area 

ratio, ie. the ratio of hole area to total area. The 

parameter used to describe a square -coven mesh is the 

ratio of the wire diameter to the distance between the 

wires. The relationships betceen the pressure drop across 

the baffles and these parameters as sugested by other 

investigators are given on pageOB ccrld 19 

For a complete description of a varied resistance 

plate or mesh an expression of the variation of the above 

mentioned parameters is neces=ary and this is normally 

adjusted so as to. produce a s-pecific velocity profile 

behind the baffle. A baffle of this type designed to 

produce a uniformly varying velocity profile was 

described in Ref 19 	. A varying resistance perforated 

plate simply designed to produce a fully developed velocity 

ptofile in a pipe was tested in. those experiments but 

did not give any useful results. 

Three dimesnional taffies can be constructed with 

uniform or varied resistance plates or meshes. Elder 

investigated three dimensional meshes (ref 20 ), both 

theoretically and experimentally. Three dimensional 
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baffles can also be constructed of varying lengths of 

perforated or unperforated sheet with unifona or vLxied 
spacing placed in the direction of flows. ArrangeElents 

of perforated concentric cylinde:zs were investigated in 
these e::periments, particularly an arrangeraent with the 

lengths of cylinder incre•-_ring towards the wall, which 

showed interesting characteristics as described in the 

following pages. 
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3.1. 

	

	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 serious defect if symmetrical 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 by 

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 

fig. c 

.46 
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The arrangement of the spacing rods was irregular but 

this did not cause any eccentricity, 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 lenrths 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 0.04 .A.1.40gto2' 77_ 

The necessary adjustments to obtain the fully developed 

profile were affected by small changes in the relative 
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lengths of the cylinders End the final adjustment • 

involving nearly all the cylinders was a very difficult 

task. As observed in fig.ki.t aad discussed later? the 

adjustments were not continued to the ultimate limit. 

For convenience of adjust-ient a larger spacing was used. 

There are two 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 face upstream and most of the experiments 

were performed with the concave face upstream. 

The edge of the baffle was at least diameter from 

the inlet. During earlier experiments with the baffle 

edge flush with the inlet to the pipe it was 4ifficult 

to obtain symmetrical profiles. Also, when the baffle 

was flush with the inlet, the noise became objectionably 

great. 

Observations with Titanic chloride fumes 

disclosed an outward movement of the fluid within the 

baffle. These observations 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. 



3.2. 

	

	When cylindrical tubes of varying lengths 

are arranged concentrically in a pipe as shown in 

fig.e 	the several flow paths, 

A8 

.Fie3e 

tr 

     

     

being different in length, are liable to experience 

pressure gradients of different magnitudes. At the 

downstream end these gradients all terminate in a 

plane over which the pressure tends to be substantially 

constant. 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 pipe, the pressure and velocity 

fields just upstream of the cylinders are influenced 

by its pros ence,the flow 	tending to be displaced 

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 occur within the cylinders 

themselves. 

Howeve; when the cylinders are made of 

perforated sheet so that 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 obdthe 

radial differences of pressure. 

The pressure variations likely to occur are 

shown in fig./ 

Frg f 

where Ps, 134  etc. are the pressures at the numbered 

points shown at the inlet to the spaces of the baffle. 

There is likely to be a pressure drop towards the centre 

of the ripe immediately upstream and a corresponding 

movement of fluid towards the centre. In fig., 	the 

downstream pressure K1 has been considered constant 

across the pipe and accordingly the pressure in the 

different spaces falls from k5to6 4/tolod  etc. causing 

a pressure gradient across the cylinders and consequently 

causing a flow perpendicular to the axis of the pipe 

within the baffle. 



For simplicity assume 

1) That the pressure drops along the spaces 

is much larger thar the pressure variations 

at the inlet to the different spaces 

05-  1°d >> p5—  

2) Between losandN , hland§ etc. the 

pressure drops linearly 

3) The flow is axisymmetric. 
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The suffixes refer to the space considered and the 

distance alon,s the baffle 

pressure 

length of cylinder 

mean outlet velocity (10 each space  
mean inlet velocity 

n 
 C 

radius to the centre of the space 

distance from the w-A.1 to the 
cylinder 

number of mlaces from the 
wall to the cylinder considered 

In fig. 	three typical spaces 1 2 and 7; are down and 

in space 2,.or example, the pressure p2x  at any point 74 

from the origin within space 2,assuming a linear pressure 

gradient and origin at the downstream face,is 

	Sd 

similarly for space 3 and 1. 



PSX 

Po( = 

— 	 (4 + x )] 	 

_.[,_i _kg,(t,÷x).] 
3.2- 

3.3 

121 

4'^a p,— Pd ' pr 

Then 

P2,7( = 10--t`P2 +x) 
,t2  

133x 	g(13 + x) 

puc = 

Since It 	and/ 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 -_. Pig.— 102x 
VerV 2 	

/D- fluid density 

V - velocity through the 
• perforations 

The flow through the perforated cylinder per unit 

area is pt/ 	
C, 

p- Area ratio = Area of holes  
Total Area 

substituting for V from 3,4 
pV= 	(Pix—P241/2 (yie)AL = c (pat - pzx) r2 

 

3.5 

 

G = Npleyz 

3 la 

3.2a 

3.34 
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d,c 

3.8 

Considering the flow into and out of space 2 through 

the perforations of an elementary circumferential area 

of the inner and outer cylinders 

4reprn i +0 a C 2T1 Oa. 640CIX 	P2X ) 
2 fo 	Arr 	+ 6/2) dx (Psx P3xY /2  

5- spacing (distance between 
two cylinders) 

Nett flow out of srace 2 through the elementary 

circumferential area 

2 nc [(tD2.x  h3z) /2.(12 5/2) 	I:31X — 02X12 -6/2)] al  X 

= 	rT  6  [f(  Pot- P2%) 1/2 	i'27c Pim )1/xj 	ok 

Prx 	P2.x)V2.  (P2x - Paz) I  

4( 12) g 2TTC 

Therefore the nett flow through the perforations into 

the whole length of the s; ace is 27c f ° f(p) .. 2Trci" 
-A%  

The integral f f( 	 2X )0  1/2  
h/2.  

12244. — 037C) 	cht 

after substitutint7: 3.1o. 3.24 and 3.30 

SA Pirx d42. [0) — +2.(0] 	 

41 (x) 	1 )16' 

(L) = (12/1 , O v' 
42 

Similarly the integral I f (Pm- P2x)q2+ (pax — 
0 

= % 	[11(t) 4  /14 	 

53 
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3.7 

3. 6 



Inserting v and 6.8 in 3.6 the nett flow from space 
4/3 

TrC iD11/2-17.E12. f fitt) - 	(I) 	-1 6/of fal) 4  2(01 
The decrease in the mean flow between inlet and exit 

from space 2 is = CAILmexTrtxs 	61012. y2,r111 6 

, Tr 72 s  0,42. — °ch.). 4417 C / ii/A4 	(L) fx( 4)1 + %Pi (t) 42.(1) 
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2 is 

RTICL)- .f2.(1)1 +12 1.4'1(1) -= 24 % 

3. 10 

If t is the pressure drop coefficient for the baffle 

then 

	

	3 
v2/0674 2  

a- mean velocity of flow 

Substituting for loiandC in ;4o 
Gut— Lido. 	 [1:.c. 	fo)3 + 	4,,g) .F2.(t)11 

S 5 	K'l 	I 14. I 	2?2,1  
An approximate solution to equation a.m. can be obtained 
by expressing Ay the length of a cylinder at distance 

ilfrom the wall in a non dimensional logarithmic 

form and using generalized suffixes i = 04n 	(-rls ) 	 

ci- diameter of pipe, 112r--  ns 
= n-1-0 
= Cn-1 ) 5  

If it is assumed that °in = 1 (an estimate of the error at n-1 
caused by this assumption has been made in Appendix 1 

page 139 ) 
then 

fict) = 	— tog dAs  )42-- f2 	 5.14 
46-I)S 

— txtr) tog ekns 
)1/1.  04(1..1 tog cle;:fros  

3.12 

3.13 



Similarly 

— 12
(1) . 0.0q 4415 	1 ) 14 = fi m 	 3.16' 

Log 4+05 
Substituting for .fi(!) and 0) in 3.12. and generalizing 

the suffixes 

cie.44 	24 (I  7)11 [fen  fo) + -6- (f2n 
3 	7C-1  

-A-1(-' 1)1' PI" - 
[fen fin) 	({xn t  flq 

Dimensionally 

lq is a ratio of pressure drop coefficients 
across and along the baffle 

the area ratio 

The velocity difference is in a dimensionless 
form 

Cluti  has to be expressed as a function of 11 4 
adli is the required velocity 

The denominator function is nondimensional 

del 	4/S — 2(n- 9h) 
41,1  is the diameter to the centre of any space 

considered 

6 The spacing in the -Lamerator has the dimension 
of length 

In the following pages the various terms of equation 

will be further examined. 
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Sb 

3.3.1. 

	

	The -pressure drop coefficient K' across the 

perforated cylinder and the area ratio")  

    

ai 

 

CA 

 

a 

  

4j2.  

    

I K. pressure drop 

I 	
ccef.pcient 

(1) 	Peg 

  

t r- 	 IC) fe csearc. drop 
0,1 	,c,dc•fic.i en t v./ 	•-• 

          

K'and both depend on the material of the baffle. As 

merioned earlier 	the pressure drop coefficient for 

a perforated plate for the conditions shown in fig.A(i) 

has been expressed in two ways in previous work 

K 1  — (12._-4) 	 Ref 14 

K 2  - 	ea/S)  2 	 Re( 16  
Cap C.4- coefficient of contraction- 

It is possible to have the same area ratio a 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 C . This "pattern factor" could be implied in the 

coefficient of contraction and in that sense the latter 

expression is more appropriate. But how ex,)ctly the 

hole diameter or arrangement of holesc. ffects the 

coefficient of contraction or the pressure 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.J(s) and fig.17(2). In fig.A(2) Vp<<cti  01 C.42. 
where as in fig.h(i) c.4),> 4.1  . If two comparable 



Reynolds numbers were written based on the velocity 

of flow through the perforations the value of Pt  will 
be much smaller for the latter conditions. K is known 
to be influenced by xe though this has not been 

considered in the expressions given above. If the same 

perforated plate was investigated under the two conditions 

K' canbe expected to be smaller than K . The 

velocity difference ti,-c42. 	will also affect the value 

of 

In increase in p will cause a decrease in K1  
and 9n effective decrease in the overall length of the 

baffle assuming that all other factors remain un- 

altered. There will however be a limit to the possible 

increase in the area ratio. 

57 



la 

in a non dimensional form. 

A 

. 	• ^ 

• 

3.3.2. The pressure drop coefficient along the pipe 

(across the b,,ffle) and the spacing; s.  

If a baffle composed of perforated cylinders with equal 

spacing and of equal length is considered, fig./(0), the 

pressure drop coefficient will be a function of the 

spacings and the length i 

se 

me, h - experimental constants 

3J7 	9‘ - constant for a 
particular material 

el- pipe diameter 

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.N andY determined for such 

a baffle, then from expression 8.17 , the equivalent 

length kof a flat baffle could be established. 

if 	Anov. 1.1    3.18 

tri can be expected to be a constant for all baffles 

designed to give a particular conversion of velocity 

profiles. Therefore,for a required sacing s and 

pressure drop coefficient Ylthe maximum length of the 

baffle could be obtained. It is evident that there must 

be a lower limit of I( 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 do*nstream flow. This could cause the 
flow 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 optimum 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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3.3.3. 	The inlet and exit velocities. 

It is assumed that the approach 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 

bo 

the same this will primarily be 

For simplicity, 

`).1/ 

ImaX) b  
Et 	,ty 

a function of the length. 

assuming a power function as follows 

1- the cylinder length 
where G4447  

a constant 8 19 

the maximum length of 
the baffle 

y and 	must be experimentally determined. 

The second term in the expression 

(Joy 44cly 	is the required velocity, and 

for the fully developed 

logarithmic profile 

CAcki 	5.75 Lo9A 5.5 
V* 	 4 

V- friction velocity 

and U=.6 when lir=o.226Y 

.4&Lican easily be plotted for the required Reynolds 
a 

number and the velocity corresponding* to the midpoint 

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

The logarithmic profile could also be drawn 

for a rough pipe and the baffle designed to give the 

required profile 



In equation 3.16 the denominator function 

Fn = 	10_ fin} 	S
1 
 in + f t ). 

dy 

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

n Fn 

d 	= 12 
Z 

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 

4 0.1460 0.0960 0.0717 o.05o4 

5 0.2520 0.1300 0.0960 0.0450 

6 0.9120 0.2490 0.1420 0.0639 	. 
7 - 0.8480 0.4160 0.0632 

8 - - 0.8020 0.0841 

9 _ - - 0.1224 

10 - - - 0.2010 

Table 3.1 

The calculations for d = 22 is shown in App.1 page136 
5 

For n = 1,41._ becomes infinitely large, and the values 
(n-1)5 

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 value of 

Fn for n = 1.125 has been included for d = 22. 



3.3.5. 	The effect of Reynolds number. 

The Reynolds number does not appear directly in 

the expression 3.16 and is not expected to affect the 

expression to any considerable degree. Ll_dm in this 

non-dimensional form changes only slightly with Re 

and K iwill change with Re hut since they appear as 

a ratio the expression 3.16 may not be greatly affected 
by it. 

3.3.6. 	Summary and limitations of the theory. 

If the various experimental constants'are 

determined the variation in the length 29  for a concave 

friction baffle can be obtained from expression 3.16 

for any pipe diameter, spacing and pressure drop. 

A more 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 baffle is not homogeneous, 

unless the spacing is reduced to the same magnitude as 

the perforations, in which case the baffle will act 

differently. The double deflexion of the stream lines 

make the flow pattern complex. 

Certain inconsistancies in the theory have been 

mentioned earlier. At the wall either the assumptions 

for the velocity variation or the pressure variation 

is incorrect, and the denominator function Fn needs 

adjustment there. 

A. baffle designed on the above theory and with 

experimentally determined constants was constructed 

and tested and found to be about 8 percent less 

effective tho.n intended. 

62. 



3.4. 	PERF9RMAWE OF TIT, BAFFLE 

The experimental pressure contours within the 

baffle were obtained with a 0.1" pressure probe of 

hypodermic tubing with 4)  0.025" diameter holes round 

the circumference drilled radially 2" from the end of 

the tube. Fig.koand fig.5.I show the pressure contours for 

the two directions of the baffle and this confirms the 

general pattern of the flow observed visually. • 

In fig.A10 with the concave face upstream the 

equipressure lines follow the extremities of the baffle at 

both ends except near the wall on the upstream side. 

Actually the equiprespure lines can hardly be smooth 

curves as shown in fig. A.10, they would rather be 

stepped across the cylinders as shown in fig.K 
r 

Perforate CytincletS 

--Liv  • • 

E.ervailpfeS.e.ire Lines 

673 

Pig K 

The pressure reudirrs of such probes are liable 

to error when the stream is oblique to the probe. The 

reading is then higher than the undisturbed pressure 

reading of that region (lower-ivepressures) though,this 

error can be reduced somewhat by using 4 holes 
equispaced round the circumference. An estimat,,  of this 

error is made. below using the correction for inclination 

given by, Fage (page SS). 



Observations on an alcohol narometer inclined 1:2 at 

the inlet to space 3 fig.Alowere  as follows: 

.;. 

Total head 	= n^ mm. 

Suction pressure 	= 58.5 mm. 

Velocity head 	= 50.5 mm. 

Correction to pressure 
head 	= 0.51 Sin 2e x 2 x Velocity head 

Taking e 	 = 15°  
sin 90 	 = 0.067 

the correction in mm. inclined 1:2 to the 

pressure reading 	= 0.31 x 2 x 50.5 x 0.067 

= 2.05 mm. 

Actual suction pressure = 60.55 mm. 

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

the equipressure line shown in fig.Acwill actually be 

inclined more. Since the probe was 0.1" diameter it 

occupied a large part of width, 0.5", of each space. The 

resulting contraction tends to increase the velocity 

locally and so to reduce the pressure (large - ive pressure). 

This may compensate the error due to inclination to a 

certain extent. 

Upstream of the baffle the pressure lines, 

fig.AIO, the pressure lines are inclined towards the 

centre of the pipe disclosing a region of low pressure 

there, so that.the fluid converges towards the centre 

where 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 upstream. 

The assumptions regarding the pressure variation, 

linear with distance and equal at the inlet to each space, 

made in the theory are only partially justified by 

fig.ANDand fig.A.lf. Near the wall at the upstream end 
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the inclination of the pressure lines actually indicate 

flow towards the centre even 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 II shows the pressure drop along the 

different spaces in the baffle. The maximum difference 

of pressure across the spaces occurs at the inlet to the 

innermost 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 theoretical assumption 

of equal pressure at the inlets and linear pressure drop 

with the baffle. The theoretical pressure for the same 

conditions as for fig.Aband fig.AtIwould 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.Ai2 

The mean velocity given in fig.Alowas 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 mean velocity from the profile and Treasure 

reading compared. The downstream profiles in this case 

were not symmetrical due to the interference caused by 

the attachments and tubing for the pressure probe, placed 

inside the pipe downstream of the baffle. The higher 

values of the mean 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 reverse rosition, with the flat face 
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upstream fig.6 I was adjuSted so that the same pressure 

drop was obtained across the axis of the baffle 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 drop due to the difference in the inlet 

conditions. As seen from fig.52 nearly a third of the 

total pressure drop occurs at the inlet within the first 

half inch of the baffle. 

Both upstream and within the baffle the flow 

was to,v,ards the axis, there being no double deflexion 

of the stream lines as in the former position. Pockets 

of low pressure exist on the downstream side,which accounts 

for the nonsymmetry of the profiles produced by the 

baffle in this position. Even after repeated attempts 

a perfectly symmetrical profile could not be obtained. 

It was generally noticed that if there were pressure 

variations across the pipe downstream of any baffle it 

was almost impossible to obtain symmetrical profiles. 

Howeverl the profiles in fig.63 are not very 

different from the desired profile. Since the directions 

of flow are quite opposite in the two positions the 

upstream velocity adjustment must be different. 

Therefore, the inlet velocities 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.Ai5 will be correct only for a concave arrangement 

of cylinders. 

The maximum pressure difference between the 

centre and the wall is again about 25% of the total 

pressure drop along the axis fig.132and occurs at the 

exit to the innermost cylinder. 
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Total head readings were obtained at the 

inlet, exit and 1.511  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.A10 

and the velocities obtained are shown in fig.AIS 

This shows an increase in the average velocity of every 

space between inlet and outlet, which is inconsistent 

with the pressure contours of fig.A10 

The pressure gradients at 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 gradient. No quantitative 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 

movement of the air. 

Hot wire measurements of the inlet velocities 

to the baffle are shown in fig.Ak1The flow was the 

same as for the profiles of fig.A•'2 . The average 

outlet velocities obtained from fig.A7 are alson shown. 

These are consistent with the pressure contours and the 

variation of the inlet velocities with the cylinders is 

shown in fig.A15, together with the expression deriver 

from it. Value are shown in Appendix 1 page151 . 



ReferrinR again to fig.AP4the outlet velocity 

in the space aj:c,nt to the wall 	les thah the inlet 

velocity which -;t first sight apears to be inconsisto.nt 

with the general outward flow. however, this is possible 

since at the upstreaLl end the flow is actually towards 

the centre in the space adjacent to the wall, the 

pressure contours here being different from what was 

exected as discussed earli-Jr. 

Fig.A.2.3shows a hot wire velocity traverse at 

the upstream edge of the baffle. The profile is flat 

except for the boundary layer. Along the axis the velocity 

increases fron 48.1P/sec at the upstream edge of the 

baffle to 64.0P/secat the inlet to the innermost cylinder. Ficill.14 

An attempt was made to obtain the value of IC; 

the pressure drop coefficient across the 7erforated 

cylindersibut this was not successful. A single 

perforated cylinder was fixed axially inside the pipe with 

its upstream end closed with a perforated disc fig.L 

       

• Perforated cyl in der 

       

       

       

          

          

          

          

       

Perforce:4ff al d„c 

  

       

Fi e1 1.  

  

         

It was expected that the pressure dro-,: rroduced across 

the disc would persist soEe w..y downstreau 30  that a 

pre,;-,:ure Fradient would be produced between the outside 

and the insie of tvc cylinder, and by makLn:T velocity 

and pressure trav'..Irs,:, -t two sections some idea of K" 

could be obtained. But the pressure 1" downstream of the 



disc was found to be uniform throughout the cross section 

of the pipe. If such an investigation is to be successfully 

carried out in a pipe a more elaborate arrangement with 

two blowers will be necessary. An aT:eroxim:Ate value of 

K was obtained using the derived design expression and 

experimental data from the tested concave friction baffle. 

Fig.E1 	shows the values of e the pressure drop 
coefficint across the baffle.for flat friction baffles 

(i.e. cylinders of equal length). 'Tith smaller spacings 

15' appears to be affected by Re more than with larger 

spacins. The expression obtained for the variation 

of )f with length of cylinder and spacing on the 

ascuv:ption that 	is independent of he is also shown 

in fig. EI 

h concave friction beffle was designed using, 

expreseion3j6(Paleg)The calculations are shown in 

Appendix 1 pagosi- I3IT126 baffle was constructed and 

tested and the profiles obtained shown in fig.ci The 

profile obtained was flatter than the desired logarithmic 

profile. The pressure coefficient )C was equal to 

unity the designed value. Another unexpected feature 

of fig.CJ is that the profile, though different from the 

fully developed profile,remains unchanged alona• the 

length of the test pipe. With a smaller spacing of 

A" as used for this baffle it was more difficult to 

obtain symmetrical profiles than with the baffle with 

WI spacing. 

The discrepancy 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 experimental values of the, required 

coefficients it will be possible to obtain a correctly 
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designed concave friction that will give the fully 

developed logarithmic profile in a short distance. The 

low pressure drop coefficients and the eli-lnation of 

elaborate upstream arrangents makes the concave 

friction baffle a useful means of achieving this. 
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The tctal drag coefficient for the perforated 

plate used in the construction o the friction baffle 

can be calculated fro::.: the values of pressure drop 

coefficient for a flat baffle _riven in fig E.I. 

This includes both the fd.r:ii drag —nd the surface drag 

and due to the arrangeh:ent of plates in the baffle the 

form drag would be a considerable Tart of the tctal :grab. 

It is however Cifficult to separate accurately these two 

components of the total drag. 

The average velocity through the baffle is greater 

than the average velocity in the pipe,due to the 

cross sectional area occupied by the plates as shown in 

the table below. 

Spacing 
egRil@eg gwg42gPiell 

OE. 
6 

112:1 .74 il 

.0.039 614.6.(1 1.10 :LIT 

Y4- (o.,0.3S". 5.95 C.20 :644 
Table 3.2. 

61—Average velocity through pipe 
b- It 	 r?; 	baffle 

611, 	= 

~iirface area :call 
/ — cd-- T°6acirfiffe.nt 

D —Total drag 

(41i)2. 

7' 



Assuming that there is no change of momentum between 

the upstream and downstream sides 
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= 	P ji g  
FT. 

612  

	

••• ce: 	
Y

L= 4 (d 4, 2clii).0  

pl 77  upstream pressure 

p
2 
 -- downstream pressure 

d .--pipe diameter 

Y --pressure drop coefficient 

summgtionicof cylinder 
—Ziame ors exclu Ing one .dace t to ne 
pipe) 

The drag coefficient calculated from the values of 

from Fig. E. 1 are given in table below: 

Spacing ieqh of Area Ratio 0,4 Diam. TEleiness 
Cd 

411  0.36 2.48 0.0318 
14fi 2" 0.36 2,48 6:0 S 64 

y4 0 .41 II O. 56 2 . 4B o.0488 
Table 8.3 

Francis and Minton (Ref 32 	) investigated the . 

drag coefficient of perforated plates at zero indidenco. 

They concluded that perforated surfaces particularly 

those with holes1  are surprisingly rough in the 

aerodynamic sense, the roughness depending on the 

perforated area and on the diameter to depth ratio of 

the perforations. Some relevant data from Ref32is shown 

in Tablea• 4 	and fig.m gives the plotted values from 

Tables B. 	and 3.4 
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Nige AEH0 -Inn.  Cd 414D1ic.mess 
A 04353 24.3 04.071 
B 0;355 6.;.8 04049 
c 04355 21;6 0;08 

o;355 84.4 0;028 
E 0;089 2:,4 0;028 
F o;.355 5.; o o;o38 
G 0.089 5.0 0.022 

Table a• 4 

Cd for plate A is considerably higher than that .for 

the perforated plate used in the present experiments 

even thouCn both have similar values for the chcter-

istic parameters of perforated plates. The form drag for 
a series of plates as used in the. baffle vas expected to 
be higher than for a single rlate. Ho3vor, the thickness 

of Plate A was 0.048"'as compared -;ith 0.039" for the 

thickness of the baffle.plates and the tests on Plate A 

were in a negligible pressure gradient at an average 

speed of 100 t/sec whereas the baffle had steep pressure, 

gradients across it and the velocities were around 

50 t/sec. 
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The minimum serface area of perforated plate 

required to convert a flat velocity profile in a pipe 

to the fully civeloped logarithmic profile ccin be 

obtained using these total drag coefficients. Assuming 

that the pressure upstream and downstream of the baffle 

are uniform across the section of the pipe the minimum 

pressure drop to produce this conversion is given by 

Bernouillits equation 
bq Rel P A.1.1 	 16.9.0x103  

210 

• 1621 x 10.6 

	

U 	= 	6o•o ff/Sec. 

• 70.3 13/set 

Theh by Bernouillits equation 
-2 - 	= 	t• sego02 _ 	= 0.  aske 

	

2 	2- 	 1 2 

= 	0.38 = p,-  1=5. 	( For tested Concave- 
PK5 	 bade If 	(.o) I 
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If it is e..;!Jumed that the difference in the 

momentum of the two profiles upstream and•  downstream of 

the baffle is small, then the baffle must provide a 

minimum drag of 

A p x $8 

Considering the baffle au a sorieJ of plates with 

a constant drag coefficient Cd, the total drag of the 

baffle is 
cd xfpl  A6 

Ab 	0. u3 

ce-10 

Ab 	Total surface cvea of 
bow e 

Spacing Cd Ab `ir =0. 38 
ic 

)( . = 1 . 0 

YAP 0..0488 5.40Ap 0.69" 1.-Z45°  
0.064 8.64Ap 2.2 5.410 

Table 3. 5  

The value of d(c. 	I  the characteristic length (ie 

the equivalent length of a flat baffle ref page 58 ) 

of the ideal concave friction baffle arc given in table 

5.5 	together with the corresponding values for the 

actual baffle tested. The baffle designed with a 

spacing of ;",and )5=1 did not live the desired 

velocity conversion. One re_son for this may be that with 

a spacing of Pi a pressure drop of 1 =1 is insufficient 

to produce this conversion 

Q5 

Ap_crosse.ef,oncii Atea 
of 



Taylor (Ref 33 	) derived an e;,:pression for the drag 

coefficient of a perforated plate perpendicular to the 

fluid stream 

44_  K  
(I + 	ic ) 

Taylor and Davis (Ref 13 obtained e:cporimental data 

for perforated plates with various area ratios. Table$4  

shows the theoretical and e2:porimental values. There is 

little agreement between the two. 

16 
K col (1, 	K p_c4 

Iruen 	p: 
k 13  94  

4-i- 
 
pc -11+7

35 20 K=  (lag 
0.530 2.50 0.790 0.950 0.725 
0.510 2.49 0.635 0.990 0.764 
0.493 3.29 07.840 0.945 0.722 

0.420 6.00 0.950' 0.960 0.691 
4..  

0.188 40.1 1.35 0.330 . 
0.38 g4.44 0.850 
0.41 ,(4.48 0.785 
0.55 41.65 0.796 

Table a.6 
% Values from present experiments 

The value of the coefficient of contraction 

calculated from the e;:perimental values of IC 	bothfrom 

data given by Taylor and Davis and the present 

experiments ,lre larger than those given by Morgan (Nate. 19 ) 
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If a sufficient length of similar boundary 
conditions is available, the velocity profile of the 
fluid flowing within the enclosed boundaries acquires 
an unchanging shape, the shape and the length required ' 
for its development depending on the boundary conditions. 
This is true for straight lengths of duct w$h cross 
sections that do not produce secondary flows. However, by 
suitable chanp;es in the cross section or the resistance 
properties of the boundaries the fully developed 
conditions can be #imulated in a shorter length than is 
otherwise required. Also, any desired velocity profile cEln 
be stimulated by suitabThe arrangements of resistance 
across the path of flow. 

The subsequent behavior of those artificially 
produced velocity profiles cannot, however+ be 1/4•Doily 
predicted and would depend on the method by which they 
were produced and the associated turbulence structures. 

Some aspects of this problem have been inve.:tigated and 
described in the following pages with reference 	the 
velocity profiles generated by the t,:sted baffles. 
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4.1. The flow immediately downstream of the friction baffle, 
figs.A5 andAq,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 turbulent boundary 
layer appears, from fig.A.i,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 i not 
associated with pressure gradients and confined' spaces.-n4 These 
do exist in the flow behind the baffle. 

In fig.A5 the velocity profile )i" 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 in fig.4.7.1 including readings close to the wall which were 
not possible - in the.pilot traverse of fig.A.5 . The flow 
condittons were the same for the profiles in figs.A.2 and A. r ./ 
The averav velocity calculated for fig.A.r4 is 4% greater than 
that of fig.A.2 which may be regarded as the true value. 
Considering a set -al figures from Appendix 1 pagei52, given 
below,this difference tc not excessive 

Distance from Wall 
I 	Hot Wire 
Current M.A. I2  

Velocity 
ft/sec 

2.00" 25.00 625.11. 50.5 
1.75" 24.95 621.0 49.5 

A difference of 0.05 mA in the ammeter reading gave*, 
velocity difference of l'/sec, and the smallest, di 	ion' of the. 
millianmeter was 0.5 mA. 
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The intensity of the turbulence in the direction of flow 
was measured 211  downstream of the baffle and given in fig.4.7.2. 
and fig. AB 	Fig.A.7.2gives the intensity corresponding to the 
profile of fig.A.7.1 while figs.A.e.2.andA.8.$ 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 (Refs 27andze) 
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.6.3shows an intensity of only 3 to 5% of the 
local velocity. 

In a search for an explanation of this difference the hot 
wire equipment was investigated against a manufactured unit 
based on the constant temperature method. The two hot wires 
were fixed downstream of a large meshed grid about 1211  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 etchihg off a small part (0.5 - 1.0 mm) -of the silver 
coating.. 

et 

Correct Constructor) -(5r 
hot Wife, 

. 	 . 	. 

The wire should have been held taut between the supports, 
since looping permits the wire to vibrate and the vibration 
affect 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 
air stream was very difficult. 

Referring again to figs.A•8.2andA.9.3the 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 rio). and 0). 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 lo.g function of the form. 

=E4-4 eStn 27 [7 
d 

(ns 4 4 + • # to9 Sv 
4 

velocity at any point 

pipe diameter 

constants to be derived 

average velocity 

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 free stream, with no pressure 
gradients. 



He assumed a velbcity distribution of the form 

(I)' cos (2T_Iv.) 

w!:.=eA is a constant and the power —1 was obtained by a 
dimensional analysis of the equation of motion in its 
simplified form 

- Ciao' 	i br 
ax 	by 

The shear stress Z was expressed as 

r 	to 21P, /PC4 ) 4* et tita)264  
ay 

.41  was assumed to be a constant, and 4 .2_ 

and the expression fore, obtained was 

U,— errs 74) 21_ ces (21r10, 
2( 

Experimental values were found to be in agreement with this 
expression for % 14 	. Also .t was evaluated at 0.103 

for 2L ..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.A5 andA6 
Figs.A.6.1 andA.6.2show velocity measurements taken 1 and 2 
diameters downstream of the baffle. No systematic variation can 
be identified in the velocity measurements 1 diameter downstream 
except at the centre where the velocity gradients are only half 
those behind the other spaces. There is only a scatter of point:, 
2 diameter downstream. 

Considering the flow at the centre of the pipe the maximum 
difference in the mean velocity decreases as z"c"rup to 1 diamir"-
Xbeen the distance from the baffle and pc-c"9  between 1 and 2 
diameters. 

193 



The values given by Schlichting (Ref210 for the decrease in 
the centre line velocity difference in free jets and wakes 
are 

—0.5 
Two dimensional 	jet 	X 

Circular - 	jet 	X-1.0  

Two dimensional 	wake 	
—0.5 

 

— 
Circular 	wake 	

X0.66 
 

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 . rith a rising pressure gradient 
the rate of decay is slower than with a zero or "a falling 
pressure gradient. 

Velocity profiles obtained 10 and 11 diamters downstream 
are given in figs.A1,A2,.A5 andA6 , for different values of 
Reynolds number. Figs.AS and 	were obtained using a vertical 
water manometer and are considered to be less accurate than 
figA I for which an inclined alcohol manometer was used. 
Fig.A.2.2 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 Reynolp 
number in fig.A3.2 even though the differences are negligiblb; 
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 ofpoints was 
small and smooth curves were obtained. 

Figs.A1 , A2 andA5 give velocity profiles obtained 26 
and 27 diameters from the baffle. 	The velocity profile 
calculated from 

- 5.75 61 	 + 5.5 
V*— 

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 is 
seen in Schlichting's (Ref29c) logarithmic plot of Nikuradse's 
data. But in the present measurements there appears to be a 
larger deviation than is usually obtained for naturally 
developed flows. 
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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 near the end of the pipe and these are 
larger than the corresponding calculated values (Appendix 1 Pagetac) 
The values from fig.A.2J have been plotted again using the 
calculated values of the friction velocity and these points are 
in better agreement with the given line. 

The pressures along the pipe are shown in fig.A 
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 III  the pressure rises at a diminishing rate for a distance 
of about 1 diameter. The pressure drop appears to be smaller 
than that given by the calculated line up to about 15 diameters 
figA$ 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 A" whereas with the baffle in position the fluctuations were 
less than. 0.1" and about 3 or 4 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 velocity profiles. Is similarity of velocity profile a 
sufficient criterion for the flow to be fully developed? 
The 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 mednflow and turbulence properties If the rate 
of strain corresponding to the fully developed flow is 
stimulated artificially in a short length in such a manner that 
it does persistwould the structure of turbulence be the same as 
if the flow had developed naturally*" assuming of course that the 
boundary conditions are the same? 
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Klebanoff and Diehl (Refio) investigated the properties 
of an artificially thickened boundary layer for a smooth plate. 
A brief review of this work is given on Page 15. 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 measurements of the shear stress. However Jacobs 
(Ref 30) 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 
measurements 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 experimentslwould 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 (Ref 9 ) shown in figs.t 
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Since the pressure drop in the pipe, and therefore the 

friction velocity, was somewhat different from the expected 

values for fully developed flow, small differences in the 

intensity of turbulence could have been expected. But these 

differences are large, due to other causes. From the pressure 

and velocity measurements, the shear stress distribution could 

have been expected not to differ greatly from the fully developed 

stress distribution. Unfortunately, this was not measured, nor 

wa.3 the intensity perpendicular to the flow. athout these, it 
turbulence 

is impossible to comment on the correctness of theAmeasurements 

made. It may be that-therio measurements are too low, due to 

defects in the measuring equipment, some of which wore discussed 

earlier. Oscillosrams taken 26 diameters downstream are shown 

on Page 89 
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If similar velocity -profiles could be produced 

with different turbulence fields associated with them, 

their subsequent behaviour would provide useful information 

regarding the interaction of the mean velocity and the 

turbulence field. The graduated resistance perforated 

plate was designed to produce the fully developed profile 

with a 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  ). 

Although it is hardly possible to compare the turbulence 

generated by this baffle with the complex naturally 

developed field without an extensive investigation of 

the turbulence behind the baffle, it ras expected that 

this baffle V maaproduce a close approximation to the 

fully developed profile with a different turbulence 

structure, the large eddies being near the wall and 

the smaller 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 some 

flow conditions. A set of profiles obtained are shown 

in fig.15. I. The average velocities at the different 

do not agree due to the whirling flow in the pipe produced 

by the pressure varieties 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 any notice able difference. 
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The behaviour of velocity profiles produced 

by a convex arrangement of perforated cylinders was 

also investigated. The cylinder lenths of the convex 

friction baffle were uniformly increased towards the 

centre (page 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 readinf;s 

were taken inside the baffle but the equipressure 

lines expected are as shown in fiE,.co 
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The wakes immediately behind the baffle decay 

in a short distance, at 3 dimeters the profile is 
peaked at tha centre and at the wall fig.Dt and fig.1).2. 

At 10 diameters the profile is flat for a large part 

of the cross section of pipe. The interesting feature 

of these profiles is the rapid changes they undergo in 

the short length of 72ipe, to give a profile that is 

not very different from the fully developed 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 mentioned profiles are much 

higher than for the fully developed flow at the same 

Reynolds number, fig.D1 

Velocity profiles in the pipe with the uniform 

resistance perforated plate are shown in fig.F/ 

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 
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of the pipe cross section, the profiles being flatter 

for the lower Reynolds numbers. In the central 

region the profiles change very little along the 

test length though the boundary layer has develdped 

unsymmetrically. 

The difference in the subsequent behaviour of 

similar flat profiles is seen on comparing fig.DJ 

and fig.FI 	The flat profile at 10 diameters in 

fig.DI changes to the round profile at 26 diameters, 

;!hereas the flat profile at 5 diameters in fig.FI 
remains essentially the sane. This difference is 

obviously due to the different turbulence 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 help' close to the perforated plate 

was found to whirl through the individual perforations 

fig.X , formingeddies with their axes in the direction 

ofJiow 
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Whereas with the perforatedAno such whirling was 

observed and the eddies shed by the:cylinder)appea-k.ed 

to be with their axis perper7cular to the direction of 

flow, though this was not easily observed. Also there 



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 of turbulence measured 

31 diameters downstream of the perforated plate 

is shown in fig. F2 

All the profiles with the perforated plate have 

unsymmetrical boundary layers. This cannot be 

attributed to unsteady atmospheric conditions 

upstream because the flow downstream 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 

investigate 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.11 ) page '7 	, but the profile is 

uniformly inclined across the pipe and is very different 

from the nonsymmetrical profiles of fig.FI , which is 

due to some other cause. 

Fig.Ht shows the profiles obtained with the 

fine wire mesh and fig.TI gives a set of profiles 

obtained with the honeycomb. The behaviour of the 

profiles obtained with these baffles is very uncertain. 

Some conclusions derived from this discussion 

of the behaviour of artificially produced velocity 

profiles is_given—la---t-be 
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CONCLUSIONS 

I. The concave friction baffle is a simple means of producing 
the fully developed flow in a pipe within a short distance 
•:ithout any elaborate upstream arrangements. 

2. ;ith suitably adjusted lengths and spacing the fully 
developed profile can be obtained within IC diameters from 

thethe baffle ;ith a low pressure drop coefficient of about 
unity. 

3. The formula derived for the design of such baffles gives 
an approximation to that required and further investigation 
of the formula for the concave friction baffle is necessary. 

4. The velocity profiles and pressure drops along the pipe 
behind the concave friction baffle are in close though not 
exact agreement :ith those expected for f_lly developed flow. 
Ho-Jver,perfect agreement seems attainable ":ith baffles of 
this type. 

5. The turbulence intiensities measured are different from those 
obtained by investigators of fully developed flovf in pipes. 
The reasons for this were investigated but an explanation 
has not been conclusively established. 

6. Every two-dimensional baffle, such as perforated plates and 
meshes :hick ,:ere tested, gave an unsymmetrical profile 
which remained nnsym.metrical along the lonE;th of the test 

7. Velocity profiles produced by the conve:: friction baffle 
changed rapidly to nearly the fully developed profile at 
the end. of the test piper  whereas the flat profiles produced 
by the uniform resistance perforated plate shored little 
chanse. 

6. Changes in the velocity profiles are influenced by the nature 
of the turbulence produced by the baffles and associated 
with the generated velocity profiles. 

9. 3imilar profiles produced with different turbulence fields 
subsequently behave differently. 

10. The inlet length required for producing a lasting fully-
developed profile depends not only on the intensity of 
turbulence but also on the nature of the turbulence 
produced at the inlet. 
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/4.!3AN AIR ULOCITII.DS 	 KJTOMETER 

Total head reading on vortical manometer 
Pressure reading 
Velocity head 
1/2 eel  Lig -= _L fa, ci 

C4 = 66.611 at 20°C 
AJir 

= 9411  

. X241  

X II= X2^ 

TZMP° C A 

15 65.9 
16 66.o 
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 = o.8 

pa 	Density of Oir ci 20°C. 	= 0'00234 lbs see ylof  4 

27 

f C4  

 

Wafer =1935 ibs sec°  / f-14 

 

17 fFISec 2 

_V e,loc ify or air filsec 



0 

15.8 
21.0 
26.0 

istanct ra.pc ,From 
itAla(7) 0 S 

gressure ,eauing Mm 

175.0 
175.0 

• 179'15 
196.5 
200.0 

TYPICAL ILILOCITY MATE23E  

Values for fig. 
Horizontal traver-e 26 diameters from downstream faco 

of concave friction hafae, usinc: alcohol manometers inclined 

1:5 
Zero reading of manometer 
Atmospheric temperature 

= 11.0 mm 
0 

= 200 

ListaAc From Aa 1 
AIN 

Total heaci 
Mtn 

Me.im velocity 
ci P1Sec 

3%Mslui 

II" 

Tot41 neau 
m ro 

1)18112icity 
a p/Sec 

. 

R.05 161;5 :2.75 2.75 83.0 55.90 
0.10 156:0 55.00 v.00 91.0 55.10 
0:20 146.5 58.60 3.25 92.5 54.70 
0.30 140.0 40.90 3.50 97.0 53.20 
0.40 1-22,5 4:;.4o 3.75 101:0 52.6o 
0.50 120.0 4,.3o 4.00 105.0 51.4° 
0.60 124.0 45.10 4.20 loO:o 5o.60 
0.60 120.0 47,30 4.40 11;.0 49.25 
1.00 115.o 48.70 4.60 113:o 47.80 
1.20 110.0 50.10 4.80 125.o 45.70 
1.40 110.0 50.10 5.00 151.0 43.90 
1.50 105.0 51.40 5.10 112.5 45.40 
1.75 93.0 53.4o 5.2o 140,0 40.90 
2.00 9u.0 53;40 5.:j0 146.5 33,60 
2.25 95.0 54.20 5.40 156.5 54.80 
2.50 92.5 54.70 

X28 



LosaritHmic Plot of Values for Profile A.2.1 

Sown in Fig. A.4 

Y*--- friction velocity from c;xperimental d4ta = 2.205 

friction velocity calculated 	= 2.115 

') —kinematicviscosity. 

Distance 
From 	1:.11 

G lot3J.I. 
. N 

G log 	_ 
Y 4  

_V_V_c
,V 

0
  If\ Lr1111

 0
  0

  0
  0

  0
  0

  0
  0

  0
  0

  0
  0

  0
  

L .1t11
N

  t:\  t -11 N 	
0
 	

Jr%
 N

  N
 ‘ ,0 

CO
 UN

 0
  r
l rJ

N
 	

Lc\
 ‘..o 

H
  1-1 H

 /-1 N
N

N
N

N
N

  N
  N

  N
 0

.1
 N

 N
 N
 

. 

0.05 14.31 1.753 1734 
0;10 15;36 2.054 2.035 
0.20 17.50 2.356 2.336 
0.':;0 13;55 2;531 2.512 
o.ko 19.65 2.656 2.637 
0:50 20.30 2.753 . 	2.7)4 
0.60 20.90 2.832 2.813. 
0.30 21:45 2.957 2.938 
1.00 22.05 3.054 3.035 
1.20 22:75 3;133 3.114 
1.4o 22;75 3;200 3.131 
1.50 23;25 3.231 3,211 
1.75 24.15 3.297 3.273 
2.00 24;15 3.356 3.336 
2.25 24.60 3.405 3.386 
2.50 24.80 3.451 3.433 
2.75 25.30 3.494 3.474 
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Analysis of Data Corresponding to Figs. A.1.1.,  

A.1.2 and A.2.1. 

Fig ei-liAa e f .c. v* 
* 

Yc  

A.1.2. 51.0 87.3210 0.0250 0.0185 1.660 1,490 
A.2.1. 45.8 12e.9N107  0.0136 0.017.0 2.205 2.115 
A. 	1.1. 60.0 169.0x10 0.0139 0.0162 2.920 2.700 

was obtained from the preusure drop in the pipe 

between 20.8 and 31 di,-.maters from the inlet. 

VALUES FOR NOFDIMENSIONAL VELOCITY-R1OFILES, FIG. •A.17  

4/7  'V Fig 	A. 1.9. Fig 	A.2.1 Fri, 	A 	1. 	1 
(4.ff/sec 4A/a mos  a ffsec War ma x CA fl/see. a /Um 4:27L 

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 0.635 50.0 0.690 

0.1 0.275 28.1 0.767 4o.6 0.735 54.1 (D746 

0.2 0.50 30.1 0.322 !4.6 0:808 53.1 0:802 

0.3 0.825 32.0 0.874 47.4 0.856 62.0 0.855 

0.4 1.100 3.).1 0.905 49.4 0.8c24 64.4 0.888 

0.5 1.380 34.o 0.930 50.7 0.919 66.6 0:920 

0.6 1.650 35.o 0.956 :,2.2 0.945 68.4 0.944 

0.7 1.925 35.6 0.973 53.2 0.963 69:9 0.964 

0.8 2.200 36.1 0.986 54.0 0.976 71.2 0.983 

0.9 2.480 56.4 0.995 :Y4-.9 0.991 72.2 0.996 

1.0 2.750 36.6 i.000 55.3 1.000 72.5 1:000 

_Q_. = 5.75 Loy V *V + 5.5 	 .c   -Ex perimental friction Cce Hi crept 
Vg 	 N fc.  Ca lculated II 	II 

I 	_ 	2 Loci Re q 	 a - Average Velociiy 

	

il-f-  - 	2.51 

v*  •= 4  /1T3 	 V: - Calculates{ f4c.iton Velocity 

130 
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Calculated logarithmic profile for conditions  

corresponding to Figa. A.1.1 c.nd A.2.1  

IL =5.75 Log  V1f9 +5.5 
V* 

For 	Fig A • I. 

F 	A.2 • I 

0..66.5 + 

61 =-- 48.5 + 

15.5 ic4q 

12. IS tocri 

Vh Lea u 4 	a 
A•I•1 
a .14/sez 

A.2. 	I 
a filsee 

0.05 -1.:501 /:3.30 )2.79 
0.02 -0.699 52.69 39.06 
0.4 -0.398 57.33 43.70 
o.6 -0.222 601 06 45.02 
0.8 -0.097 61,99 47.53 
1.0 0.0 6:3;50 40,50 
1.2 0.C79 64.72 49;45 
1.4 0.146 65.76 50.26 
1.6 0.204 66.66 50.96 
1.8 0;255 67.45 51.53 
2.0 07)01 60.16 52.14 
2.2 0.342 68.80 52.63 
2:4 0.330 69.1!0 5:2.10 
2.6 0.415 69.94 5).51 
2.75 0.439 70.30 53.80 

Zrari.~tion o: the pressure drop coefficient 

Fig. A. 16 for concave fiction  

'et 1(* 
7.8 % 103 

F -
'
0
0

0
0
0
0
  0

  

•
 

•
 

•  
•
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•
  •  

0
 

rt.
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G1
 

o-N
  
0
  G

N
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D

 0
  0
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! =

 

74.5 
122.2 
151;o 
133.5 
11:e,C 
1 So:5 
173.0 
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HOT WIRID TRAVERSE 	FIR. A.9 

26,3 diameters from downstream face of concave 

friction baffle 
Calibration curves for hot wire figs Kl, K2 and K3 

TyPical hot wiT,, calculation pare:-I83 

DI *ranee 
kka 

ti " 

qv 
7T 

7- radius 

Hot WIG 
aurient 

ni. A  
i2 ufrom 4 pAdt 

Vetoeily 

Thesmo 
mrn 

0 611;16 
M.A 	i 

14115, 
a4 

- 44 P/geG 

2.750 1.00 25.20 656.0 54.9 0.131 0.0159 0.875 0.396 

2;50 0;909 2535 631.0 52;8 0.100,. 0,0123 0.650 0;294 
2;25 0;81r 2530 630;0 52;8 o.r..):* 0;0161 0;685 0;310 
2.00 o;728' 25;00 625.0 50;5 0.140 0.0175 0;804 0;400 
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 49.0 0;188 0.0238 1;165 0;527 
1;40 0.509 24.90 620.0 49'0 0.189 0;0238 1.165 0;527 
1;20 0.436 24.80 616.0 48;o 0,205 0;022 1;260 0;571 
1.00 0;364 24;75 611;0 45;4 0;23() 0;0293 1;.391 0.531 
0;80 0.291 24.65 611;0 45.2 0.240 0.0312 1.410 0.639 
0:60 0;218 24.50 60(:.0 42;3 c;a65 0;0352 1;489 o;S74 
0.50 0;182 24.50 600;0 423 0.292 0;0388 1;641 0;745 
0;40 0.145 24;40 600;0 40;8 0;315 0.0425 1;735 0;785 
0;35 0;127 24;35 595;0 39;5 0,328 0.0448 1;770 0;803 
0.30 0309 24.25 591;o 39;o 013.1:.0 0;0464 1;810 0;820 
0;275 0;100 24;20 590,0 38;5 0;345 0;0477 1;835 0;831 
01250 01091 24,10 586;0 36;6 0;355 0;0498 1;825 0;826 
0,200 0;073 24;10 581;0 36;6 0;372 0;0522 1;911 0;866 
0475 0;064 24;05 580;0 36;0 0;400 0.0562 2;025 0.918 
0450 0.055 24;00 576;0 35;8 0;420 0.0594 2.215 0;965 
0;125 0;046 24;oo 576;0 35;8 0;471 0;0666 2;421 1;098 
0.100 0.035 24.00 576.0 35.8 0.562 0.0796 2.850 1.290 

gas 



/83 

The epression used for calculating; the intensity of 
turbulence was 

( 72  - 102)X A ¢ 
'/ 	-----Rootmean square of ..turbulence fluctuation in 

direction of flow 

a —Moan velocity. 

Ko ---Cold resistance of wire 

e —Box resistance 
1 ---`Dire current 

Z0---Thomo ammeter reading 

AT-7—Amplified constant 

6-7—Constant resistance of bridge 

5W—Flom fig. K3 

10 ---From fig. K1 

Typical calculation for distance 1" from wall 

	

fig. S.. 9. 	(page 132  ) 

cold resistance no = 4.8a 
I = 24.75 m.A 

C.4 = 404 ft/sec. —fig. Kl 

	

R = 	22.2. 

0.265 A. 

	

L0 = 	e. 224, rot 

	

5  = 	500 a 

Io .= 326 (nk) 
ai _ 0-545 

4f,---c-,2,18 (0.545) 	210
eit:7Sx

2 K22
1  ► 	(Soo+22 ) 

Woo  
0. 230  

== 	 Soo 
1 	f 6/1 - 326 x o• 265 

O. 0298 

27 4 f5D (ar ) 	 I 
ansfetAl ' TKI k 

(Icsoc, 

eel?! 



Variation of Lan::th and. Inlet Velocity for Concave Friction 

Baffle. 

Values from A.7 plotted in fib. 1.15 

A ga .tmow Loo  oerroc%)t ociv e---Ic9A  
Is -! A C4 . 

tell Cl:4  

7.75 1.355 0.1.219 47;70 1,040 0.0170 
7.oc 1;500 0;1761 50.10 1.095 0;0595 
4.25 2;470 0.3927 ..:,3;0 1;170 0;0682 
?;;50 2,;000 0;5/141 63;.90 1;595 0;1446 
2.75 3.820 0.5821 63.90 1.395 0.1446 

Flat Friction 13affles(Equa1 Length) 
Variation of 1 the pressure .coefficient with Reynolds No.  

Re  IS. Re Y Re Y 

91 x 10$  0,400 69.9 x 105  1;469 47:x 103  0:375 
101;0 0;622 104;0 1;280 73;0 0.548 
125.0 0;571 115.5 1;960 108;0 0.286 
127;8 
157.5 

0.625 
.e- o. uic 

116;5 
129.0 

1:985 
2.180 

124,3  
141.0 

0.556' 
0.306 

162.0 0.526 145.0 2;270 159;5 0;402 
152.5 2.120 184.0 0.332 

Length 	 .4" 4" 2" 

Stxaci nci 	ye y4a &" 

184 

"irflox == 10.5" 

atAti — upstream Velocity 

Eldv  — Dow t, st-ream 1/e4o c:r ty 



DlraGNED OF CONCAVE F7aCTI0N B:1FFLE 

/K  1 ts 	— c.101,1 
-7g.t is.  a- 

Fn 

1$6 

3.14 

    

917 

3.19 

3.18 	. 

    

    

    

)4 	the cylinder length 

Anox —the m:%.ximum length of baffle 

pressure coefficient across perforated 

shoot 

Y —pressure coefficient across baffle 

gay —Upstream velocity at the inlet to 

each space 

Othi --downstream velocity from logarithmic 

profile 

U —average velocity 

5 ---spacing 

p ---are ratio 

Fn —denominator function 

dec —characteristic length (equivalent 

length of flat baffle causing same 

pressure drop across 

' —constants 



n d.. 
a 

d 
Cn-OS 0.0 5 

4 

69 El 
f.' s  

d 
6 

109 A 
(n-05 

C 

teD  4. 
tn.os 

- 
a 	• 

4 
•-• 

i - A 
T 

.4 - / 
6  

It, n f)11.41^  4d1  qin g/ 
011 

54,174, 

t4p4iIn) 
Fr) 

I , .22 • so se, a • ea /•3424 giG ba41¢ 0.0 I • 290 /. Deo 0 . a g 0  (.00 o. $38 o.462. 1. 638 0 • 0 48e a . 07,38 0  • SS ce , 

2  1/• 0o az •oo 7.54!  /.o4/4. 1.342* o.9657 0.776 /..200 0.224 o•200 o•41.71 0.447 0.0.26 0.512.0 0•530 0.048." 0.0748 

3 7.34 11.00  5.50  o•84$ /.04/¢ 0 .740+ o.630 1./70  0./70  0. (70 0.4/2 . 0.412. 0.00 0.31.4. 0.06/2, o•Ofoli- 0 . ors #. 

4 5.50 7.34. 4-40 e•7404 044V c..6q3s 0.8e 6 1./50 e ' At' e# 0 WS 0 0.380 0.387 -0.007 074.7 0.0666o -0V/ to.os"04 

S 4.40 5 ,So 346 o•PPOS 0.7404. 0-6634" 0.11f8 1•14..e o./132. 04*0 tr343 

r 

••374# -0.011 0.737 0.0769 0.0164 0•04/40 

6 3.64 4•40 A-M• o•friBS e.64-36" o.4969 0•876  pile,  / 424 o•Igle e".3S2. 0.340  -o.ciii 0.1/6-  0.0909 v ,06S0  o•0639 

7 3.1* 3.46 .2.74" 0.4969 o•SOS gp• .393  0•89/ /• 13a e • // 9 0 .430  0.3*S 0.360  _0 .0 /s 0.70e 0./1/0 0 • 0782. 0.0632. 

8 9.7$ 344. 2.44- 0.4493 0..969 o.A874. 0.6112. /./30 0.11e 0• /3o 0.344. 0•660 .0.0/6 cf.7cal• o•42.9 0•/00( 0.08+1 

2.1.4- 2 .76.  2..io 0.397+ o.4393 .o.iitz+ 0.883 PAO 0 .117  0./so 0.3#.3. o•360 -0,069 0.702. o..zoloo 0•144 °q' 40 ' 122 f 

IC 2.30 2 ,4 4k .2 •o0 0.34•.11. 0497+ 0.30,0 o•BOS /•/'o eviS 0. /440 o.339 1,,17+ _0 .032 o.wa  0..„,,, 0. ,43 6'0  0. a 0/ 0  

Fr) 	/I. 	f fa,r) r fin} 
dv 

 

.frown eor.esstoo 9./6 0,agc.) 
Es foi 	

22- 

 



The bE-fflo designed is for a spacing s = %P, 	= 1 

and Li= 22. The :function Fr) has been calculated, shorn on 

page 1361  . The variation of the upstream velocity with length 

is given by fig. A.15 

awl = (0.87 Anax )4.46   S i 9 a 

From fig. El 

-6°  
/A) 

1 
 140/1)0.86o 

o• oo84(".= 	k ai 5 

 

3.110 

 

Using a simplified fora of this ex-proosion 

= 	0.0084 (4 )2  4 
the characteristic length of the baffle already t.eSted was 

obtained, equal to 5.41". Since its' malcimum length was 

10.5" 	at =1.94 	hem a. is 

For 1 =22.•'=I  	J=1'345= .lc 	1412m 	b 

Imvx == 1.94x1.345= 2.4" 

the ap:pro::imate value of 	obtained by applying the design. 

formula for the data obtained from the tcot,:.'d baffle .;:as 1.62. 

The area ratio for the material was 0.36. 3ubstituting these 

values in expression 3.16 

C). 755  Fn  011 	1. 3 2S 	Pd../  
/346 4 

Ody was obtained frou the fully developed logarithmic 
profile and.the required variation of length 13 given in the 

table below. 

3.17 



n In CAolv 1 	n 
1"i a 

- - 2.60 
I 0.1050 0.755 2,40 
2 0.0748 0.925 2.22 
3 0.0504 1.000 2.02 
4 0.0504 1.045 1.82 
5 0:0;.,50 1.030 1,71 
6 0.0638 1.110 1,47 
7 0.0632 1.133 1.40 
8 0:0341 1.155 1.28 

9 0.1224 1.174 1.13 
10 0.2010 1.193 0.97 

;38 



Area '_patio /5 	= 0.58 

K = ()
2 	

= 2.66 
/ P ..N2. = Cf r .' A/ 	= 10.60 
der = 4:440 

Estimate of the error caused by the assumption mc:dc in the 

theory of page 54 that 
 an = I 	I 
c‘n+1 	czn-1 

From Table From Tzble. % Error2,1  'IL14.1--t 

,14,16 	= 1:061 

of1/15 	= 0.393 

is,26 	= 1.161 
4,,,A4 	=0.939 

tocAQA 01 =1:1501 
7(671;05 	. 

106  d 1(11.7 :0.856 M.4 

In=5 

8.370'925  
5.26 
1.8414z 

7.59 

1.04 

bet; 
I" =1.140 

=0.32 
=an  tog   a 13 ns/ 

Pressure drop coefficient for perforated plate K  

Test Average. Velocity Pressure Drop K 
Head ins Water Across ';later 

ins Water 

F. 	1.5 0.530 2.350 4.440 

F. 	1.6 0.175 0.770  4.400 

1 39 

Ce= 1.000 

CF = 0.629 

Cc= 0.85  

(page s9 

(From Test 

cc—  Cc'efficie44  of Contra etc:,  n 
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