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An accurate knowledge of the flow phenomena 

and the energy losses In diffusers to important in several 

+cnginoering problems. An oxper&mental study of these asp- 

octs in conical and square diffusers having a constant 

area ratio equal to 4 and an overall angle of divergence  

160  is presented In this thesis. For both types.,, three 

boundary geometries were tested eorrespor(Jing to tho strewn 

line of a potential flow„ Gibson's profile and a plane 

profile. The Reynolds number was varied from 323000 to 

738000 and Its effect on the performance of diffusers is 

studied. Turbulent boundary layer is ensured in all cases by 

placing a proper stimulator at the entrance of the diffuser. 

Growth of the turbulent boundary layer along one side of 
the diffuser is traced by measuring the mean velocity pro 

files along it 

Air was used as the fluid. The diffuser section 

discharges into the square duct. Tirre-average values of 

total and static heads had been measured at the inlet and 

exit sections and also in the boundary layer along the 

centre line of one side of the diffuser. 	the case of 

square diffusers, meanur ments were also taken at the 

corner at a distance of 1.5 cm, from the side wall at the 

entrance and the exit section. Dimensionless plots of the 

wall pressure for the square and circular d ffusers at 



different Reynolds numbers are given. The energy eorr- 

action factors were obtained by graphical integration 
and the results are tebulatcd. The coefficient of energy 
loss as a function of Reynolds number for aU the dtffu- 
sers is pre%ented on a log-log graph# The results indicate 
that the values of this coefficient .en.t are relatively high 

for the diffusers with straight geometries The results 
also indicate that the effect of Reynolds number on the 
coefficient of energy loss is small# The plots of wall 
pressure d stri.bution within the diffuser indicate that the 

pressure rises gradually except just at the entrance section. 

Weightless fibers were attached in the diffuser 
to visualise the flow pattern near the wall. The motion of 

threads indicated flow asymmetry across the section. They 
indicated alternating flow at the top near the exit end 

though at the bottom they were eiIcned only in the fortsord 

direction. This alternating tendency of the separated flow 
is found to reduce with the increase in Reynolds number, 

(IV) 



AR a area ratio, 

b a half length of impervious floor, 

+ c a convection of turbulence energy be mean motion, 

Ct 	coefficient of head lose, C 

coefficient Cp 	oefficient cif pressure rise, % 

Cf • coefficient of skin friction# 

00 a diameter of diffuser at inlet, 

3~ 	diffusion of kinetic and potential energy 
across the flow, 

0 - lateral dimension of conduit, 

D* 	Darcy coefficient in the equation (1— -) 	{ - /b)3h2 

Energy loss, 

F 	form parameter giving a measure of relative megnt 
tude of pressure gradient and turbulent shear, 
F ul dx 

g 	Gravitational constant, 
G - constant# 
h 	head causing flow, 
H a boundary layer form parameter, H 6'/g 
k 	coefficient of permeability# 

L a length of the diffuser, 
Le a length of the approach pipe to the diffuser, 

L* length i`ram.tert a 
O o 



rt 	exponent in power law, u/U0  (w' )fl 

po p'= temporal mean pressure and fluctuating pressure 
at a point ris aectively, 

P a mean pressure at a section,. 

Reynolds number corresponding to inlet width or 
d fsmeter$ u W 	Ua 

a 

 

or 

R a Reynolds number corresponding to an excel distance x, 

r a radius of the conduit,, radial. Co -yd  e., 
S a distance along the boundary of diffuser# 

u,,v,w 	temporal mean vsloeittes in the three coordinate 
directions, 

fluctuating velocity components in the three 
coordinate directions, 

a free stream velocity, 

U0 	average velocity at start of the diffuser*  

Us  a mean velocity at separation, 

u, 	velocity outside the boundary layer, 

W - lateral dimension of square or rectangular conduit, 
x# yipx a dictancet measured in the three orthogonal coordinate 

directions with x measured in overall flow direction, 

X = distance to the point of separation point from the 
start of difffuser$  

a a energy correctton factor, 

A a total angle of divergence#  

on 	dimensionless potential functions Ors Ma  h 
0 • potential function, 

b a  nominal thickness of the boundary layer, 



0 
6 ffi displacement thickness of the boundary layer, 

0 a momentum thickness of the boundary layer, 
10 3 = three dimensionally defined momentum thickness 

of the boundary layer, 

P = mass density of the fluid 

dynamic viscosity of the fluid_ 

. a Kinematic viscosity of the fluid, 

Eddy viscosity of the fluid, 
YJ 	efficiency of the diffusers 

. 	 (pampa /9) ~e 	energy efficiency#  

pressure effis ency # 	• 	.....• 
i'( ?)' 

~3 = tOA-01 A~kr- 	O-N-vt a~ 4Q 	v.~r om E , C') 

o a Inlet section of the diffuser, 

r a exit section of the diffuser. 

I 



I. Energy correction factor*  a for conical and square 
. diffusers. 

2* Coefficient of head loss, C _ 	for all the 
d tffusers, 	 /2 

3. Appendix I Coordinates of diffuser geometries of 
conical diffusers. 

4. Appendix IZ Coordinates of diffuser geometries' of 
souare diffus.rs. 
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C 	x . l 

In the design of hydraulic pipelines, wind and 
water tunnels and the pipe outlets in a dam, it becomes 
often necessary to Introduce a pipe or passage whose 
section shall Increase gradually in the dirtetion of flow, 

and thus converting part of the kinetic energy of flow 
into the more useful form of pressure energy. Such a 
pipe is known as diffuser. Flow in diffuser is of consi-~ 
derable practical importance in case of reservoir outlets, 
open channel expansions, draft-tubes and venturimeters etc. 
In all the above cases the efficiency of conversion process 
Is of immediate Interest since it effects the performance. 
Ideally, maximum pressure recovery and steady condition 
of discharge are wanted, combined with a satisfactory vel- 
ocity distribution at exit. As to case of an abrupt expansion, 
a high energy loss takes place due to sudden changes in  

the flow characteristics, so a gradual expansion is needed. 
But a gradual expansion sometimes becomes inconvenient, 

expensive and also the saving in conversion loss is offset 
by the increase in friction loss along the wall. Therefore, 

the engineers In this field are trying to obtain an effi- 
cient diffuser geometry consistent with economy. 

It Is an observed fact that in an expanding flow 
region, the pressure increases continuously in the 



do instrean direction, with the result that flow has 

to take place in an adverse pressure gradient. in 

the case of very gradual expansions the forward veloc-

ities of the main flow overcome this gradients  but 

as the angle of expansion increases the adverse press" 

ure gradient increases to such an extent that back flop 

occurs neJxr the boundary resulting in separation. The 

reduction of mean flow energy occurs through turbulence 

and high shear along the separated stream line. The 

flow section is reduced resulting in poor recovery thus 

making the diffuser less efficient. any researchers tried 

to avoid this separation by certain artificies such as 

splitter rlalts in the boundary layer flow. S. Kumar (2  

in his M.E.1hhesis concluded that the use of splitter 

walls in open channels reduced the length of expansion 

transition from 10 to 50 percent and the efficiency of 

the transition was also improved# But at large flare 

angles the separation Is unavoidable even with splitter 

wails. 

It is belived that this separation is also affected 

by Reynolds number i.e. for the same boundary geometry# 

the diffuser performance is a function of Reynolds  

number. In the present study, the effect of boundary geo;- 

metry and also that of Reynolds number on the perforcr-

anee of i6°  conical and square diffusers#  is observed. 

The total divergence angle of 160  is selected because 

the available studies on diffusers were for angles 
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diffusers these were the length of sides 

outlet. The values of constant potential 

getting the , potential flow profile in the 

diffusers are assumed arbi.trarily,,  
.. ,~uietry and 'Reynolds number on the 

performance of these diffusers. They found the efficiency 
of potential flow model to be maximum but the effect of 
Reynolds number as observed by them was contradictory. 
Here also, three boundary geometries have been tested 
for each case. 

For axisymmetrtc diffusers# 

(i) Geometry based on exisymmetric potential flow 
theory. 

t) Geometry given by Gibson's formula , for circular  
diffusers. 

(iii) A straight geometry. 

For square diffusers, 
(t) Profile by potential flow theory as applied to 

the two-dimen ional, confined seepage. 

(ii) Profile by Gibson's formula for rectangular 
diffusers. 

(iii) A straight boundary. 

For all the diffusers# an overall divergence angle 
of 160, area ratio l*04 and length 54 cm. are used. For 
conical diffusers the inlet and outlet diameters were 

15 cms. and 30 cms. respectively, whereas for square 



downstream direction, with the result that flow has 

to take place. in an adverse pressure gradient. In 

the case of very gradual expansions the forward veloc-

ities of the main flow overcome this gradient, but 

as the angle of expansion increases the adverse prosy- 

ure gradient increases to such an extent that back flow 

occurs noixr the boundary resulting in separation. The 

reduction of mean flovi energy occurs through turbulence 

and high shear along the separated stream line. The 

flocs section is reduced resulting In poor recovery thus 

making the diffuser less efficient. Many researchers tried 

to avoid this separation by certain artificies such as 

splitter walls in the boundary layer flow. S. Kumar(2  

in his M.E..' hcsis concluded that the use of splitter 

walls in open channels reduced the length of expansion 

transition from 10 to 50 percent and the efficiency of 

the transition was also improved. But at large flare 

angles the separation is unavoidable even with splitter 

walls. 

It is belived that this separation is also affected 

by Reynolds number i.e. for the same boundary geometry# 
the diffuser pcirformencc is a function of Reynolds 

number. In the present study, the effect of boundary geo-

metry and also that of Reynolds number on the perform 

once of 160  conical and square diffusers#  is observed. 

The total divergence angle of 160  is selected because 

the available studies on diffusers were for angles 
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greater then 3004 in which separation is olways p o sent. 

Also, the be oviour of smaller angle diffusers is not 
well known. rullciah (24) and Khan (16) tos cd 32° . q ar, 
ond conical diffusers   respoctivoly -Nsa~ 	as` tht~ off-' 

yf 
 old c nu bcr on the 

performance of thesr'diffusere. They found the efficiency 

of potentt3t flow model to be maximum but the effect of 

foynoid s number as observed by them was contradictory. 

Here also# throe boundary geometries have been tested 

for each case# 

for axisymmetric diffusers, 
(1) Geometry based on axisymmetrIc potential flow 

 91s) 

(ii) Geometry given by Gibson's formula for circular 
diffusors. 

(iii) A Straight geometry. 

For square diffusers, 
(I) Profile by potential flow theory as applied to 

the trso'-d imcn i on a l confined c e opa ge. 

(ii) Profile by Gibson's formula for rectangular 

d iffu .ser s. 

(tit) A straight boundary. 

For all the diffusers* an overall divergence angle 

of 160, area ratio 14 and length 54 cm« are used. For 
conical diffusers the inlet and outlet diameters were 

15 ems. and 30 ems. respectively, whoroao for square 
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diffusers these were the length of sides at inlet and 

outlet. The values of constant potential function for 
getting the potential flow profile in the case of square 

diffusers are assumed arbitrarily. Each diffuser goometry 
has been tested for three Li olds numbers in the 

range a.2 xl " to 7.38x105, obtained by operating the 

butterfly valve at the exit of the vertical exhaust duet. 

The inlets for both types of diffusers are compound 

elliptical transitions designed by the U.S. Corps of 

Engineers and tested by P.V. Roo (25 ). 

The facility of a hot wire anemometer was at present 
not available and hence the present study is concerned 

with the time average values of total and static pressures 
as obtained by using a pitot tube.These values are used 

to find the reduction in the meanflow energy* 
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now In diffusers is of considerable practical impor-
tonce In turbines, pumps, fens, compressors, and other 
rotodynomic machines. Therefore, civil# mechanical and 
aeronautical engineers generally come across such type 
of flows and they studied the effect, of inlet boundary 

layer* diffuser geometry# total angle of divergence, Reynolds 
number, on the diffuser performance.. Since the heed leas 

in diffusers is closely related to separation, so the grovJth 
of turbulent boundary layer and separation are also studied 

under advorso pressure gradient conditions. To have a clear 

vier? of the tor h done to for on diffusers the roview is 

done under the following heads:- 

I. Conversion of kinetic energy to pressure 
energy. 

(a) Two-dimensional diffusers# 
(b) A tisynmotric diffusers* 

(c) Square diffusers. 

11. Turbuutcnt boundary layer growth and separation. 
under Odvorso pressure gradients. 

Is Convoro on oft Qua cneto pressurecnor 

The performance Of all the three types of diffusers 
is effected by the following factorsi- 



j). Inlet conditions, 
U) Diffuser Geometry and Reynolds numbers  and 

iii) Exit conditions. 

(I)  fif e+t of -jn at Cg di _ig  s 

Waitman cneau. and Kline(39)  studied the effect of 

inlet boundary layer thickness- on diffusers of different 

divergence angles from 2.5 to 40 degrees and wall length 
to .throat-width ratios of 8.0, 1 .0 and 48.0, having 

varied the inlet boundary layer thickness from 0.08 in. 
to fully established flow. Different thicknesses of the 

inlet boundary layer were obtained by means of a belimouth 

entry and by different approach lengths. Reduction in 
recovery occur as the inlet boundary layer Is thickened. pug 
The coefficient of pressure rise, Cp(('PY-Po ) w 	/ is also 

a strong function of free stream turbulence intensity 

conditions at inlet, C increases with turbulence. Here 

P and Po  and the pressures at any section and at inlet 

section respectively,, ±* is the mass . density and X30  is the 

mean velocity at inlet. Upto 180  divergence angle, in Ion.9-

wai1ed di fusers of beilmouth entrance* the static press-

ure recovery remained constant. 

(it) ffect LPtffuerGemypd  Bp1d±Jurner,. 
A» H. Gibson (9t 10,11)  tested the uniformly tapering 

rectangular pipes with one pair of parallel sides. The 



ratio of final to initial areas ranged between 2.25 to 
1 and 9 to 1. The flow during the test was a fully 

established flow and the head loss is expressed as a per-
centage of (U0 - Ue )2/2g. He found the loss to be minimum 
when the divergence angle, P, .s approx. 110. It varies ittt- 
le with the size of the passage and with the ratio of 

enlargement, and is given with fair accuracy, for value of 
between 100 and 35°, by the relationship# 

Loss = 0.0072 X1.4 (~ 	)2 feet. 	.. (1 g 

The maximum loss is obtained when A 700, while the 
critical value of P above which the loss is greater than 

a sudden enlargement of section, varies from 320 to 400. 

Loss of head was found highest for rectangular shape in 
comparison to the other shapes i.e. square and circular for 
the same area ratio. However, for pipes having boundaries 
curved so as to make respectively 	= constant) and 
( 	W- constant) showed that the loss was reduced respect- 
ively by 5.3 and 12.1 percent.as compared to the straight 

taper pipe. He also found that for the best varying geometry 

of the pipe, the head loss per unit length of the pipe 
was constant. 

Kline# Abbot and poxU8) employed a correlation 
method between the data of various geometries to get the 

optimum.design of straight walled diffusers, They found 

that the variation of the coefficient of pressure recovery 
Cp with the angle of divergence is always greater than zero 



at maximum pressure offt ioney I 	whore 

2  
and AR = AIAo, A0  and A. are areas at the inlet and g  

the exit eectiono respectively. They concluded that mar-

tmum ")p  occurred at an angle lessor than that gave maxi- 

mum C in straight walled diffusers. At optimum effective 

tress for minimum loss it is only necessary to use a total 

angle of divergence of 70  and the length required to 

provide the neco saryy area ratio. The only precaution to 

be observcd i that t7©  should not exceed about 25 to 30 if 
large fluctuottons are to be avoided. 

"ottman, Rcneeu and KU no 	varied the length of 
th© diffuser and said that very long diffusor was not 

desirable and gave W0  a 20 to 25 for m Imum pressure 
recovery, in long walled diffusors when 80  > le" intense 

secondary floss were created normal to the mall. 

J.F. Norhury (22)  said that the flow in a two-
dimensional diffuser is not by any means two-dimenaionel o  
this term i referring to the geometry rather than the fluid 
notion. In a diffusor having two plane and parallel walls 

and two divergent wells three-dimensional motion may 
arise in three ways: 

(a) As a result of boundary layer growth on the 
parallel wells. 

(b) As a result of secondary flows. 
(c) AS an Inherent property of an apparently two- 

dimensional boundary layer. 

H.Tutts 	conducted experiments In a unilaterally 
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expanding#  tiro-dimcnaicnol, rectangular channel and . 
predicted the optimuri divergence for any required rata 

of gradual oupon stop. Aueng the methods u ocd to 

Improve pracoure offCicioncy are (a) the incrcaoo of 
turbulence# (b) the deflection of kinetic energy into 

the coporoticn areas  and (c) the improved velocity 

distribution of the entrance to the orpenoton. Sop it to 
concluded thot the flov regime to changed duo to the 

deflection of rain currant in the separation zone by the 

vanes rind not by the insertion of a plate along the 

centre stropltno os suggootrd by R. Bur ton a  

DD.C. BtrorW protcotod a method for calculating 

the efficiency of a diffuser for tto-.dtmaaional. etc sdy, 

incompressible flow without separation. Ho used the 
following equation, 

P 

[ao 	( 
0 

where t!a  - ;,itdth of channel at ouit section*  % and a0  

are conotonto to account for non-un .form volocity 

profiles of cMry and cult cocttono of the diffuser 
reopcctivoly. The values of aQ  and ae  are calculated 

from the velocity profiles. 

Visual otudios on flow models in boundary Ioyor 

stall inception were carried out by Sandborn and Kline l 
ThoyvisuoUocd that in a turbulent boundary layer the 
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separation did not occur two-dimensionally but often 
commenced with intermittent streaks of backflow very 
near to the solid boundary. When the adverse pressure 

gradients increase slightly they cause local inter- 
mittent separation. On further increase in these grad--

ients a three-dimensional backflow near the wall occurs. 
If again these gradients increase then a complete break-
down of the boundary layer region occurs. Prandtl and 
iietzens(23)  had also reported that the two dimensionality 
of the flow is destroyed even when the ratio of the 
sides of the entrance rectangle is as small 'as 1:8, the 
flow ceases to be two-dimensional before it breaks away 
from the wall at a diverging angle of 8 to 10 degrees. 

No study is available for the effect of exit condi-
tions on two-dimensional. diffusers. 

Robertson and Ross (28)  studied diffusers having total 
angles of 5, ? ° and 100  and 6 in inlet diameter when 
preceded by 2 dta., b dia. and 9 die, length$ of straight 
pipes. Within the range tested, the pressure -eff ,ciency 
was found to be a function of the product of diffuser 
angle ( ).and effective entrance length (.e  / U )p where 
L. is the approach length. The energy efficiency CY)®,,} was 
found decreasing with increasing area-ratio, 

1. (P.Ped,*2 )/a0 2 	 ... 



where a and + were the energy correction factors at 

a given section and the Inlet section respectively. 

But found that le  is practically independent of the 

angle and entrance conditions. Inlet Reynolds number was 

varied from o,6xio6  to 2.5406  and found a small effect 

on the flow conditions There is even mess variation in 
the energy efficiency. Velocity profiles measured d by them 

did not confirm well to the power law. The plots of YJ p  
versus La/D0  and A indicated a decrease in efficiency 

with increase in either of those parameters. Separation 
occurred for values of boundary layer form perameterl  H 
greater than ,2.4 and exponent of velocity distribution 

power laws  n greater than 0.8. Neither of these form 

parameters can he correlated too well with geometric pars- 

meters near aeperation. If the product ( 	x ) is less 
than 60, separition should not occur for area ratio upto 

about 4. 

A study was made, by Winternit2 and Ramsay(38)0  of 

the effect of inlet conditions on the performance of 
conical diffusers with 4.1 area ratio and 50  and 100  

total angles of expansion* The Reynolds number based on 

the inlet diameter was kept constant at 2.540 for all 

tests. The conditions at inlet were varied by using diff-

erent approach lengths of diffuser inlet diameter#  and by 

means of projecting annular screens of woven wire cloth. 
Both the methods were found effective in changing the 
velocity d. stributions. Energy efficiency and conversion 
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efficiency were found to depend on the diffuser angle A 
and the momentum thickness ratio at inlet 9°  /Do, irre 

pective of the nature of the velocity distribution, where 
0 is the momentum thickness of the inlet boundary layer. 

Ala ri at ion in the inlet share parameter H0( 	) of the 
0 

order of 20'/ did not significantly affect the pressure 
recovery or the losses in the diffuser, where 60 is the 
displacement thickness of the inlet boundary layer. 

(ii) hfWe o 	ffuer.ometry and Rtynolds Number 

A.H. t ibson (9# 109  ' ') studied a number of straight 

tapered circular pipes of inlet dia. 1.5 inches and outlet 
dia. 3 inches having varied the total angle of divergence 

from 30  to 1800. He found that loss of heed, expressed 
as a percentage of (V°  — tUe )2  /2g varies somewhat with 
mean diameter of the pipe, and with the area ratios, as 
well as with the angle of divergence A. for A values 
between 60  and 360, the differences are comparatively 
small and the loss of head is given fairly accurately by, 

(U  
Loss = 0.011 p1.22  a 	feet. 	«. (4 ) 

2g. 

where P is measured in degrees. The minimum loss of 
head is attained with a value of A as 60  and maximum 
loss for A = 660. The value of A which makes the loss 
equal to 100 Y. varies from 40 to 60°. in 1910 he 
reported that the trumpet shaped pipe gave a larger 
loss of head than a corresponding straight pipe.. But 
later in 1912 0  he said that the loss of head may be 



reduced by making the pascage trumpet-shaped according 

to the following formula, 

a 	 (;7 
- 	

) 	• 0 (5) 
r 	p 	 o 	0  

where r, ro  and ro 	ore radii of the conduit at a disc- 
anoe X, inlet and onit sections respectively. He further 

reported that a atilt greater saving may be effected 
by a design giving a gradual uniform enlargement In 

section from t o initial section Ao  to one ,having an 
area A, and a sudden enlargement from A, to the final 

area. Ao. By this method of construction the loss may be 

reduced to about 80 / (in rectangular) and to 96 '/. (in 

circular) of the minimum possible loss in a uniformly 
tapering pipe undergoing the full onl rgcmont of section. 

W.I.Arcber( 3)  expressed the toss, in sudden 

expansions as 
1.098(U U )1.919 

Loss 2g 	 ... 

where Uo  and U,, are average velocities at inlet and 
exit sections. 

Kaltnoke(lb)  in his paper presented data on mean 
velocity distribution, turbulence, and pressure changes 

for total anglo of divergence 7,80, 180  30o  and 1000  

having 2.75 inches entrance dia. and 4.75 inches as exit 

diameter under fully established, flow condition. It is 
observed that the total loss of energy is considerably 



groator than the total energy of turbulence that is 
produecd, thus indicating that a major portion of the 
cnorgy is loot by direct conversion into hoot at the 
regions of htghq local shear in the fluid. He found. that 
the maxir ar pressure is reached at distances beyond the 
start of the ozrponsiono which seam to Increase with 
decrease in divergence angle. Also, the energy convoy*- 
lion occurs "ore gradually in sudden expansion than 
in 300 exponoton. It to also noted that the efficiency 
of energy conversion in the 3e expansionn is not much 
bettor than In the 1600 (i.e. sudden) expcn lion. The 
turbulence characteristics and their effect on diffuser 
performance are summarised as under »- 

(t) a#2 > v' , where u' and v' were the fluctuat~-
Ing velocity components in x and y directions 
respectively. 

(U) u t2 and 	were the highest just below the 
sudden expansion. 

(iii) within the expansion the turbulence intensity 
was the highest near the boundary. 

(iv) turbulence In the 300 diffucorwos of larger 
scale and of high diffusive }fir then that In 
the sudden expansion. 

(v) the ratio of 	,2 to the centre line velocity 
was the maximum in the 3C0 diffusor and was 0.5. 

(vi) the loss of energy mainly occurred in separat-
ion zone outside the high velocity free stream 
due to high shear. 



, 45.. 

(vf ) the turbulence was only a byproduct in the 
energy conversion process. 

Joel Warren (37)  reported that the minimum percent 
head loss for recovery cones in venturimeters depends 
upon both the cone angle and ratio of the cone entrance 
di$. to exit diameter. Also, truncated comes of 1.3?to0  
and t 1.88 Do  and 	]3O and 110  respectively#  gave 
minimum percent head loss. In both instances, full length 

' 	 3 cones gave higher percent head lose. A, LJorissen{1  

stated that it was this phenomenon that prompted the 
German manufacturers of venturimeters to cutoff the diff 
using section at a diameter lesser than the diameter of 
the pipe. Warren also indicated that for certain lengths 
of recovery cones including truncated tones there is a 
certain cone angle that wilt give minimum percent head 
toss. 

Schubsuer ( 3) compared certain statistical propert-
Los of turbulence observed in boundary layer and in fully 
developed pipe flow with zero or negligible pressure 
gradients. Attention is called to a region of high tur 
bulent activity near the wall. The boundary layer  was 3* 
thick and the radius of the pipe was .$6. He showed 
that except for outer parts of boundary layer flows, the 
turbulence In pipes# channels and boundary layer is 
similar tn many respects. The turbulence energy equation 
may be written in the simplified form#  

Pr 	+C, + app 
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where Pr, Production of turbulence energy from the 

moan motion. 
Dd  Diffusion of kinetic energy and potentiol 

enorgy across the flow. 

Cc  a Convection of turbulence energy by the mean 
motion. 

and 	dt,rnipotion of turbulence energy. 

Also P 	- 	 in which all terms can be easily 
ut  

known. Part of the mean flow energy is dtroctly dissipated, 
the dimensionless direct-viscousedissipetion rote is giv 
by 

11 	u, 	
y )2  

The sum Pr  + 	is evaluated to account for the loss of 
kinetic energy of mean floe. Fart of this goes directly 
to heat through the action of viscosity and the ramsindor 
Into the production of turbulence energy. Thus he es ab 
lined a relation bcttocn mean flows  and turbulence. 

? easurements of turbulence intensity at five stet" 
ions and show at one station in the bou d sry layer on the 
inside of ?.50  conical diffuser arc, reported. The conel - 
usionc obtained are 

1. The turbulences  its rate of production, and its 
rate of dissipation in an adverse pressure gradient are 
generally in O cess of similar quantities for zeropressure 
gradient boundary layers. 
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2. 'The turbulence and its rate of production are 
for in excess of the zero pressure gradient case, even 
near the wall. 

3. The longitudinal microscale of turbulence (1x) 
remains remarkably constant across and along the develop- 

ing boundary layer. 

M.C, Chaturvedi 6) determined the characteristics 

and dynamics of flow for four abrupt expansions with 

total divergence angles of 30°, 60°, 90° and i8~° at 

inlet Reynolds number equal to 2 x 1a' with belimouth 

entry. The presentation is made through the kinetic energy 
of the mean motion, kinetic energy of turbulence, pressure 
distribution# turbulence production, and turbulence shear 
in the form of their spatial distribution for all four 
expansion angles, by combining the experimental data with 
the analytical analysis. He also measured w' i.e. fluct- 

uating vel+ city component in z-direction and concluded 

that w' =; v' ,, He , found that mean velocity of flow varied 

along the axial as well as radial directions, but mean 

pressure varied considerably only in the axial direction. 

He could not obtain a relation between the variation of 

velocity and variation of pressure and said that Bernoulli 

theorem can not be used for this study. But ChevrayU2) , 

in bit discussions, concluded that the requirements of 

Bernoulli theorem were satisfied, after analysing Chaturvedi's 

data for 1800 expansion. He observed the stream line patt- 

ern for the 300 expansion well different from that of the 
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other expansions which were almost similar and differed 
slightly in magnitude. He obtained a momentum flux 
equation analytically and oveluotod the various terms 
in it and found that oxperiniontal results varied within 
2.5 'f only. Though the change of momentum flux was 
constant in all the four diffusers, the rate of change 
in 300  expansion woo strikingly different from that of  
the other throe expansions. 

He obtained an energy equation for the moan motion 
containing the terms of kinetic energy flux, work done by 
pressure, work done by Reynolds stresses and work done 
in producing turbulence. He omitted the normal stress 
terms and the product of U'v" and 	p whore v is the 
temporal moon velocity In y-direction. He showed that 
experimental data differed only by 5 porccnt. Bona 
Chovroy(l2)  in his discussion raise a question to the 
omission of the product term and said that the term was 
not that much small but was of the order of 20 porcont 
and in some cases exceeding 1.00 percent. lie also conducted 
independent heed loss measurements in a water pipe assembly 
and found that the head loss was the same as that obtained 
in the air flow studios. The head loss was maximum at a 
divergence angle of 64 and was equal to 0.56, C 2 and if 

the angle is further increased, the loss decreased slightly 
and obtained a value 0.5? IO U2 which was very close to 
the. Borda value of O.56 P /21 The value of angle i.e. 64"° 
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in close to the results of Gibson for ma4mum head lose. 
According to Gibson the maximum head loss was 20'/. 
while duo to M.C. chaturvedi it was only 6.3 % over the 
Borda value. Head lase obtained by Gibson is more because 
he performed the tests under fully +establS.shed flow eond-
i tion th Lie Z.C. Chatu rvred i used a bel lrnouth entrance. 
A similar, obsorvatton is made by Huang. 

w.c. chatury (6)  could not analyse the turbulence 
energy by rneons.of the integrated turbulence energy 
equation obtained by analytical means. o he analysed the 
equation of motion in the axial direction and neglected. 
the viscous stresses and other terms that wore equal to 
Zero and obtained, 

u 	 u 	 V or  

+ 	 .. 

He found that none of the terms within the bracket could 
be discarded as required by Taylor's approximation. He 
noted that cumulative dissipation logs behind the cumu- 
lative production. Also evident was the fact that the 
rates of prnductton and dissipation achieved their mania 
mum values very early and rapidly settle down to a 
comparatively  much smaller rate when both were almost in 
equilibrium with each other. The smaller the angle of 
separation, the earlier was the onset of both these 
processes. fever, It was seen that beyond the angle of 6009 
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the earlier onset of diffusion had no effect either on 
the turbuicnco production or on the hoed loss. Also, rate 
of incroose of heed loss decreases with the increase in 
oxpanlion ratio, the head toss tOndtoag to unity asympto" 
tically. # alinOkoU4)  when plotted the data, obtained 
by various researchers, for different area ratio found 
that the efficiency of the diffuser decreased with 

increase in area ratio. 

Turbulcnce characteristics of a diffuser as obtaincd 
by I.I.C. Chaturvedi may be summarised as under:- 

U) The turbulence as it convected and diffused 
arrested its own formation and ted to a uniform 
distribution of mean velocity. 

(it) Turbulence produced its own decay having broken 
into smaller and smaller eddies# 

(iii) The production, convections diffusion and diss-
ipation rendered a unique distribution of tur - 
buion co energy over the entire region. 

.C. Chaturvedi observed that the large scale properties 
of motion are not affected by viscous action'. Thus# 
beyond the effect of viscosity on the conditions of stab
ilit, it has no influence on the pattern of separation 
and the turbulence Intensities. 

He also noted that the most significant feature 
of the separation was the turbulence production, which 
caused the high energy lose. ChovroyU2)  though agreed 



with this high energy loss but said that since the 
transfer term was higher than the production term the 

energy loss from the mean motion was transferred to the 
eddy and that was the role played by separation. 
.C.- chsturvedi stated that because the dissipation of 

turbulence energy was also high, the kinetic energy of 
the turbulent motion remains comparatively small. He ,  again 
made a note that although the flow field was intensely 
non-homogeneous and anisotropic at the beginning, condi.- 
tions of homogeneity and isotropy were approached at a 
rapid rate. 

Huang(12)  stated that l .C. chaturvedi's results 

could not be generalized since he kept the Reynolds 
number constant and used the same inlet condition throug rout. 
He conducted experiments an water-pipe assembly for dtf 
Brent Reynolds numbers and for smooth and rough inlet cond-
itions in addition to the bellmouth entry. He tested three 

more divergence angles viz. 500,, 150  and 70  and found that 
the head loss in case of only beilff*uth entry depended on 
Reynolds number and decreased with increase in Reynolds 
number from 22104  to 3..8x ,115  for P 'c 50P  and said that it 
might be due to the significant changes produced In the 
flow pattern as go  varied. He further obtained the head 
loss to be independent of either Ro  or for P> 600, 
He also observed that for the same divergence angle, the 
head loss was the least for belimouth entrance and maximum 
for rough entrance. Also, variation in head loss. for these 
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three types of entrances was negligible for A > 600  and 

significant for < 600. So, he made a note that character,  

istics as presented by M.C. Qhaturvedi would be couch diff-
erent in actual pipe expansions which were far from bell-

mouth entry case. 

(131) E 'fect of exit condition 
Robertson and HoZl 30)  studied the effect of exit 

conditions on a 7.50  diffuser having inlet diameter as 
6 inches. They provided the following exit conditions: 

1) Free at 11.3 inches diameter#  
2) 23 inches long pipe of 7.38 ,s ches diameter, 
3) 11.7 inches long pipe of 9.35 inches diameter#  

and 	4) Fire at 9.35 inches diameter. 

The observed Cp  H, 6, and D, to be practically 

constant in all the four cases, till the point of boundary 
changes, where D,, u Darcy coefficient in the boundary 

layer velocity formula (1- ) D, (l 	)3/2, arid H    

u is the velocity at any point in the direction, 

a i 0 velocity outside the boundary layer in x-direction, 
and y a distance measured from the boundary surface within 
the boundary layer. ram(29)  in his discussion pointed out 
that the immediate changes in the shape parameters H and 

at the point of boundary change was in conflict with the 
history concept of the outer region of the turbulent bound-
ary layer in adverse pressure gradient. 



(c) Square D ,ffusers 

Very little information is avaLlable on square 

diffusers. A.H. Gibson (9,1°' 13) tested some square expan- 

$ions having angle of divergence 	5o,140, 200,300 and 

with side lengths 1,329 inches and 3.659 inches at the 
inlet and outlet respectively. He measured the pressure 
along one face and along one corner and found that there 
is no differenct between the two pressures for small 
angle diffusers while for large angle diffusers they diff. 

er.  , slightly and the corner pressure was more. The minimum 
loss of head_ was obtained for , 60 and had a value of 

shout 14.5 7« • The lose of head in a pipe of square 
section was at the least 20'!. greater than a circular pipe 
of the same length and some Initial and final areas. Gibson 
tested one more pipe of constant cross--  sectional area hav-

ing one pair of diverging sides and the other pair of 
converging sides (i.e. from square to a rectangular sect-~ 
ion) to determine form effect. The length of the pipe was 

9.94 Inches$ P'for divergence 703? t and A for convergence 

30501 He found that the head loss In that pipe was 48.4'!. 
of the kinetic energy per pound of fluid in the pipe. 

11. 
sure •qrao tents 

Robertson and Ross(28) observed during the study of 
diffusers that the product L x A should be less than 
60 at no = 1.5 x 106 for area ratio upto about 4 to avoid 
separation. Zn other words, the .separation is not only 
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dependent on the inlet conditions and angle of diffuser, 
but is also a function of area ratio. They further 
reported that separation was, observed for 7.50  and 100  
diffusers for 	. and 8 respectively. Separation 

+O 
occurred for a value of H greater than 2.4 and n greater 
then 0.8.E eher* n is the exponent In the power law velocity 

(3&) distribution. Later on Winternit! and Ramsay reduced the 
limit i.e. 	x A C 60 for no separation.  

Q 

Robertson and Calehuff (29)  also studied the boundary 
layer flows in adverse pressure gradients on a 7.50  conical 
diffuser having inlet diameter b inches and 11.25 inches 
at the exit.. The mean velocity profiles were analysed to 
determine the displacement and momentum thickness accord-
ing to the usual two dimensional relationship rather than 
three dimensional which should apply. The Justification 
given by them was that for comparative purposes, the diff-
erences are irrelevant. The value of the shape parameter 
thus determined approached a value of 2.9 near separation. 

Robertson and Fraser ) showed that the separation 
conditions depend on the initial momentum thickness* 
Reynolds number and a distance parameter involving the 
initial momentum thickness, the Initial radius and the 
diffuser length. They assumed that separation occurred 

€3 
at D.* at 1.3 and obtained a relation between   

and % as a function of length parameters LQ - WR0 ) . R0  /O 
graphically where tie  a mean velocity at separation. They 



also demonatrattd a design method for an efficient 
conical diffuser for known values of R$  and 90  /0 

0 
for large values of L. , increase inReynolds number had 
an adverse effect leading to earlier separation. Compar-
ison with experimental information on diffuser separation 
indicated that the pred ictions were reliable, but conser-
vative. 

Clauser(?)  carried out an extensive experimental. 
study of the problem of turbulent boundary layer separ 
ation in adverse pressure gradients. He observed that 
the experimental results obtained show little or no agree-
ment with the methods yet available for prediction of 
separation. He further concluded that dependence on shape 
parameter, H1  as a criterion for separation might give 
erroneous results as H not only expressed the effect of 
the adverse pressure gradient but also that of skin frict-
ion. He argued that a value of H equal to 2.2 and 2.6 
could be obtained on rough surfaces in zero pressure 
gradient and without separation of flow. He further 
pointed out that the simple assumption of a constant 
eddy viscosity accurately predicted the behaviour of the 
outer 80 to 90 percent of turbulent layers • This outer 
eddy viscosity was proportional to ►* , and when it was 
combined with an inner eddy viscosity proportional to u.y, 
a complete and remarkably accurate picture of the tur 
bulent velocity profile was obtained. The constants of 
proportionality were not affected by pressure gradients, 
Reynolds number #  or roughness. 



The tendency to separation can be delayed by the 
following methods, as suggested by different Investigators• 

i) increasing the initial Reynolds number and 
stowing the rate of velocity deceleration, 

it) increasing turbulence level of approach flow. 

iii) deflecting the main flow into the zone of 
separation.,, and 

iv) improving the inlet velocity distribution. 

ovi0 1 	 Vniver itv 

studied boundary layer separation in 
two-dimensional linear and hyperbolic expansions. The 
fiuming ratio was kept constant at 50 % and Froude number 
of the approach flow was varied in th.e range 0.65 to 
0.80. He said that the experimental data have been found to 
agree closely with some of the theories. Boss and Robertson 
formula for the growth of momentum thickness, 0, was found 
to give very satisfactory result. He gave ' a simple for-
mula, for the rediction of separation, according to which 

c~ (x P )1/2 a.26 (R xl0 6 ) 'b0 ; C 4 0.75 
... (10) 

The coefficient 0.26 is replaced by 0.35 for Cp > 0.75. 

This formula gave reliable results at Reynolds number, R, 

of the order of 2x106. The typerbolic transition given by 

R. S, Chaturvedi was found to be most efficient. 

s. ar(21) observed the effect of splitter walls in 
open channel eupan lion s. Three tran sit ions with different 



flare designed by R.S. Choturvedi, were studied, each 
with and without splitter walls. A straight transition 
was also tested and the length of splitter walls was 
also varied. He concluded that the transition length 
may be reduced 10 to 50 percent by the use, - of splitter 
walls. The reduction in the values of energy correction 
factor was of the order of 20 to 33 percent. it was also 
noted that advantage with respect to the head loss is 
more in shorter transitions and still more in straight 
line transition. 

R.K.Jain 	} described, in his thesis, theoretical 
and experimental studies of various expansion transitions 
in open channel with special reference to head loss. A 
method of designing expansion transition for minimum head 
lose was also recorded. The method consisted of optimie 
ing the head loss integral and solving the resultant 
differential equations. The performance of the proposed 
transition was found to be superior over those proposed 
by R.S. chaturvedi in both the splay 1:3 and 1:4 . He also 
concluded that the efficiency .ciency Improved with the reduction 
in splay and with decrease in discharge. Also, the pheno~-
menon of separation was not observed with a flare lase 
or equal to 1:4, in the proposed transition. 

V«pullaiah(' ") studied the effect of boundary g*o.  
retry and Reynolds number on the diffusers of constant 
area ratio of 4 and overall divergence angle of 320. 
Three boundary geometries obtained by Potential flow theory, 



Gibson's formula and straight one were tested. Each 

one was tested for three Reynolds numbers ranging 

from 2.61 .(8  to 8.61ylOb. He observed the flow asy-

rnmetry In both the directions perpendicular to the 
overall flow direction. The asymmetries were found to 

alternate from one wal.I to the opposite wall. The fr+ 
quency of alternation decreased with the increasing 
Reynolds number. Separation was observed along the top 
face. The not£f ctent of head loss was the highest 
and the mean pressure recovery lowest in the straight 
diffuser while in the potential flow boundary diffuser 
the coefficient of head loss was the lowest and the 

moan pressure recovery higheit. The head loss was found 

to increase with the Reynolds number for all the three 
geometries.. 

A similar study on conical diffusers, having an 

area ratio of 4, with total angle of divergence equal to 
32 and 1800  (abrupt expansion) was done by 8.Khan U6  ). 

He again tested three above said boundary geometries and 
varied the Reynolds number from 2.68x108  to 9.20l0 . 

The asymmetry In the floe; was ayatn observed for these 
diffusers, but coefficient of head loss woe found to 
decrease with Reynolds number. The coefficient of head 
loss was found to be minimum fcr potential flow and 

Gibson's profiles# and wall pressure recovery was highest 

for potential flow model. As regards the growth of tur-
bulent boundary layer and its separation, the potential 



flow modal was found to be quite sotisfactory. Growth 

of turbulent boundary layer was very rapid in large 
adverse pressure gradients, and the value of the shape 
parameter at separation point, as found for the potent-
ial flow and Gibson's models, for highest Reynolds 
nunber (9.2o40) was 9.80 and 2.40 respectively. 

The following conclusions can be drawn from the 
above review. 

(1.) Porforcmance of a diffuser depends upon Oho 

divorgonco angle, area ratio, boundary shape, turbulence 

legal and inlet conditions. 

(it) At smaller Reynolds numbers, the diffuser 
performance is affected by Reynolds number. 

(iii) Optimum efficiency of a diffuser is observed 
at an angle of divergence betvocn 6°  to 80,. 

(iv) If the angle of divergence exceeds 4Q0, then 

an abrupt o tpon pion should be preferred 

(v) A compound shape or a trumpet shape improves 

the performance of a diffuser for the same length as 
straight diffusors. 

(vi) Separation in a turbulent boundary layer flow 

does not occur at a fined point and also in a two-
dimensional manner. 

(vii) Still, accurate methods are not available for 



the prediction of separation and growth of the turbulent 
boundary layer in an adverse pressure gradient. 

(viii) Occurrence of separation increases the loss 
es in a diffuser. 
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to  
The apparatus consi.strd of an inlot followed by 

a diffuser and then, by a uniform square duct on the 
some horizontal axis as shown in fig. (1). T typos of 
inlet and diffusers, one circular and other square were 
sal:. Tho inlets were compound elliptical transitions 

which converged from the puns vertical walls at one 
end to the size of the inlet cross- suction of the difff 
users at the other end. For both circular and square 
diffusers, three boundary geometries, as shown in figs. 
(3 and 4) were tested. Circular one had an Inlet diameter 
of 15 ems. and outlet diameter of 30 ems. and square one 
varied in cross suction from 15 cm. x 15 cm. at the 
inlet to 30 cm. r 30 cm. at the outlet. In both cases 
on overall divergence englo of 160  was observed. The 

duct was 370 ems long and 50 cm. x 50 cm• in cross 
section. The inlets and the diffusers wore 18.0 cm. and 
54.0 cm, long respectively. The circular inlet and diff-
users were made of wood and the desired boundary geometry 
was obtained on the lathe with the help of templates. 
These were moothened by hard sand paper and painting. 
After that a soft sand paper was used for smoothening. 
The square inlet and diffusers were made of ?.S.  sheet. 



Each side of the diffusers was pressed to the desired 
foray with the help of a templates and the four aides 
were jol.ncd along the corners by w lding. They were 

smoothonod with the help of send paper. The oquaro duct 

woo code of he rd-boardo 6.25 mm. thick on three sides 
aged lucito ohoct on one side. A window was also provided 
to approach the diffuser outlet grid joined to the duct. 
A constant epeed centrifugal. blower coupled to 4 7. ► h.p. 
rotor at the end of the duct gave the necessary air flow 
in the diffusers and the air was oxhousted through a vort-
tcal square duct. The rate of flow was regulated by means 
of a butterfly control valve on the exhaust section. Thoo 
were nine openings provided for the volve. The Whole of the 

duct and diffusers wore mounted on trestles. 

Average values of total head and static bead wore 
measured In the direction of overall motion of the fluid 
(air). The total head was measured with a total head tube 
and static hOSdD by a static pressure tube separately. The 
difference between those two heads gave the velocity heed. 

easuremont of mean value of total hood created some 

difficulty in the highly turbulent flow. 'hose total hood 
and static head tubes wore mode from a stainless steel tube 
of 1,.8 mm. diameter (external),* A total, head tuber made 
from hypodermic tube of 1.8 mm. diametor flattened at the 
Cnd to 0.7 mm overall thickness woo used for measurements 



within the boundary layer. The static head tube 

tioo scaled at the and by soldering and finished to a 
chopo of hemisphere and four pressure holes were made 

around the tube at a distance of C d iarnotor o from the 
sealed and. Piozometric openings along the centre 

lino In case of circular and along the centre line and the 
corner both in square diffusers at the top were provided 
at close Intervals to measure the wall pressures. Three 

piezometria openings wore also provided in both inlets 

along the centre line at the top. 

A bridge was mounted on the diffuser along the 

diffuser arise  carrying a moveable gauge which could be 

moved up and down by means of the rack and pinion errango-

mont provided on the gauge. A vernier was also provided 

at the gauge having a least count of 0.1 mm. A brass 
tube was attached to the bottom of gauge which could be 

joined to another brass tube having the probe parallel 
to the flow. Holes were made In the diffusoro for the 

vertical movement of the probe. The position of the probe 
could be located with the vernier on the gauge. The bottom 
of that brass tube having the probe was connected by 

moons of plastic tube to a limb on the multiple tube mono 

meter with a mirror base. The spirit was used in the mano-

motor. Another vernier having 0.1 mm. as the least count 
was provided at the manometer.. The piozometric heads woro 

to en, on a vertical water manometer. 



3. Procedure 

The mole sot-up was checked for any suction of 

air before starting the motor. Holes*  if any were sealed 
with the help of either moulding clay or tape. Two 
brass tubes one fitted with the static pressure probe 
and the other with the total pressure probe were fitted 
alternately to the gaugo on the bridge and mean vatuoo 
of static and total pressure heads were. observed. Values 
ore taken for full section at ;inlet and outlet centre line 
of all the six diffusers and also at the right hand connor 
at inlet and outlet in case of square diffusors. Along the 
length of all the six diffusers these heads wore measured 
only within tho bottom boundary layer along the centre 
line, Threads were attached along the centre line of 
diffusers to visualize the flow pattern and asymmetry. 
All measurements wore made with the probe pointing in the 
upstream direction. Howover, in the regions of back flaw 
the total head tube was reversed to obtain the nogativo 
voiocitioc. AU the measurements wore taken for three 
valve openings which corresponded to three Reynolds numbers. 
Temperature was also recorded during the measurements. 
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3ESIGU Of MO DEL GE ET RY 

three different boundary geometries for both ax1syumetric 

and square diffusers are tested fo, their hydraulic performance in 
this thesis. The same inlet flow conditions are ensured In the 
six models by adopting the Ktrchhcff free.-stream surface approxi.► 
mated by two ellip-3es as given, by Eqs. 11 and 12 and shown in Fig.2. 

1, Inlet Profile 

This- inlet war, found(2 to give a moth entry of flow 
into the conduit .nd it was found to give a constant velocity, 
distributionacross the section except In the boundary layer flow. 
The ell pses are given by 

..  ) 

Here, D a lateral dimension of inlet at uniform section and x and 
y site the ordinates as shown. in Hg. 2. 

2. A~cis,; aetric DIf 'use s 
~Il~nlfll/r9r1~A 	n Yr~rl~filrfrtlM/I~I~MwriNIYlYll~lrfrri~ Yrrf_M 

(i) Potential Flow Geometry 

It is a general practice to streamline the sluice inlets 

according to the potential-flow theory. As fully developed 

turbulent flow in a conduit approximates the irrotationai flea, 

it is felt that a geometry based upon the shape of the hounding 

streamlines should give a trouble- free design. Utilizing this 

concept the potential flow geometry  was obtained as follows: 



The flow of an incompressible fluid can be rep- 
resented by Laplace equation in 3-dimensions.as 

... (3) 
ax 	2 

where 0 is a potential function. 

Let the solution of this equation is#  

0 . 1(ax +by2  +ez2) 	 ... (14) 

singe 17 20 a a+b+c i we get a solution of equation 
when a+b+c * 0. 

This equation may be satisfied In several ways, 
such as coal  bm-2a, orb=-  a, cw0etc. 

Considering b= c, a 	2c as the solution# we get,, 

The velocity components then will be#  

u * 	= .2cx t V = 4'  Cpl t tell' a 	= cz 

Hence, for the stream line we have, 

Considering In *y-plane only, the equation of stream-
lines will he# 

0  9Y 
y 

or 	log x a log c log y or x y a constant. 

or 	xy2  CS constant 	 ... (1?) 



This satisfies the partial differential equat-
ion of the Stokes stream function. So, the projection 
of streamlines on the xy-plane is a family of cubic 
hyperbolas with v and y-axes as asymptotes. In the 

present ease y vines from 7.6 to 16 cm. in a distance 
'of 54 cm. Wegety.5 cm• for x a ?2 cm So, the 
governing ecuatton will be 

xy2 = 050 	 0. US) 

The coordinates of diffuser geometry are given in 

Appendix I and shown In Fig.3. 

From his experiments* Gibson concluded that trumpet 
shaped boundaries, gave lower values of head loss as comp-
ared to straight boundaries, other parameters being same* 
It was also concluded that the passages in which head loss 
per unit length was -constant were most efficient. for 
circular pipes the boundary geometry can be obtained by 
the following equation, 

;g1r.s.2 r-'±' 
r'4  

... 	(19) 

where, r, rQ and re are the radii of diffuser at any 
distance x, at inlet and exit sections. In the present 

study r0. a 7.5 cm., ra., = 1 ► cm. and L = 54 cm. 

So, 	r$ 4 	? .5 	~ 	~ ? . b 	4 ~ 	, 	4 ) • • (20) 
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or r 4 a 0.0806 - 0.00086? x 	 ... (21) 

The coordinatesare given in the Appendix I and plotted 
in Fig.5. 

(lit) , f+~h Pro!.10 
A straight conical diffuser hawing 7.5 cm. and 

lb cm. as the Inlet and exit radii and length equal to 
54.0 cm. was also tested. The coordinates are given in 
Appendix I and plotted in - Ft . . 

2, square Dtffus.rs 

A potential flow solution for the two dimensional 
diffuser is sought as follows. 

The two dimensional flow pattern of confined seepage 
below an impervious floor of length 2b under a head, h 

is considered as shown in ft.g.4. The equation of the equip-
otential lines is given bye 

(bcoa On 

E _ r- 1 
(ba .n Sn )2 

... (22) 

which gives conformal hyperboles of constant 0 lines 
where 0 = potential function and On a /kh, and k = coeff-
icient of permeability. An equipotential, line of 0 a 67.5•/' 
is considered, $a, On = 0.575 n = 103.5°, and the equation 
reduces to 

.r. 	 ,. (23) 
(b cog 103.5°) 	(b sin 103.5° 



4.39 

(O.2334b) 	(0,9724 )2 

The a .r potontia]. line of 0 = 42.5 `f. yields a 

similar equation which defines the image of constant 
equipotentisi line it = 37.5 `/. about the axis of symmetry. 
The present diffuser is proposed to consist of bounding 
surface a' c' and ew e'*, shown in fig. (4 ), defined by 
constant 0 = 57.3 '1. and 42.5 `1., lines on the two sides 
of the axis of symmetry. 

Interchanging the coordinates and adopting area 
ratio 4, equation for the diffuser geometry is 

2.08W0 	 ~i 

It is proposed to have a width of 16 cm. at inlet 
and 30 cm. at the exit section to give an area ratio 4. 

At, it 	0, y 0.5 W0 '= O.Sxl5 a 7*5 Cm. 

At, x 	., y= W; 	a 15 cm. 

Sot L 2.08x1.«732W0 = 3,6W0 = 54 cm. 

The overall total angle of divergence, 

tans ̀ (i3) to 2x 	0.278 

or 	a lG°. 

Coordinates for diffuser  geometry are given by 

( 7 P- " 4302 1 

and are tabulated in Appendix I1 and plotted in Fig.3. 



(it) Gibson GeomeZ 

Similar to axisymmetric diffusers Gibson gave, an 
equation for rectangular pipe boundary which was as 
follows, 

(th"4 	1- f j !7r 

0.s 0) 4 ' 
where ti *a width of the diffuser at a distance x from the 
Inlet and die is the diffuser width at exit section. The 
same overall dimensions are adopted as for potential flow 
theory. For coordinates See Appendix Ii and Fig.3. 

ait etI t~~ 

A square diffuser of straLght boundaries on all 
four sides and of the some overall dimensions has also been 
tested. 



CH►'P'I' 1 _-! 

The eitperimental data and the results are presented 
in dimensionless forms. The quantities at the inlet sect-

ion of the diffuser are used for making them dtmensioniess 
because the flow at Inlet soetton is uniform,aa also, no 
separation and asymmetry are present there. 

j,  t all .Pressur 	 ion 

As the motion of the threads attached along the 

centre line of the diffusers indicated flow asymmetry, it 
has been considered desirable to find the pressure recovery 

along the top centre line In all the six diffusers and also 
along a corner of the square diffusers. Accordingly the 

pressure recovery obtained from the piezometer readings have 

been made dimensionless in terms of the inlet dynamic press-

ure and presented graphically against the dimensionless 
distance along the surface as (P.P ) / 	versus  D 	 v 
for axisymm.etrte and versus /tie  for square diffusers, show. 
in figs. 17 to 19 where P is the pressure at any section, 

at a distance S along the surface from. Inlet section. pa  is 
the pressure at the inlet and t#0  the mean velocity at inlet 

section of the diffusers. fs the flow proceeds downstream 
of the diffuser the pressure in the flow field increases. This 
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may also help In rough judgement of the location of separ- 
ation zone, in which the pressures become constant. 

The total and static heads were measured within 
the boundary layer* The growth of the turbulent boundary 
layer in the diffuser Is shown by the dimensionless vei-
ocity defect (I u/U) versus the dimensionless distance  
from the boundary i.e. y/Do in a xi symmetric diffusers and 

in square diffusers in figs. 23 to 40. 

3t~~~~ l 
andutir, t „sec~t,Y,n 
Pressure head Is measured along the centre line at 

inlet and outlet. The variation was very little at these 
sections. So the pressure profiles are not presented. Velo-
city profiles are obtained at the inlet and exit sections 
in the centre and also at the right corner in case of square 
diffusers and are shown in fig. 8 to 16. 

Energy correction factors are obtained at inlet and 
exit sections of the diffusers by graphical integration of 
the following expressions for all the three Reynolds 
numbers and for all the six diffuser geometries. 

Energy correction factor at any section is given by, 

a ' 	J ( Y-)3dA 	 •..  (28 ) 

where A is the area of the section, V is the mean velocity 
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and v = velocity within the strip area, dA. Eq. 2$ can be simplified 
for axisymmetric and two»dimensional flows. Since the flow at the 
entrance section was uniform in all the cases giving a constant 
velocity •xcept near the boundary, the values of At at this 
section were conveniently found using 

(y) 3  r dr 	...0 	 . S. 	( ) 

for axis etric geometry and 

M 

for the square geometry. Hóweve, at the exit section of the 

diffusers the velocity  distributions were found to be asymmetrical 

(Fig. 22) in all the six models, and hence the values of 	v( 	at 

this section were obtained by contour plotting of the isoUnes of 
(v/V) 3  and integrating over, the corresponding fl øw section a cco rd.- 
mg to Eq.28,E  the values of K for all the six models and for 
three Reynolds numbers -  were given in Table 1. 

5. Enerq+ 	ss Coefficient 

Having obtained the velocities, pressures and energy 
correction factors at the entrance and the exit sections, one can 
readily compute the energy loss using the Bernoulli equation. 
Application of this equation implie's one-dimensional flow analysis, 

} 

a good approximation which should be sufficiently accurate for 
the purpose of evaluating the relative performance of the six 
models. The Bernoulli equattcn In terrms, of energy per unit.. mass 
per second can be written as 

us 



Hero, db = Total energy loss and subscript e means 

exit coetion. 

ore 	(po '"" pe ) +f (aoU - a0U?) 	... (ia ) 

Dividing this by convertible kinetic energy, the 
coefficient of energy loss CL is given by 

P F 	 U 
C 	= 	- e t a~ 	ace ( X )2 • .. (3-3 ) 

2 

or  CL = a0 — 	+ a~ ( U-1.)2}  • M • (3 ) 

To calculate the values of CL values of energy 
correction factor and the mean pressure are obtained at 

Inlet and outlet of the diffusers. The variation of coeff 
ident of energy loss with Reynolds number for all the 
diffuser geometries has been plotted in fig. 20 and 21 and 
are given in table 2. Lnergy loss cc the percentage of 

)2 
..' 	.. 	is also plotted against the divergence angle A for 

g 
all the geometries. Gibson's curve of percentage hood loss 
versus A is also ahem for comparison in fig. 6 and 7. 
The values of energy loss coefficient in all cSsosp ignor= 
ing the kinetic energy correction factor bore also computed 
and shown in tables. 
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p_søisszorI O F RESULT 

Fh. object of this study is to compare the diffuser pea for.. 
m an ce of the proposed potential flow geometry with the other t 
geometries, namely, the Gibson and the straight-fine geo etriee an 
applied to the circular and square diffusers essentially from three 
sand points: 

(1) pressure recovery, 

( ) flow asymmetry, 
(3) energy loss  

in the diffuser section. Depending upon its situation in a flow 

system a d ffus r may have to satisfy one or more of the above fug..• 
ction . As for ex le when it is adopted as a draft tube it has 
to satisfy the former two functions only while it is required to 
give minimum energy loss when the diffuser is used as an outlet into 
a reservoir for a pump..discharge line. These cases occur in the 
pumped storage plants and the conventional water-power plants. 
Similar instances can be cited from engineering practice in venturi. 
meters, diffuser cones in wind and wator tunnels and ventilation 
engineering. the performance of the six models is compared from 
the above three functional utilities. 

1.  Wall Pressure Distributions 

figure 17 indicates that the pressure increase in the 
axis etric diffusers is very gradual. ripe potential flow geoffiotry 
gives the maximum pressure recoverywhile the straight-line geometry 

is found to give the lowest recovery of pressure. the Gibson model 
is he wever sunerior to the later. but the nrascure rnenvery is 15 



percent 1sss than in the potential flow model as it can be seen in 
Fio.17. For square diffusers the pressure rises In the diffuser 
section rather steeply in the initial portion of the diffuser upt* 

l (Fig. 18). Thereafter its increase is very mild for all 
the three boundary geometries.  Among the three square models*  the 
Gibson model Is the best closely followed by the potential flow 

model with 9 portent less revery than the Gibson model., The 
strakht-line model once again gives the lowest pressure recovery. 

For t e convenience of comparison the pressure recovery 

coefficients of the six models are listed helowt: 

Model 	 ! Axisymmetric 	 Square 

Potential flow 	1 	0..12 	 0.41 

Gibson 	 0.61  

Straight-.line 	1 	0.34 	1 	0.18 

It can be seen from Fig. 19 that in the square models the 
wall pressures along the corners are somewhat higher than the 
centre..line pressures. This observation was first reported by. 
Gibson,i°shi) as long back as 1910 and alp by Pulleiah(24) in  

1969. this can be explained as a consequence of the secondary 
currents which build up at the sharp corners and rapidly grow in 
the diffuser with the distance In the flow direction. The second- 
ary flow at the corner occurs due to undue thickonning of the 
boundary layer at the corner relative to the centre..line. It. 
results in a transverse flow directed towards the corner along 
the diagonal and away from the corner along either adjacent aide 



forming a pair of closed spiral cells. 

2. Flow Pattern$ in the Diffuser 

The velocity traverses at the entrance se ton to the 
diffuser are found to be uniform across the section on except in the 
boundary layer region, (see Figs. 8 to 10 for axis r3etric models 
and Figs. 12 to 14 for square models). Such ideal entrance flow 
conditions were obtained in all the models because the Inlet was 
designed ac ordi q to Kirchhoff' free-streamline theory}  It Is 

well known that the established turbulent flow In a duct gives 
uniform velocity distributions well approximating the velocity 
distributions obtained in the models at the entrance section. 
Thus the results of this experimental study should be gsseful for 
practical application as the entry conditions representing the 
fully. established turbulent flow are satisfactorily sitaulated in 

all the six models. 

It is evident from the velocity traverses in Fig. Ii that 
the flow at the exit section of the diffuser is nearly uniform in 
the case of the straight line geometry of the circular models 
while in the case of the Gibson model the flow Is found to be very 
asyn etrica1.. }awe,ar, there is no separation or any tendency to 
separation in any of the three circular models. Surprisingly 
enough., it is the straight-line geometry among the square models 
which Gives the most erratic velocity distribution and even a 
small zone of separation on one side (Fig. 15). The high velocity 
flow streams cast the opposite side. The potential flow model is 
surely the best choice from the stand point of the symmetry of 

t he exit flow. T he Gibson model can be ranked between t ho above 
two models. rhe corner velocity profiles of the three square 



models (Fig, 16) show the same trend as described above. These 

trends can be seen to be the same for all the three Reynolds 

numbers. 

Here it my be pointed out that M.C. Chaturvedi(6  did 

not take into account the possibility of flow asymmetry in his 
detailed study of flow characteristics in conical diffusers. He 

measured the veld cit.ie c, pressure;, turbulence and other quontit ies 
along a radius and in the direction of flow.. In actuality this 

is not the case. Ful aiab(  `) and Khan(16) also noticed •r eery 

in flow in square and circular diffusers respectively for the 

angle of divergence equal to 320. At this angle Of divergence 

flow alternated from one - side to the opposite wall and the period 
of alternation increased with the increasing Reynolds number. In 

the present study, asymmetry of varying degree in the exit flow 
is observed for 160  'wnical and square diffusers, The flow 
asymmetry was duly taken into account in calculating the energy 
lass by c input ing the kinetic energy rrection factors. r 	rev r*  
it may be noted that the separation of flow occurred in a very 
small zone only in one model that is, straight line geometry 

squaro model. There were no alternaUon of.  flow from one side to 
the otter side in any one of the six models. 

3. Enory4os in the Diffuser Section 

The energy loss was computed using the one-dimen*ional 
Bernoulli equation, Eq. 32. 1 h variation in the coefficient of 

the energy loss, (Eq. . ) was studied with the Reynolds number 
for east geometry. The results are shown in `fable 2 for circular 
and equuere diffusers. As the values of 	were not sufficiently 
accurate, it was considered fair to compare the efficiency of the 
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six models on the basis that K w 1.0. for the value of the 
highest Reynolds number the energy loss coefficients are shorn 
below: 

Model 	 i Axisymetrlc I 	Square  

Potential flow 	1 	0.37 	 0. 7 

Gibson 	 I 	O.4 	I 	0,48 

Stralght4ine 	0.; 	 0.1 

It is evident that there 1s no appreciable variation in 
the energy-loss coefficient with the geometry of the diffuser 
transition while there is a clear and definite prow ent with  
ax1aymnetrtc diffusers as compared with the square diffusers, The 
ercergy4oss coefficient of the square diffusers is 0,5 percent 
higher than that of the axismmetric diffusers. The lose in the 
case of the square diffusers 1% more than in the -axisywietric 
diffusers due to the effect of the fourr sharp corners where Dawn-
dairy circulation grows at the expense o f the mean flow energy. 
From the stand point of the geometry of the transition0  any geome- 
try can be selected for the transition, but If a choice has to be 
made between the square and the circular diffusers., it is surely 
the circular one which gives the minimum energy4oss. 

TheReynolds number range that can be obtained  in the 
experimental ;et«up is unfortunately very small and it can only 
give a qualitative coflc- conclusion an the dependence of 4. on t4. it 
is shown for circular diffusers in Fig. 20 and one can notice that 
the Value of the energy loss coefficient is not dependent on the 
Reynolds m rdaer for a1 . the three geometries, For the square, 



diffusers also such an Invariance in Q. with 11 can be seen In 

Fig. 21, although thex.e is some experimental error and scatter o f  

data. In both the Figs. 20 and 21 the results were based an the 

computed values of the kinetic energy rre+ icon factor,, 9. 

The results of this study for idiffusers and those of 

of her investigators were ais on the Gibson curvet percent age 

head toss (= (U0 - J0) 2/2 9) versus.the divergence angle, 	in 

degrees. Values obtained by Y nt-,~b) and M. Chatu edi 6) fC+r 
32" are also shown on the same curve, fig. 6, for circular 

diffusers for comparison. Gibons values were also shown for 

comparison in Fig, 'Z). There is a satisfactory agreement in the 
results of the various invest gators and the present study. A 

similar mparison for square diffusers had been made in figs. " 
and 21 ifld the data of ib n 9,10,U) and Pu, laIah ) were 
included here. t he comparison Is sat sfactory for traight.Une 

geometry and for other geometries the observed values are below 

Gibson urve.. This can be expected because Gibson tested only 
the st r ight line geometry, 

4. $oundar layer Velotit Profiles In the D ffuser 
Sootn 

Few measurements of the velocity profiles in the develop-
ing turbulent boundary layer under the effect of an adverse pro. 

satire gradient are available in literature. Figures '3 to 31 
give d ensionless velocity distributions for three teynoldt 

n ber s in the range 3.6 x 10 ' to 7,4 x 10 for the three circular  
diffusers. It is observed that the velocity profiles are less 

full and the boundary layer thickness larger for the Gibson 

geametry than for the other two geosretries. This observation is 
_,a. ...a. 	J. 1... ..L~..... ~,t X91--1 -ftntt.l6.['ne at • it di.ieissed in 



section 2 of this chapter. figures 32 to 40 rpresent similar 

b®undaryy-layor data for the t hre x 	►are diffusers an 3 for three 

Reynolds numbers in the range 3.2 x I05  to b.4 x 3050 The cats 

a -e found to indicate a cyst aatic development of the turbulent 
boundary layer Consistart with the distance and the Reynolds 
number in the case o f .alb. the three geometries of the square 

di.ffuser.s. 

It would be interesting to analyse this boundary layer 
data in terms of the universal log law and defect law of the 
turbulent boundary layer on a oot.h surface under the effect of 

adverse pressure gradient. 



CHAPTER V.Il 

Tho bra lic performance of six l60  angle diffuser 
models having circular and square cros sections and incorporated 
with three boundary geometries Is studied at three Reynolds 
numbers.. The following conclusions usions car be drawn from this study% 

1. From the standpoint of pressure recovery the potential 
flow geometry (proposed In this thesis) is superior to Gibson 
and straight-line geometries among the circular diffusers, The 
Gibson or potential flow geometry Is found to be better than the 
straight-line geometry In the ease of square diffusers. Between 
the square and circular diffusers, the circular models give much 
higher pressure recovery (varying from 35% to 90.) than in the 
case of square models. 

. The flow pattern at the exit end of the diffuser is found 
to be relatively better for the straight-line geometry among 
circular models and for the potent ial-flow geometry among the 
square diffusers. The gradation is indicated in the summar . 
table given at the end of this Chapter. The grades A and B 
compare between the circular and the square models. 

3. From the point of energy loss the geonetry of the diffuser 

transition shows little variation in the values of the loss 
coefficients. However, the square models give considerably  
higher energy loss (as much as 55 inc rase) compared to the 
circular diffusers. 

4. Within the range of the Reynolds nt be s tested, he. 
the energy-loss coefficient is found to be independent of the 
I'evno ld s number. 



5. When the results of the present study are mpared with 
Gib f's data, it Is found that they vo are satisfactorily to 
the ease of circular diffusers. While in the case of square 
diffusers only the stzalght4ifle geometry fit.g well with t bon' 
data. It Is because Gibson considered only a straight-line 

geometry* 
in the following Table a comparative statement which  

SUMariaes the conclusions I to 3 is given for ready reference. 

Bury o f Result; 

Model 	 4 Pressure 	Flow pattern 4 Energy  

	

4. Recovery 	at exit 	I loss coe f'f. 

Potential flow 	0.72 	liA 	Q.37 
-- 	.---- 	- 	•1• 	-.-.---. 

Gibson4Gibson 	 0.61 	tU.I A 	0.31 

-----.- 
	

t--.--.... - 

	- 

ratght-lLne 	0*.34 4 UB(Bes) 	0.33 

Potential for 	0.41 	1 	I-A(Bast) 1 	0.57 

Gibson 	 0.4 4 IL $1 	0.48 
-- 

$t.raight11xs. 	0.16 4 111.84 0.51 

A programme for further research work on diffuser flows. 
Is indicated on the next page. 
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! 	mme  f Fur'th0r t  ork 

Analysis of boundary layer data using the boundary 
layer momentum analysis, tvhteh could not be done duo to 

lack of time, should be done. Also, maesurcments of 
turbulence qientities and the spatial distributions of 

energy production, energy transfer and diffusion quanta 
ties, with the help of hot ware anemmomoter, are roquired. 
Asymmetry in separated flows seams to be inherent with 

the phenomenon of turbulent boundary layer separation and 
a study of stability of flow In adverse pressure gradient 

flows is esscntisl to explain Lt. 

A rigorous study Li raquired for smaller divergenco 

angles to know the effect of Reynolds number and the 
oecurrene of separation. A wide range of Reynolds number 

should be included to know Its effect on the coefficient 
of energy loss accurately. In case of non— circular diff-
users the available literature it not adequate and there 
is a need for more work especially for smoll divergence 
angles. 
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1 NL IIC ENL8GY 0ORLCTION FACTOR at 

values of at the exit sections for different Reynolds 

numbers are as follows* 

(1) I6 Q al I 

	

3,83x105 	3.86 	3. +£ x1 	3.45 	3.89 ic' 	4.165 

	

6.3O105 	3.22 	6.30x105 	2,405 652x] 05 	3.32 

	

6.82 	3,825 ?,20x105  2.935 7.38x105  3.6?5 

3.23405 	 3,24IO5 	6.996 3,3OIO5  6.00 

	

5,73405 90310, 5.824 	6.52 .7243.0 6.007  

	

6.2840 10.473 6.4O40 	6.618 8.0940 6.160 
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K 

Coefficient of Energy Loss* CL 
,0&2 

)RIO" 	►2125 0.3805 3.58xjo8 0.217 0.3713 3.83408 0.193 0.3340 
»X10P 0.218 0.3373 6,30x105 0.276 0.3462 6.30y105 0.218 0.3617 
3x105 0.16? 0.3285 7.20x143 0.2015 0.3137 f .82 82c10 0.176 0.3735 

eon's value of CL ti squsi to C .1l4 for E ~ 	.82404 

0x106 0.167 0.4045 5.2410 	0.10 0.4645 3.23I05 0.021 0.47,92 
2x105 0.303 0.5405 5,82x106 0.164 0.4958 5.73x105 0.04? 0.512 
9X},05 0.274 - 0.5;~;5 0. a0xx05̀  0.997 0.4846 6«28x105 0.020 0.5682 

son' 'S vale of CL t S *qu+~ 1 to 0.368 for R, a 6.178 2,014 



The coordinates of three boundary geometries for 
axisymmetric diffusers. 

x from 	Radius at a distance x. from the start of 
Inlet of ....., 
dlMser Potential flow I  Gibon's Prôfi Straight Profile 

O(start) 7.50 7.50 7.60 

5 7.78 ?•8 8.198 

10 8.09 8.92 8.890 

15 8.44 8.63 9,585 

20 8.83 9.11 10.28 

i 9030 9,68 10.976 

30 9.82 10. 30 11.67 

35 10.5 10.90 12.36 

40 11.25 11.78 13.06 

45 12.25 12.72 13.75 

so 13.58 13.90 14.45 

54 ( 	d) 15.00 15.00 15.00  
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The coordinates of three boundary geometries for 

square diffusers. 

x from inlet y  at 	 o 

of diffuser I Potential flowl Gibson Profil Straight bound- 

0(start) 71050 7.50. 7.50 

5 7.60 7.94 8,195 

10 7.87 8.48 8.89  

15 8.32 9.00 9.585 

20 8.90 9.60 10.28 

25 9.60 10.20 10.975 

30 10.40 10.85 11.67 

35 11.2? 11.58 12.36 

40 12.18 12.40 13.06 

45 13.15 13.25 13.75 

50 14017 14.22 14.45 

54 (End ) 15.00 15.00 15.00 
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