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SYNOGP SIS

An accurate knowledge of the fFlow phcnoména
and the energy losses in diffusers ic important in seversl
cngincering problems. An oxperimentol study of these asp-
cets in conicol and square diffusers having a constant
srea ratic oqual to 4 and an overall angle of divergcuéa
16°% 15 presented in this thosis. For both types, three
boundary geomotries were tested corraspbq,ing to tho streom
line of a potential flow, Gibsen's profile and a plane
profile. The Roynolds number was varied from 323000 to
738000 and its effect on the pérfa?mance of diffusers s
studied. Turbulent boundary laver is ensured in oll cases by
plocing a proper stimulator at the entrance of the diffuser,
Growth of tho ¢urbulent boundary layer along one side of
the diffusor is traced by measuring the mesn velocity pro-
files slong it.

Alr was used as the fluid. The diffuser section
dischorges into the s@uare duct. Tire-average values of
totol and static heads had been measured st the inlet and
exit sections and also in the boundary layer along the
centre line of one side of the diffnsar;‘ln the case of
gquare diffucors, measurements were alec token at the
corner at a distonce of 1.5 em. from the side woll at the
‘entrance and tﬁe exit section. Dimensionless plots of the

wall pressure for the square snd circular diffusers at

(i)



different Roynolds numbere are given. ?he energy corr-

ection foetors were obtained by graphical integration

and the results are tabulated. The coefficient of energy

loss as a function of Reynolds number for all the diffu~-

sers is progented on o log-log graph. The results indicate

that the values of this coefficient are relatively high

for the diffusers with straight geometrlies., The rosults

also indicate thgt the effect of Reynolds number on the

coefficlent of energy loss is small. The plots of woll
pregsure distribution within the diffusor indicate that the

pressure rises gradually except just at the entrance soction.

Weightless fibers were attached in the diffuser
to visualiece the flow pattern near the wall. The motion of
threads indicated flow asymmetry across tho section. They
indicated alternating flow at the top near the exit end
though at the bottom they were aligned only in the forword
diroction. This alternating tendency of the separated flow
is found to reduce with the iﬁcrgase in BReynolds number.
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Ds

AE

area ratlo,

helf length of impervious floor,

convection of turbulence energy be mean motlon,
LB
coefficient of head loss, C; & =—po—=
SR gy

coefficient of pressure rise, C_ = ===~

coefficient of skin friction,

= dismeter of diffuser at inlet,

=

diffusion of kinetic and potentisl enargy
across the flow,

lateral dimension of conduit,

Darcy coefficient in the equation (lﬂ'gi) ﬁ'D;(1~y/6J3/2

Energy loss,

form parameter giving & measure of relative magni-

tude of pressure gradient and turbulent shear,

F.ézt%
ﬂl dx

Gravitational‘zonstant.

constant,

head caus&hgﬂflaw;

boundary layer form parameter, H = §%/0.
cosfficient of permeability,

length of the diffuser,

length of the approach pipe to the diffuser,

length pérameter, L? = ( %‘)2 §3*¢
| o o
\D) '



n = exponent {n power Laws G/UQ = (y/6)"

psp'= temporsl medn prescure and fluctuating pressure
at a point respectively,

P = mean pressure at a section,

B, = Reynolds number corresponding to inlet width or

dilmgtcr. U D
W
° v W

B, = Reynolds number corresponding to an axial distance x,
r = radius of the conduit, radial. Coovdinale.
S = distence along the boundary of diffuser,

uyvsW = temporal mean velocities in the throe coordinate
directions, '

ut,v!,w! = fluctuating velocity components in the three
coordinate directions,

U = free streagm velocity,
U, = average velocity st start of the diffuser,

Ug = mean velocity at separation,

vy = velocity outside the boundary layer,

W = lateral dimension of square or rectangular conduit,

xsYe2 = dictances measured in the three orthogonal coordinate
directions with x measured in overall flow direction,

Xy = distsnce to the point of separation point from the
start of diffuser,

= @¢nergy correction factor,

= total angle of divergence,

> ™ 8
B

» dimensionless potentlal funeticn, 23“ - %

e
]

potential function,

& = nominal thickme;s of the boundary layer,
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8 = digplacement thickness of the boundary layer,

8 = momentum thickness of the boundary layer,

84 = three dimensionally defined momentum thickness
of the boundary layer,

= mass density of the fluld
= dynamle viscosity of the fluid,

= Eddy viscosity of the fluid,
= officlency of the diffuser,
(PPt p & 1P/2)

P
)
WV = Kinematic viscosity of the fluid,
€

= gnergy efficienc - ¢
Ye 9y Yo Ve Pa /2
o0
C
Y‘}P = pressure efficiency, Yll;- — 5 .
1-( )t
*

P ,_,_ terod o\\‘w@qﬁmﬁo. OU‘(\C&\Q of e c&(%;&_ugqm M E%\(\)

0 = inlet sgectlon of the diffuser,

¢ = exit section of the diffuser.
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CHAPTER 1

INTRODUCTION

In the design of hydraulic plpe-lines, 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 dircetion 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 diffuger is of consi-
derable practical importance in case of reservolr cutlets,
open channel expansions, draft-tubes and venturimeters etc.
In all the above cases the efficlency of conversion process
is of immediate interest since it affects the performance.
Ideally, maximum pressure recovery and steady condition
of discharge are wanted, combined with a satisfactory vel-
ocity distribution at exit. As in 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 3 gradual expsnsion sometimes becomes inconvenient,
expensive and also the saving in conversion loss is offset
by the increace in friction loss along the wall. Therefore,
the enginears in this fleld are trying to obtain an effi-

cient diffuser geometry consistent with economy.

It 45 oan observed fact that in an expanding flow

reglon, the pressure increases continuously in the
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dovnstrean direction, with the result that flow has

te take place in an adverse pressure gradient. In

the case of very gradual expansions the forward veloc~
itles of the main flow overcome this gradient, but

as the angle of oxpansion increases the asdverse proess-
ure grédlent increases to such an extent that back flow
occurs nehr the boundary resulting in separation. The
reduction of mesn flow energy occurs through turbulence
and high shear along the separated stream line. The

flow section is reduced resulting in poor recovery thué‘
making the diffuser less efficient. Many resesrchers ¢ried
to avold this separation by certain artificles such as
gplitter walls in the boundary layer flow. S. Kumar(gl)
in his M.E. Thesis concluded that the use of splitter
walls in open channels reduced the length of expansion
transition from 10 to 50 percent and the cfficiency of
_ the transition was also improved. But at large flare
angles the separation is unavoldable even with splitter

wallﬁo

It 15 belived that this separation is also affected
by Reynolds number i.e. for the same boundary geometry,
the diffuscr performence is a function of Reynolds
number. In the present study, the effect of boundary geo-
metry and slso that of Reynolds number on'the performe-
ance of 16° conical and squere dlffuaers; is observed.
The total divergence angle of 16° is selected because

the avellablo studies on diffusers were for angles



diffusers thecse were the length of sides
outlet. The values of constant potential
getting the'potential flow profile in the
diffusers are assumed arb;gtarily s obSEVew:

Uueetry and Reynolds number on the
performance of these diffusers. They found the efficiency
of potentiél flow model to be maxlmum but the effect of
Reynolds number as abserved'by them waé contradictory.

Here also, threc boundary geometries have heen tested
for each case.
For axisymmetric diffusers,

(1) Geometry based on axisymmetric potential flow
theory.

(i1) Geometry given by Gibson's formuls for circular
diffusers.

(1i1) A straight geometry.

For square diffusers,

(1) Profile by potential flow theory as applied to
the two-dimencional confined secepage. | |

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

(114) A straight boundary.

For all the diffusers, an overall divergence angle
of 16%, area ratio 114 and length 54 cm. are used. For
conical diffusers the inlet and outlet diameters were

16 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 veloe-
ities of the main flow overcome this gradient, but

as the angle of expansion increases the adverse presgs-
ure grédient increases to such an extent that back flow
oceurs neir the boundary resulting in separation. The
reduction of mesn flow energy occurs through turbulence
and high cheap along the separated stream line. The

flow section is reduced resulting in poor recovery thus
making the diffuser less efficient. Many resesrchers {ried
to avold thig separatlon by certain artificies such as
splitter walls in the boundary layer flow. S. Kumar(gl)
in his M.E. .Thesis concluded that the use of splitter
walls in open channcls reduced the length of expansion
transition from 10 to BO percent and the cfficlency of
_ the transition was plso improved. But at large flare
angles the separation is unavoidasble even with splitter

\?all e

It is belived that this separation is also affected
by Beynolds number i.e. for the same boundary geometry,
the diffusor performance is a function of BReynolds
number. In the present study, the effect of boundary geo-
metry and glso that of Reynolds number on the perform-
ance of 16° conical and square diffusers, is observed.
The total divergence angle of 16° {5 selected because

the avallablo studies on diffusers were for angles



greater than 30% in which separation is alwoys prlocent.
Also, the bchaoviour of smaller angle diffusers is nét

well known. Pullaiah(aﬁ) and Khan(ls) toated 329 . quare

ond conical diffusers renpocﬁivolv ”wﬁ“*ggka;éedvtho off-
.«c,yc-ﬁ!"" N aie .
ceb-of baugdars ﬁphdme%;y,an&‘ﬁfy,oldn nurbcr on the

performance of thesd/difﬁurera. They found the cfficlency
of potential flow model to be maximum but the effect_of»
Beynolds number as obsorved by them was contradictory.
Here also, throe boundary geomctries have heen tested

for each case,

For axisymmetric diffusers,

(1) Geometry based on oxisymmetric potential flow
theory.

(i1) Geometry given by Gibson's formuls for circuler
diffusors.
(115) A stroight geomotry.

For square diffusers,
(1) Profile by potential flow theory as epplied to
the two-dimensional confined ccopage. |

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

(1i4) A stroight boundary.

For all the diffusers, an overall divergence anglo
of 16%, area ratio 134 and length B4 cm. are used. For
conical diffusers the inlet and ocutlet diameters were

156 c¢ms. and 30 cms. respectively, whercas for square



diffusers these were the length of sldes at inlet and
outlet. The values of constant potential funetion for
getting the potential flow profile in the case of square
diffusers are assﬁmed arbitrarily. Each diffuger goometry
hes been tested for three Reynolds numbers in the

range 3.233105 to ?.3ﬂxx05, obtéined by operating the
butterfly valve at the exit of the vertical exhaust duct.
The inlets for both types of diffusers are compound
elliptical transitions designed by the U.S. Corps of

Engineers and tested by P.V. Rao(zs).

The facility of a hot wire anemometer was ot prosent
not available and hence the present study is concerned
with the t{me averéga values of total and static pres#ures
as obtained by using a pitot tube. These values are used
to find the reduction in the meanflow energy.



CHAPTER 11
REVIEY OF LITERATURE

Flow in diffusors is of considerable procticsl impor-
tonee in turblines, pumps, fans, campraasofs. and other
rotodynamic machines. Therofore, ecivil, mechonical and
ceronautical engineers generally come acrﬁas such type
of flows and they studied the effect, of inlet boundary
layer, diffuscr geomotry, total angle of divergence, Reynolds
number, on the diffuser performance. Since the head loss
in diffusers is closely related to separation, so the growth
of turbulont boundary loyer gnd separation arc also studied
under advorse pressurc gradient conditions. To have a clear
vicw of the work done so for on diffusers the roview i¢

done under the following heads:~

I. Conversion of kinotic enérgy to pressurec
eneray.
(a) Two-dimensional diffusers,
(b) Anicymmetric diffusors.
(e) Squaro diffusers.
1I. Turbulent boundary layer growth and separation
undor adverse pressure gradicnts.

I. Convorofon of kinotie encrgy to pressurc cnorgy

The perfornonce of all the three types of diffusers
1s effected by tho following factorss~
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1) Inlet conditions,
ii) Diffuser Geometry and Reynolds number, and

111) Exit conditions,

(1) B£iss&_ni;lnlsxﬂ.nngitznnﬁ
waltman, Reneau and Kline®?) studied the effect of

inlet boundery layer thickness on diffusers of different
divergenée aﬁgles from 2.5 to 40 degrees and wall length

to throat-width ratios of 8.0, 12.0 and 48.0, having

varied the inlet boundery layer thickness from 0.08 in.

to fully established flow. Different thicknesses of the
inlet boundary layer were obtained by means of a bellmouth
entry and by differént approach léngths. Reduction in
recovery occur 2s the inlet boundary layer is tg%ckened.
The coefficient of pressure rise, p(:(P~? L/**Jaf) is aleo
a strong function of free stream turbulence Intensity
conditions at inlet, CP increases with turbulence. Here

P and P, and the pressures at any section and at inlet
section respectively./® is the mass density and U, is the
mean velocity at inlet., Upto 156° divergeﬁce angle, in long-
walled diffusers of bellmouth entrance, the static press-

ure recovery remained constant.

(18) Effect of Diffuser Geometry and Reynold's Number

A.H, Gibson(g’lo‘ll) tested the uniformly tapering
rectangular pipes with one pair of parallel sides. The
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ratic of final to initial areas ranged between 2.26 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 (U, - Ué)z/eg. He found the loss to be minimum
when the divergence angle, B ,is approx. 119, It varies litt-
le with the size of the péssage and with the ratio of
enlargement, and is given with fair accuracy, for value of

B between 10° and 35°, by the relationship,

Loss = 0.0072 B4 ( --9-5-—-5)2 foet. ve (1)

The mmcimum loss is obitained‘when ‘ﬁz'}o", while the
eritical value of P, above which the loss»is Qreater thén
a sudden eﬁlargement of section, varies from 32° to 40°.
Loss of head was found highest for rectangular shape in
comparison to the other shapes i.e. squafa and circular for
the same area ratio. However, for pipes having boundaries
curved so as to make respectivelyvﬁg¥:= constant) and
( 8% = 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 Fox‘la) 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
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at moximum progsure efficiency , 1. . whore ) = A aa
’ qp‘ Ypp (1 -Jgu- )

A
and Ag = Ae/Ao* Ay and A, ore sreag ot tho inlot and R

the exit sections respoctively. They concluded that mex~
fmum Yk, occurred at an angle léssar‘than that gave 0o xi-
mum’cp in otroight walled diffusers. At optimum cffective~
ness for minimum loss it is only necessary %o use a totsl
angle of divergence of 7° and the length required to
provide the nccossary area retlo. The only precaution to

be observed is that lft/, should not excecd about 25 to 30 if
large fluctuotions are to be avoided.

(39) yarted the length of

Uaitman, Rencau and Kline
the diffusepr ond said thgt very long diffusor was not
deairable and gave L/wb = 20 to 256 for moxisum pressure
recovery. In long walled diffusers vhen By ? 10° intense
scecondary flows were ecreated normsl to the wall.

(22) 501d that the flow in 2 two~

J.Fo Norbury
dimensionol diffuser is not by sny means two-dimensional,
thic term referring to the geometry rather thon the fluid
notion. In a diffuser having two plone and porellel walls
and two divergeht walls three-dimensional motion moy
srisc in three woyss

(a) As 2 result of boundary layer growth on the
parallel walls. :

(b) As a result of secondary flows.

(¢) As an inherent property of an apparently two-
dimensional boundsry layer.

H.Tutfs(35) conducted experiments in 3 uniloterally
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oxpanding, two-dimcncional, rectanguxar chonnel ond
predicted ¢tho optimum divergence for any roquired rate
of gradual onponsion. Among tho mothods uscd to

improve prossure officiency are (5) tho incrcase of
turbulence, (b) the defloction of kinetie onorgy into
the goparotion ares, and (¢) tho improvcd veloeity

~ distribution ot the ontranco to tho oxponoclon. So, it &s
conecluded ¢thot the flbw regire 10 changed duc to the
doflection of poin currcnt in the sepapotion zone by the
vonos ond not by thellnsereicn of a plate along'tha

A , 5)
centre stpoomlineg s suggostcd by R.Bur@cﬂ&

B.C. Bindor™) prescated o method for ealeuloting
the offieicney of a diffuser for two-dimenslonal, ateoedy,
incompraossible flow vwlthout scparation. He ugsed tho
following cquation,

Py~ Py
") (Eetieioney) o= — e @)

2 0 oY

vhere U, = width of channel ot Q#it soction, &, ond &,
ore constonts ¢o account for non-uniform volocity
profilos o¢ catry ond cxit ooctions of tho diffusor
respectively. Tho values of & an& @, apro cdlculated
from tho vcloeity profiles.

Vigual otudioes oh flow models in boundary loyor
stoll Inception wore corried out by Sandborn and Kliuo(sgg
Theyviguolioccd that in o turbulent boundary leyer tho
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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 ncar the wall occurs.
If again these gradients increase then a complete bresk-
down of the boundary layer reglon occurs. Prandtl and
T!etiens(es) had slso reported that the two dimensionality
of the flow is destroyed even when the ratio of the
sides of the entrance rectangle is as smail'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 ie available for the effect of exit condi-

tions on two-dimensional diffusers.,

(v) Axisyowetric Diffusers
(1) Effect of inlet conditions

Robertson and Roes‘“®) studied diffusers having total
angles of 6°, ?%9 and 10° and 6 in. inlet diameter when
preceded by 2 dia.y, B dia. and 9 dla., lengths of straight
pipes. Within the range tested, the pro;sure'efficitncy
was found to be a function of the product of diffuger
angle (B) and effective entrance length (L, / Dj), where
Ly 1s the approach length. The energy efficiency (Y),) was

found decreaaing with increasing area-ratio, where

@-—P +ap£-)/ vee (3)
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where o and a, were the energy correction factors at
a given section and the inlet sectlon respectively.
~But fo&nd that *?, is practically indepencent of the
angle and entrance conditions. Inlet Beynolds number was |
varied from 0,6x10° to 2.5x10% and found a small effect
on the flow conditions. There is even less variation in
the energy efficliency. Velocity profiles measured by them

did not confirm well to the power law. The plots of “p
versus L /D, and 3 indicated 3 decrease in efficlency

with increase in elther of those porameters. Separation
occurred for velues of boundary layer form parameter,H
greater than 2.4 and exponent of veloclty distribution
power law, n greater than 0.8, Nelther of these form
parameters can be correlated too well with geometric pars-
meters near sepsration. 1f the product ('“%: x #) is less
than 60, separation should not occur for area ratlo upto
about 4.

A study was made, by Winternitz aﬁd aamsay(aa). of

the effect of inlet conditions on the performance of
conical diffusers with 4.1 ares ratio and 6° and 10°
total angles of expansion. The Reynolds number based on
the inlet diameter was kept constent at 2.5x10§ for all
tests. The conditions at inlet were varied by using diff-
erent approach lengths of diffuser inlet diameter, and by
means of projecting snnulsar screens of woven wire cloth.
Both the methods were found effective.in changing the
velocity distributions. Energy efficlency and conversion



efficlency were found to depend on the diffuser angle ﬁ-
and the momentum thickness ratio at inlet Qo/no' irres-
pective of the nature of the velocity distribution, where
0o 18 the momentum thickness of the inlet bougdary layer.
Variation in the inlet shape parameter Ha(ﬁ %:) of the
order of 207, did not significantly affect the pressure
recovery or the losses in the diffuser, where 5; is the

displacement thickness of the Inlet boundary layer.

(1) Effect of diffuser geometry snd Beynolds Number

AeHe G,lhson(g'w’u) 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 3° to 180%. He found that loss of head, expressed
as a percentage of (Uo - U, )2 /2g varies somewhat with
mean diameter of the‘pipe. and with the ares ratios, as
well as with the angle of divergence 3. For B values
between 6° and 36%, the differences are comparatively
small snd the loss of head is glven fairly accurately by,

Loss = 0,011 ple2? %—;ﬁ feet. o (9)
where B ic measured in degrees. The minimum loss of -
head is attained with s value of # as 6° and maximum
loss for 3 = 66°. The volue of P which makes the loss
equal to 100 % 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 , he said that the loss of head may be
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reduced by making the pascage trumpet-shaped according
to the following formuls,

;g%fu;#r_%.(:bgu:g}z) .o (6)
o ' 0 e

‘whepe Py P ond F, are radil of the conduit ot a dist-
ance X, inlot and oxit sections respectively. He fupther
feported that o still greator saving may be effocted

by a design giving a grsdual uniform enlargement in
scction from the initisl section A, to one having en
arca A; and @ gudden enlargement from Ay to the finaol

- ores A,. By this method of construction the loss may be
Peduced to about 90 X (in rectangular) and ¢o 96 /. (in
circular) of the minimum possible loss in o uniformly

tapering pipe undorgoing the full enlargement of section.

w.H.Arﬁheroﬁs) expressed the lossy in gudden

exponslons asg,

. frp 1.919
iogga (U "’U )
Loss = 292-2= ees (6)

vhere U, ond U, arc aversge volocities at inlet and

exit scctions,

Kalinske(ls) in his peper presentcd data on mean
velocity distribution, turbulence, ond prossure changes
for total angle of divergence 7.5%, 16% 30° and 180°
heving 2.756 inches entrance dia. ond 4.76 inches as coxit
diometer undor fully establiched flow condition. It 1ig
obsorved that the total loss of energy is considerably
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graster than the total energy of turbulence that is
produccd, thus indicating that a mojor portion of the
cenorgy is loct by direcet conversion into heat at the
roegions of high, locél shear in the fluld. He found that
the maximun pressure is reached at distences beyond the
otort of tho omxponsions which soem to incrcase with
decroase in divorgence angle. Also, the encrgy convor=
sion occurs wore gradually in sudden exponcion thon
in 30°»expancipn. It 15 also noted that the efficioncy
of cnergy conversion in tho 30° exponsion 1s not much
botter thon in the 180° (1.e. sudden) ewpension. Tho
turbulence charactoristice and their offect on diffuser
porformancoe are summarised as under ¢~

(1) 2> ¥'% , vhere u' ond v' were the fluctust-

ing velocity components in x and y directions
raspectively.

(11) 3'2 and 5'2 were the highest just below the
sudden expansion. '

(111) within the expansion the turbulence intensity
| wag the highest near the boundary.

(1v) turbulence in the 30° diffusorwos of larger
ocale and of high diffusive power thon that in
the sudden expansion.

(v) tho ratio of Y 512 to the centre line veloeity

was ¢the moxioum in the 30° diffuser and was 0.5.

(vi) tho loss of energy mainly occurred in separat-
fon zone outside the high velocity free streom
dua to high shear.



(vii) the turbulence was only‘a byproduct in the

energy conversion process.

Joel Whrrcn(av) reported that the minimum percent
head loss for recovery cones in venturimeters depends
upon both the cone angle and ratio of the cone entrance
dia. to exit diameter. Also, truncated comes of L=1.37D
and L=1.83 D, and B = 13° and 11° résp@@tively. gave
minimum percent head loss. In both instances, full length
cones gave hlghcr‘percent'head 1695. A.LaJor&ssen‘IS}
stated that it was this phenomenon that prompted the
German manufacturers of venturimeters to cutoff the diff-
using section st a dismeter lesser thaen the diameter of
the pipe. Warren also indicated that for certazin lengths
of recov'ry'conas including truncated‘cenes there s a
certain cone angle that will give minimum percent head
loss. |

Schubauer(as)

compared certain statistical propert-
f1es of turbulence observed in boundary layer and in fully
developed plpe flow with zero or negligible pressure
gradients., Attention 1s 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 ¢.86%, He showed
that except for outer parts of boundary layer flows, the
turbulence in pipes, channels and boundary layer is
similar in many respects. The turbulence energy equation
may be written in the simplified form,

P.+ Dy + Ce + W= 0 | vee (7)
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where P, = Production of furbulence cnorgy from the
meon motlieon.

Dy = Diffusion of kinetic energy ond potential
enorgy aeross the flow.
C. = Convoction of tﬁrbulcnce energy by the meon
motion. |
ond - tiq = dissipation of ¢urbulence energy.
Also, Pr,ﬂ»;gi~ utyy ‘%g in which all torms con be easily
u
2
known. Part of tho mean flow energy 1s dircctly dissipated,
the dimensionless dircet~viscous-dissipotion roto is given

by p

up = u@ (dY ) ; | .. (8)
The sum P, + wP is ecvaluated to asccount for the loss of
kinetic energy of mean flow. Part of this goes directly
to heat through the aetion of viscosity and the romaindor
into the production of turbulence edergy. Thus he estob-

lished a relation botwoon mean flow, and turbulenco.

" Measurcments of turbulence 1ntene£ﬁv at five stoe~
iong and shear nt onc station in the boundary layer on the
insido of 7.5% conicol diffuser aro reportcd. Tho concl~-

usions obtaincd ore 3

1. Tho turbulonece, its rate of production, and its
rate of dissipation in an advorse prossure gradient are
generally in oxcess of similar quantitios for zero-pressure

grodlent boundary layero.
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2. The turbulence and its rate of production are

far in excess of the zero pressure gradient case, even

near the wall,

3. The longitudinal microscale of turbulence (A))
remains remarksbly constant scross and along the develop~

ing boundary layer.

M.C, Ghaturvedl(s) determined the characteristics
and dynamics of flow for four abfupt expanilons with
total divergence angles of 30°, 60°, 90° and 180° st
inlet Reynolds number equal to 2 x lqp with bellmouth
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‘tholr”spatial’distributian for all four
expansion angles, by combining the experimental data with
the analytical analysis. He also measured w' i.e. fluct-
vating velocity component in z-direction and concluded
that w'x~ v's 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 relastion between the variation of
“veloeity and variation of pressure and said that Bernoulll
theorem can not be used for this study. But Chevray(lg).
in bdis discussions, concluded that the reguirements of
Bernoulli theorem were satisfied, after snalysing Chaturvedi's
data for 180° expansion. He observed the stream line patt-
ern for the 30° expansion well different from that of the
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other cxpansions which were olmost similar and differed
slightly tnvmagnitudc. He obtoined a2 momentum flux
eguation analytiéally and ovaluated tho vorious terms
in it and found that cxperimental results varicd within
2.8 /4 only. Though the change of momentum flux was
congtant iﬁ 0ll the four diffusers, the rate of change
in 30° exponsclon vwoo strikingly difforent from that of
the othor ¢throe cexpansions.

He obtained an energy cquation for the mean motion
containing tho terms of kinetic cnergy flux, work done by
prossure, work don¢ by Reynolds stresses and work donc
in producing turbulence. He omittcd tho normol stress
terms ond the producet of utv’ andlgﬁ, wvhere v 1s the
temporal meon velocity in v-direction. He ghowed that
oxperinentol data diffored only by B porcent. éene
Chovray(le)'in his discussion roise o quostion ¢o tho
onlesion of the product term and sald that the torm was
not that cuch small but was of tho ordor of 20 porcent
and in some cases encceding 100 percont. He also conducted
indopendent heod loss measurements in 8 wator pipe osscmbly
ond found <¢hat the hoad loss was the samo 88 that obtained
in the air flow studioes. The hoad loss was moximum at a
divergeneo sngle of 64° and was equal to 0.59 %’& and 4f
the angle is further increaged, the loss deercascd slightly
ond obtaincd a value 0,57 J;EE which wos very close to
the Borda volue of 0.56 Puﬁ/e.r The valuc of englo L.e. 64°
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15 close to the results of Gibson for maximum head loss.
According to Gibson the maximum head loss was 20 %Y.

while due to MC. Chaturvedi it was only 5.3 % over the
'Bonda valuc. Head loss obtained by Gibson 1s more because
he performed the tests under fully established flow cond=-
ition while M.C. Chaturvedi used a bellmouth entrance.
A.similaraobsorvation is mado by Huané?g

M.C, Chaturvedi(a) could not analyse the turbulence
anergy by meons of the 1ntegfated turbulence energy
cqustion obtained by'analytiéal meang. 59 he snslysed the
equation of motion in the axial direction and neglected
the viscous stresses and other terms that were cgual to

- gero and obtained,

U%gu*a._.%-‘-_. [U%%*u' igg!_nl)*v, 6“‘%!'1
+de .9122:..2.'.)] )
o " ox ‘e

He found that nonc of the torms within the bracket could
be discarded as required by Taylor's approxlmatinn. He
‘noted that cumulative dissipation lags behind the cumu-
lative production. Also cvident was the fact that tho
rates of production and dissipation achieved thelr maxi-
mum velues vory carly and rapidly settle down to 2
comparatively such smaller rate when bhoth were almost in
cquilibrium with cach oiher. The smaller the angle of
separation, the caorlier was the onsot of both these

processes. Houwever, it was secn that beyond the angle of 609,
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the corlior onset of diffusion had no offcct cithor on
the turbulcnce production or on the hoed loss. Also, rato
of incroasc of hecd'loss decronsos qith the incroase in
oxpansion ratio, tho hesd loss ténding to unity asympto~
tleolly. Kalinsko(!%) when plotted the data, obtoined

by verious roseorchors, for differont ares rotio found
that tho efficioncy of the diffuser decressed with

incrcasc in arca ratio.

Turbulcnce characteristics of a diffusor as obtained
by M.C. Chaturvedi may be summorised as underi-

(1) The turbulence as it convected ond diffuscd
&rrnsied its own formation and led to a uniform
distribution of meon velocity.

(31) Turbulence produced its own docay having broken
into smaller and sﬁaller eddies.

(11i) The production, convoction, diffusion and diss~

ipotion rendered » unicue distribution of tur~

bulonce energy over the entire reglon.

#.C. Choturvedi obsorved that the large scole propertics
of motion erc not affected by viscous aetion. Thus,
beyond tho effect of viscosity on the conditions of stab-
ility, it has no influence on the pattorn of soparation
and the turbulence intensities.

He also notcd that the most significont feature
of the soparation was the turbulence production, which
caused tho high enorgy loss. Chevrnytle) though agreed
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with this high energy loss but said that since the
transfer term was higher then the productien term the
energy loss from the mean motion was transferred to the
eddy and that was the role played by separation.

M«Cs Chaturvedi 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.pf homogenelity and 1sotropy were approached at a

rapid rate.

Huang(lg) stated that M.C. Chaturvedi's ;esults
could not be generalised since he kept the Béyno;ds
ﬁumber constant and used ihe same inlet condition thrbugbout.
He conducted experiments on water-pipe assembly for diff-
erent Reynolds numbers and for smooth and rough inlet cond-
Ltions in addition to the bellmouth entry. He tested three
more divergence angles viz. 50%, 16° snd 7° and found that
the head loss in case of only bellmouth entry depended on
Reynolds number and decreased with increase in Beynolds
number from 2m164 to 1.8x36% for £ < BO° and said t&at it
might be due to the significant changes produced in the
flow pattern as B, varied. He further obtained the head
loss to be independent of eitﬁer Ry or B for B> 60°,
He also observed that for the same divergence angle, the
“head ioss was the least for bellmouth entrance and maxisum

for rough entrance. Also, veriation in head loss for these
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three types of entrances was negligible for § > 60° end
significant for P < 60%°, So, he made s note that character-
istics as presented by M.C. Chaturvedi would be much diff-
erent in actual pipe expsnsions which were far from bell-

mouth entry case.

(418) Effect of exit conditions
| Roberteon and Holl(so) studied the effect of exit
conditions on a 7.5 diffuser having inlet dismeter as
6 inches. They provided the following exit conditions:
1) Free at 11.3 inches diamcter,
2) 23 inches long pipe of 7.38 inches dliameter,
3) 11.7 inches long pipe of 9.35 inches diameter,
and 4) Free at 9.356 inches diameter.

They observed cp. H, &, and D, to bhe practically
constant in all the four cases, till the point of boundary
changes, where D, = Uarcy coefficient in the boundary |
layer velocity formula (1- %;) = Dy (1~ ‘*)3/2. and.ﬁ= §: ’
u is the velocity at any point in the x-direction,
uy = vclocitv'butslde the boundary layer in x~direction,
and y = distance measured from the boundary surface within
tho boundary layer. Urnm(zg) in his discussion pointed out
that the immediate changes in the shape parameters H and
D» at the point of boundary change was in conflict with the
ﬁistory concept of the outer region of the turbulentAbound-

ary layer in adverse pressure gradient,
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(¢c) Square Diffusers

Very little information is avallable on square
diffusers. A.H. Gibson(g'lo‘
eions having angle of divergence 8 = 5°,10%, 20°,30° and
with side lengths 1.329 inches and 3.659 inches at the

11) tested some square expan—

inlet and outlet respectively. He measured the pressure
along one face and along one corner and found that there
ie no difference 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 3=6° and had a value of
sbout 16.5 % . The loss of head &n a pipe of square
section was at the least 20 7. greater than a circular pipe
of the same length and same initlal and final areas. Gibson
tested one more pipe of constant cross-soctional area hav-
ing one pair of ﬁivergiﬁg sides and the other pair of
converging sides (L.e. from square to a rectanguler secﬁ~
ion) to determine form effect; The length of the plpe was
9.9¢ inches, # for divergence 7937' and B for convergence
3%60', He found that the head loes in that pipe was 48.4 %
of the kinetic energy per pound of flulid in the pipe.

11, Turbulent Boundary Layer Growth snd Separation
under adverse pressure gradients

(28)

Robertson and Ress
diffusers that the product “%: x P should be less than
60 at B, = 1,8 x 10°

separation. In other words, the separation 1s not only

observed during the study of

for area ratio upto about 4 to avold
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dependent on the inlet conditions and angle of diffuser,
but 1s also a function of area ratio. They further

reported that separation was observed for 7.5% and 10°
diffusers for *3 = 9 and 8 respectively. Separation
occurred for a value of H greater than 2.4 and n greater
than 0.8, where n 1s the exponent in the power law velocity
distribution. Later on Winternitz and Bamaa(-;a)reduced the

1imit 1.0.'%? x B < 60 for no separation.
()

Roberteon and Calehuffcgg) also studied the boundary
layer flows in adverse pressure gradients on a 7.5% conteal
diffuser having inlet diameter 6 inches and 11.25 inches
at the exit. The mean velocity profiles were analysed to
determine tha displacement and momentum thickness accord-
ing to the usual two dimensional relationthip rather than
three dimensioral 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 approsched a value of 2.9 near separation.

Robertson and Frater(al)

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

at D, = 1.3 and obtained a relation between -5( = V""“*")
end 89 as a function of length parameter, Lﬁ B(X/R )2 .pa /%

graphically where U, = mean velocity at separation. They



also demonstféfed al'design method for an efficient
conical diffuser for known values of Ra and 8 /a .

For large values of L, s increase in Revnolds number had
an adverse effect leading to earlier separation. Compar~
ison with experimental informstion on &iffuser separation
indicated that the predictions were réiiable, but conser-
vative.

(7)

Clauser carried out an extensive experimental
'stﬁdy of the problem of turbulent boundary layef separ-
ation in adverse pressure gradients. He observed that

the experimentasl results obtalned show little or no agree-
ment with the methods yet available for prediction of
separation. He further concluded that dependence on shape
parameter, H, as a ¢riterion for separation might give
erroneous fesults as H not only expressed the effect of
the adverse pressure gradient but alsc that of skin frict-
ion.'He argued that a value of H equal te 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 a2 constant

eddy viscosity accurately predicted the behaviour of the
ouvter 80 to 90 percent of turbulent layers. This outef
eddy viscosity was proportional to Ub® , and when it was
combined with an inner eddy viscosity prdportional to u.y,
'a complete and remarkably accurate picture of the tup-
bulent velocity profile was obtained. The constants of
proportionality were not affected by pressure gradients,

Reynolds number, or roughness.
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The tendency to separation can be delayed by the
following methods, 8s suggested by different investigators.

1) increasing the initial Beynolds number and
slowing the rate of velocity deceleration.

i1) increasing turbulence level of approach flow.
111) deflecting the main flow into the zone of
separation, and -

iv) improving the inlet velocity distribution.

Previous Work Done at Roorkee University

S.P.Bai(zs) studied boundary layer separation in
two~dimensional linear and hyperbolic expansions. The
fluming ratlo was kept constant st 50 % and Froude number
of the approach flow was varied in the range 0.65 to
0.80. He said that the experimental data have been found to
agree closely with some of the theories. Ross an& Robertson
formula for the growth of momentum thickness, 6, was found
tovgive very satisfactory result. He gave a simple for-

mula, for'thg Erediction of sepération, according to which

c, (x 1;9)1/2 = 0.26(8, x107° y1/10 C, & 075
‘ vos (10)
The coefficlent 0.26 is replaced by 0.356 for Cp > 0.76.

This formula gave rellable results at Reynolds number, B
of the order of 2x106. The hyperbolic transition glven by
R. S+ Chaturvedi was found to be most efflcient.

S.Kumar(el) observed the effect of splitter walls in

open channel expansions. Three transitions with different

N



flare designid by R.S. Chaturvedi, were studied, each
with and without splitter walls. A straight transition
was also tested and the length of splitter walls was
slso varied. He concluded that the transition length
ﬁay 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

1ine transition.

B.K,iein(l‘)'dcscribed. in his thesis, theoretical
and experimental stuwdies of various expansion transitions
in open channel with speclal reference to head loss. A
method of designing expansion transition for minimum head
loss was also recorded. The method consisted of optimie-
ing the head loss iﬁtegral and solving the resultant
differential equations. The performance of the proposed
transition was found to be superior over those proposed
by R.S5. Chaturvedi in both the splay 133 and 134 . He also
concluded that the efficlency improved with the reduction
in splay and with decrease in dischargé. Also, the pheno-
menon of separation was not observed with a flare less

or equal to 1i4, in the proposed transition.

V.Pulletsh®4) crudied the effect of boundary geo~
metry and Reynolds number on the diffusers of constant
srea ratio of 4 and overall divergence angle of 32°.

Three boundary geometries obtained by Potential Flow theory,
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Gibson's formula and straight one were tested. Each
one was tested for three Reynolds numbers ranging

from 2.67x10% to 8.61x10°. He observed the flow asy-
nmetry ln both the directions perpendicular to the
overall flow direction. The asymmetries were found to
alternate from one wall tb the opposite wall. The fre-
quency of alternation decreased with the increasing

~ Reynolds number. Separation was observed along the top
face. The cocvfficlent of head loss was the highest

and the mean pressure recovery lowest in the straight
diffuser while in the potential flow boundary diffuger
the coefficient of head loss waé the lowest and the
mesn pressure recovery highest. The head loss was found
to increage with the HReynolds number for all the three

geometries.

A similar study on conical diffusers, having en
area ratio of 4, with total angle of divergence equal to
32° and 180° (abrupt expansion) was done by E.Khan(ls).
He again tested three above sald boundary geometries and
varied the Beynolds number from 2.68x105 to 9.20:105.
The asymmetry in tha.flqw was again observed for these
diffusers, but coefficient of head loss was found to
decrease with Heynolds number. The coefficient of head
loss was found to be minimum for potential flow and
Gibson's profiles, and wall pressure recovery was highest
for potential flow model. As regards the growth of tur~

bulenyt voundary layer and its sepsration, the potentisl
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flow mode)l wos found to be quite satisfoctory. Growth
of turbulent boundary layer was very rapid in large
odverse prossure gradients, ond tho value of the shapo
porameter at sceparatlon point, as found for the potent-
18l flow and Gibson's models, for highoest Reynolds
nunber (9.203105) was £.80 and 2.40 respectively.

The followlng conclusions can be drawn from the

ahove reviev.

(i) Porformance of a diffuser depende upon tho
divergonco angle, aren retio, boundary shape, turbulence
level ond inlot conditions.

(11) A¢ omoller Reynolds numbers, the diffuser
performanco 15 affected by Reynolds number.

(111) Optigum efficiency of a diffusor is observed

at on ongle of divergonce betwecen 6° to 89,

(iv) If the angle of divergence oxceeds 40°%, then

an abrupt oxpsanglon should be preforred.

(v) A compound shape or 2 trumpet shape improves
the performence of a diffuser for the same length as
straight diffusers.

(vi) Soparstion in o turbulent boundary layer flow
does not oceur at a fined point ond also in a two-

dimensional manner.

(vil) Still occurate mothods are not avallable for
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the prediction of separation and growth of the turbulent
boundary layer in an adverse pressure gradient.

(vill) Occeurrence of separation increases the loss~
es in 2 diffuser.
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CHAPTER II1

IMENT R

1. Apparatun

The opparatus consisted of an inlot followed by
a diffuser ond then, by 8 uniform square duct on the
seme horizontal oxis és shown in fig. (1), Too types of
inlet and diffusers, one circular and other square were
uged. Tho inlets were compound ellipt£¢al transitions
which converged from the plano vertical walls ot one
end to the sizo of the inlet cross-scction of the diff«
usgers at'the~other oend. For both circular and square
diffusers, three boundary geometries, as shoun in figs.
(3 ond ¢) were tested. Circular one had an inlet diameter
of 16 ems. and outlet dismeter of 30 ems. and square one
voried in cross scction from 16 em. x 15 cm. ot the
inlet to 30 ¢m. x 30 e¢ms at the outlet. In both casos
on overcll divergence ongle of 16° was observed. The
duct was 370 cme long ond 50 cm. x 50 cm. in cross~
scction. The inlets and the diffusers were 18.0 em. and
54.0 em. long respoctively. The eirculor inlet and diff-
users were mede of wood and the desircd boupdary gecomolry
was obtoined on the lathe with the help of tomplotes.
These were smoothened by hard sond paper and painting.
Aftor that o soft sand paper wds used for smoothening.

The square inlot and diffusers were made of M.S. sheet.



Each side of the diffusers was pressed to the desirod

form with the help of a templotes and the four sidos

were joincd slong the comers by wélding. They were
smoothened with the help of sond poper. The squaro duct
was rmode of hord-boards 6.25 mm. thick on three sides

ond lucite cheot on ono side. A window wag olso provided
to ppproach tho diffuser outlet cond joined R0 the duct.

A conotant opecd centrifugal blower coupled to a 7.8 h.p.
motor ot the end of tho duct gavo the nocessary air flow
in the diffucers ond the alr was exhousted through a voprt-
ical squaré duet. The rate of flow was regulated by moeng
of o butterfly control valve on the exhaust section. Thore
were nine openings provided for the valve. The vhole of the

duct and diffucers wore mounted on trestles,

2. Mepgurement Technlaug

Avorage values of total head and static heed wore
measuéed in tho direction of overall motion of the fluid
(oir). The total head wos meagsured with o total head tube
and static head, by a stotlic pressure tube separately. The
difference between those two heads gave the velocity heod.
Measurement of meen value of total hoad e¢reated gpme
difficulty in ¢he highly turbulent flow. Thasc total heod
‘and static head tubes wore made from a gtainléss steel tube
of 1.8 mm. dianeter (extornol). A total hesd tube, mode
from hypodermic ¢tubo of 1.6 mm. diometor flottened at the

end to 0.7 nm overall thicknoss wan used for measureoments
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within tho boundary layer. The static head tube

vao sopled at the ond by soldering ond finiched to 2

shopo of hemisphere and four pressure holes wero made
around the tube a2t & distance of 6 diamotors from the
seoled ond. Plezometric openings along the centre

linc in casc of cireular ond along the centre line and the
corner both in square diffusers at the top were provided
at close intorvals to mcasure the woll pressures. Three
piezémetrln openings wore also provided in both inlets

along the ceritre line at tho top.

A bridge was mounted on tho diffuseor along tho
diffuser axis, carr?ing 2 moveable gaugo which could bo
moved up end dovn by means of the rack and pinion arrango-
ment provided on the gsuge. A vernier was also provided
at the gouge having o loast count of OQI mm. A brass
fube was attached to the bottom of gauge which could be
Jolned_tc anothar brass tube having ¢he probe paraliel
to the flow, Holes wero made in the diffusors for the
vorticol 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
méans of plagtic tube to & limb on the multiple tube meno-
meter with o mlrrér base. The opirit wos used in the mano~-
meter. Another vernier héviag 0.1 mm. as the least count
wos provided at the manometer. The piezoméfric heads woro

taken, on o verticsl water monometer.



3. Proceduro

The whole sot-up was checked for any cuction of
air before storting the motor. Holes, if any wero sealced
with ¢the help of cither moulding clay or fape. Two
brass tubes one fitted with tho stotic pressure probe
ond the other with the totel pressure probe were fittod
olternately to the gauge on the bridge and meon valuos
of static and total prossure hcadsg wera‘obaerved. Valuos
are taken for full section ot inlot and outiat centre line
- of all the siu d1ffusern and slgo at thefight haend cornor
at inlet ond cutlatiin cose of square diffusers. Along the
length of all the slx diffusers these heads wore moasurcd
only'within tho bottom boundary layer along the centre
line. Threads were ottached along the centre line of
diffusors R0 vigualizc the flow pattern ond osymmetry.
All measuremente weré made with the probe pointing in the
upstream diroction. Howover, in tho reglons of back flow
the totsl head tube was roversed ¢o obtain the nogative
volocitiee. All tho messurements wore taken for thypeo
volve openings which corrosponded to threo Reynolds numbers.

Temporature was also recorded during tho meosurements.
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CHAPTER IV

DESIGH OF MUDEL GEOMET RY

Threve different boundary geometries for both axisymmetzic
and gquare diffusers are tested fox thelr hydraulic performance in
this thesis. The game inlet flow mriditions are ensured in the
six models by adopting the Kirchhoff free-stream surface approxi-
mated by two ellipses as given by Egs. 11 and 12 and shown in Fig.2.

1. Inlet Profile

This inlet wag faund‘ 25) to give 2 gmooth entry 0f flow
into the condult and ii was found to give a constant velocity,
distribution aczogs the section exgept in the boundaxy layer flow.
The ellipses are given by

(PP Gzt =1 ere (11)
(B« (kg2 = 1 | e 012)

Here, D = lateral dimension of inlet at uniform gection and x and

y are the goordinates ag shown in Fig. 2.

2. Axis etric Diffusers

(1) Potential Flow Geometry:

it is a general practice to streamiine the sluice inlets
according't'.o ‘the potentiai~flow theory., As fully developed
turbulent flow in a condult zpproximates the irrotational flow,
it 1s felt that a geometry based upon the ghape of the bo»unding
streoamlines should glve a trouble-free design. Utilizing this
concept the potential flow geometry wag obtained as follows:
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The flow of an incompressible fluld can be rep-
resented by Laplace equation in 3~dimensions as

-Q-z-g-rﬁg«tﬁgao eee (13)

ax Y iz

where § 15 a potential function.
Let the solution of this equation is,
2)

g = 2(axfeoy® +ez ver (14)

since v2¢ = gthtc 4 we get a solution of eguation veﬁ = 0
\bhen at+h+e = Q,

Thie equation may be satisfled in sevéral ways,

such as ¢ = a, b= ~2a, or b = -3, ¢ = 0 cte.

Can-sideringl b= ¢ 8= =8¢ as the solution, wé get,
%= *g“(-ﬂxz v y% + %) . ese (15)

The velocity components then will be, |
u-smﬂ-ﬂcu N \a'ﬂﬂ“"m-”mz cy., wumw ¢z

ox oy o2
Hence, for the stream line we have,
~dx 8y, dz -
Dy .== Y - ees {16)

Considering in xy-plane only, the equation of stream-
lines will be,

2x Y
or -éldgxﬂlogc*h)gy orxl/a

or xy‘?' = constant ees (17)

Yy = constant.
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This satisfies the partial differentisl equat~
fon of the Stokes stream function. So, the projection
of streamlines on the xy-plane is a family of cublc
hyperbolas with x and y-axes as asymptotes. In the
present case y varies from 7.6 to 16 cm. in a distance

-of 54 cm. We get y = 7.5 em. for x = 72 em. So, the
governing equation will be

Xyz s 4050 ' see (18)
The coordinates of diffuser geometry are given in

Appendix I and shown in Fig.3.

(11) Gibson's Profile |

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
cirecular pipes the boundary geometry can be obtained by
the following equation, |

3‘}?“;?2’”"{“(;#3";5:72’ eer (19)
(o]

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

study r, = 7.5 emey P, = 156 cm. ond L = B4 em.

- _4._._7 . S U |
Sos ;5}3 (7.5)5/4 gg‘;‘a((?.s)yé (15)574) (20)
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or :%73 = 0,0806 = 0.000867 x o ees (21)

The coordingtes are given in the Appendix I and plotted
in Flg.;’:. \ V

(131) Straight Profile

A straight conical diffuser having 7.6 cm. and
16 em. as the inlet and exit radii and length equal to
64.0 em. was also tested. The coordinates 2re glven in
Appendix I and plotted.in'Fig.B.

2. Square Diffusers

(1) Potentisl Flow Geomeiry |
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
1s considered as shown in fig.4. The equation of the equip-
otential lines is glven by,

_——L— “x-"— *se (22)

(beos 4, > (bsin &, )2
which gives conformal hyperbolas of constant @ lines
vhere ¢ = potential funection and g, = P5/kh, and k = coeff~
fcient of permesbility. An equipotentlial line of @ = 67.5/
is considered. So, §, = 0.5757 = 103.5%, and the equation
reduces to |

% I —
(b cos 103.6%)% (b sin 105.5%)°

e (23)
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..-.-—3..-... 2 -‘*—L—'—— = 1 s e (24)
(0.2334b) (0.9724)

The equipotential line of ¥ = 42,6 %/ yields a
similar equation which defines the image of consgtant
equipotential line # = 67.5 %, about the axis of symmetry.
The present diffuser is p-ropdsed to' consist of bound ing
surface a'c' and a"¢", shown in flig.(4), defined by
constant B = 57,54 end 42.5 % lines on the two sides
of the axis of 'eymetry.‘

Interchanging the ccordinates and adopting area
ratio 4 , equstion for the diffuser geometry is

(e Eee® --1---)2 eer (28)
2.08@1 :
It is proposed to have a width of 16 cm. at inlet

snd 3C em. at the exlt section to give an ares ratio 4.
At, x= 0, y= 0.5 W, = 0.6x16 = 7.6 cm. |
At, x= L, y= Woﬁ 15 em.
S0y L= 2.08:‘1,'?32890 = S.SWO = 54 cm.

‘Ihé ov?rall total angle of divergence,

tan"1(3) = 2x g':'g = 0,278
or | = 1300
Coordinates for diffuser geometry are given by
2 o 12
(5% - g = o (26)
and are tabulated in Appendix II and plotted in Fig.3.
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(11) Gibson Geometry

Similor to sxisymmetric diffusers Gibson gave. an

equation for rectangular plpe boundory which was as

follows,
NS SRR o -
a2

(e.mve)l/gj e &7

where U = width of the diffuser at a distence x from the
inlet and W, 1s the diffuger width at exit section. The
~ same overall dimensions are adopted as for potential flow

theory. For coordinétea See Appendix II and Fig.3.

(114) Straight Geometry

A square diffucer of straight boundaries on all

four sides and of the same overall dimensions has also been
tested.



CHAPTER -V

PRESENTATION OF BESULTS

The experimental data and the results are presented
in dimensionless forms. The quahtities at the inlet sect~-
fon of the diffuser are used for makihg them dimensionless
hecause the flow 8t inlet soction is uniform,as also no

separation and asymmetry are present there.

As the motion of the threads attached along the
centre line of the diffusers indicated flow asymmetry, it
has been considered degsirable to find the pressure recovery
along the top centre line tn all the six diffusere and also
along a corner of ihe square d;ffusers. Accordingly the
pressure recovery obtained from the plezometer readings have
been made dimensionlese in terme of the inlet dynamic press-
ure and presented graphirally against the dimensionless
distance along the surface as (PwP ) /’ ~§H§ versus S/D
for axisymmetric and versus $/wb for square diffusers, shown
in figs. 17 %o 19 vhere P ise thé pressure at any section.
at a distance § along the surface from inlet section. P, is
the pressure at the inlet and U, the mean velocity at inlet
section of the diffusers. As the flow procceds downstream

of the diffusoer the pressure in the flow field increases. This



b2
may slso help in rough judgement of the location of separ-

ation zone, in which the pressures become constant.

2. Yelocity Profiles in Boundaryv Laver |

The total and static heads were measured within ,
the boundary layer. The growth of the turbulent boundary
layer in the diffuser 1s shown by the dimensionless vel~-
ocity defect {1 - u/U) versus the dimensionless distance
from the boundary i.e. y/D, in axisymmetric diffusers and

Y/Wb in square diffusers in figs. 23 to 40,

3. Pressure and Velacity Profiles at inlet
and _outlet sections

Pressure head is measured aleng fhe centre line at
inlet and outlet. The variation was very little at thése
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.

4. Calculatlon of Enerqy Correction factor

Energy correction factors are obtained at inlet‘and
exit sections of the diffucers by graphical integration of
the following expressions for all the thfea Reynolds

nuhbers and for all the six diffuser goometrics.

Energy correction factor at any section is given by,
¥ 3 !
aa%ﬁ( (¥)%an eer (28)

where A is the area of the section, V is the mean velocity
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and v = velocityv wit hin the strip area, dA.Eq.26 can be simplified
for axisymmetric and two-dimensional flows. Since the flow at the |
e-ntrancé section was uniform in all the cases giving a constant
velociiy except near the boundary,'the values of « at thig

section were conveniently found using
2~ ( , |

for axigymmetric gecmelry and

<= -,}-f (e ar e {(9)
for the square geometry. | However, ot the exit soction of the
diffusers the velocity distributions were found to be asymmetrical
(Fig. 22) in all the six models, and hence the values of « at
this section were obtained by contour plotting o f the isoclines of
{v/V)® and integrating over the corresponding flbw section accord-
ing to £q.28., The values of « for all the six models and for

three Keynolds numbers were given in Table 1.

5, Enerqy-logs Coefficient

Having obtained the velocitlies, pressures and energy
correction factors at the entrance and the exit gections, one can
readlly compute the energy logs using the Bernoulll eqpation;
Application of this equation implies one-dimensional flow analysls,
a good spproximaticn which should be\wfflcient‘lv z\accuiat-e for
the purpose of evaluating the relative performance of the six
models. The Bernoulli equation in texms of energy perv\mit.‘ mass

per second can be written as

] ys
Po*‘o‘%ﬂpg‘.‘(e-ﬂzﬁ-* AE see (31)



MHere, 8k = Total enorgy loss and subscript e mecans

cxit sccetion.

or &k = (P, = Pg) *-g(aolﬁ - acui) eee (32)

Dividing this by convertible kinetie energy, the
coofficlent of energy loss € 1o given by

‘ P, -P v
CL ool . L, ¢, - “e( *9)2 ‘eee (33)

2 2 _
I U :
- { el )2 -
S )

To ealeulate the values of C; values of encrgy
correction factor and the mean préssure are obtained gt
inlet and outlet of the diffusers. The variation of coeff-
feient of enéfgy loss with Reyﬁolds number fcr'all’the-
diffuser geometries has becon plotted in fig. 20 and 21 and

are givgu in table 2. Energy loss os the porcentage of
'iggégﬂl"'is'also plotted against the divergonce angle # for
a1l the geonctries. Gibson's curve of porcentege hoed loss
versus P ig alsc shown for comparigon in flg. 6 and 7.

The values of ecnergy loss coefficient in all cases, ignor-
ing the kinotic encorgy correction factor were also computed

end shoun in tobles.
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CHAPTER VI

DISQUSSION OF RESULT S

The object of this study is to compare the diffuser perfor
mance of the proposed potential flow geometry with the other twn
geometries, namely, the Gibgon and the gtraight-line geowetries as
applied to the circular and square diffusers essentially from three
saad'paiatgz

{1) pressure recovery,

{2) flow asymmetrxy,

(3) energy loss
in the diffuger section, Depending upon its situation in a flow
systen a diffuser may have to satiﬁfy ohe or rmore of the above fun-
ctions. As for example when it is adopted as o draft tube it hasg
to satigfy the former two functions gnly while it is reaquired to
glve minimum energy loss when the diffuser is used as an outlet 1ﬁto
a reservoir for a pump-discharge line. These cases occur in the
pumped storage plants and the conventional water-power plantg,
Similar instances can be c¢ited from engineering practice in venturie.
mevers, diffuser cones in wind and wator tunnsls and ventilation
engineering. The porformance of the six wodels is compared from
the above three functional utilities.

1. Wall Pressure oigt ribut fons

Fiqure 17 indicatesg that the pressure increase in the
axigymmetric diffusers is very gradual. The potential flow geomeotry
gives the maximum pressure recovery while the straight-line geometry
is found to give the lowest recovery of pressure. Ihe Gibsen model

- $s. howevor asunerior to the later. but the arossure recoverv is 1%
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percent less than In the potential flow model as it can be geen in
Fiq.17. For séuare diffusers the pressure rises in the diffuger
section rather steeply in the initial portion of the diffuser upt@-
S/6p = 1 (Fig. 18). Thereafter its increase is very mild for all
the three boundary geometrieg, Among the three gquare models, the
Gibson model is the best closely followed by the potential flow
model with 9 percent less recovery than the Gibson model. The

straight-line model once again gives the lowegt pregssure recovery.

For the convenience of comparison the pressure recovery

coefficients of the six models are listed below:

Model : ' 3 Axisymmetric i Square

4 — i , . 3 —
Potential flow § 0,72 | 0.41
Gibgon | | 3 BN | | 0.45
Straight-line ; .3 0.13

It can be seen from Fig. 19 that in the square models the
wall pressures along the corners are gsomewhat higher than the
centre-line pressures. This observation was first reported by
Gloson! 910411} a4 long back as 1910 and also by Pullaiah!2%) gn
1969, U1his can be explained as a congequence of the secondary
current s which build up at the shaxp corners and raplidly grow in
the diffuser with the distance in the flow direction. The second~
ary flow st the corner eccurs due io undue thickenning of the
boundary layer st the corxner relative to the centre-line, It
results in a transverse flow dirocted towards the corner slong

the diagonal and away from the corner along elthor adjacent side
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forming a pair of closed spiral cells.

2. Flow Patterns in the Diffuser

The velocity txavetses at the entzance section to the
diffuger are found to be unifoxm across the section except in thé
boundary layer region {(gee Flgs. & to 10 for axigymmetric models
and Figs. 12 to 14 for square modelgj. Such ideal entrance flow
conditions were obtained in all the models because the inlet was
designed according to Kirchhoff's 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 gection.
Thug the results of this experimental study should be useful for
practical application ag the entry oonditiong represeniing the
fully established turbulent flow are satisfactorily sinulated in

all the six models.

It is evident from the velocity traverses in Fig., 1li 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
agynnmetrical. However, thega is no ee;iaration or any tendency to
separation in any of the three circular models. Surprisingly
enough, it is the stralght-line geometry among the square models
which gives the most erratic veloclty distribution and even a
small zone of separaticn on one side (Fig. 15). The high velocity
flow streams past the opposite side. The potential flow model ig
surely the best choice from the stand point of the symmetry of
the exit flow. The Gibson model can be ranked between the above

two models. The corner velocity profiles of the three square
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models (Fig. 16} show the same trend as described above. These
trends can be geen to be the same for all the three Reynolds

numberg.

Here it may be pointed out that M.C. Ghaturvedi(‘ 6? did
not. tzke into acoount the possibility of flow asymmetry in his
detailed study of flow characteristics in conical diffugers. He
measured the velocities, pressures, turbulence and other quantities
along a radfus and in the direction of flow, In actuality this
ig not the case. Puuazahcm) and Khanuﬁ) also noticed asysmetry
in flow in square and circular diffuscrs ‘raspéctively for the
angle of divergence equal to 3. At this angle of divergence
flow alternated from one side to the opposite wsll and the period
of alternation increased with the increasing Reynolds number. In
the present study, asymmotry of varylng degree in the exit flow
f¢ observed for 16° tonical and gquare diffusers. The flow
asymmetry was duly taken into account in caleulating the energy
loss by cemputing the kinetic energy correcticn factors. However,
it may be noted that the geparation ¢f flow occurred in a very
small zone only in one model that ig, straight line geometry
squarc model. There were no alternation of flow from one side to

the other side in any one of the six models.

3. Enoxgy-loss in the Diffuser Section

The energy loss was computed using the one-dimengional
Bernoulli equation, Eq. 32. The varlation in the coefficient of
the energy loss, {Eq. ) wos studied ﬁith the Heyml-ds‘mamber
for caci goometyy. The results are shown in Table 2 fox eircular
and gguare diffuserg. As the valueg 6f « werxre not gufficiently

accurate, it was congldered fair to compare the'effici_ency of the
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six models on the basig that o« = 1.0, For the volue of the
highest Reynolds number the energy-loss coefficients are shown

below:

#odel { Axigymnetric | g Square
_’ft ent ia} | flow ? 0.3‘? % 0.57
éimn g 0.31 { 0.48
st ralght--line g 0,33 ‘g G, 51»

It is evident that there is no appreciable variation in
the energy-loss ceffleient with the géenatry of the diffuser
trangition while there is a clear and definite Improvoment with
axisymmetric diffusers as compared with the square diffusers, The
energy-loss coefficient of the square diffusers is %6.5 pexcent
higher than that of the axisymmetric diffusers. The loss in the
case of the square diffusers is more than in the axisymmetric
diffusers due to the effect of the ffdur shaxp mrnérs where gocon=
dary circulation grows at the expenise of the mean flow energy,
From the stand point of the geometry of the transiﬂon, any g-eome-v
txy can be selected for the trangition, but 1f a choice has te be
made between the gquare and the clreular diff‘users. it 1s surely

the circular one which gives the minimum energy-loss.

The Reynolds number range that can be obtéined zn‘%hé |
experimental set-up ig unfortunately very small and it can only
give a qualitative wndusion on the dependence of {§ on R, It
ig ghown for circular diffusers in Fig. 20 and one can notice that
“he walue of the energy loss cefficlent is not dependent or the
Reynolds number for all the three geometries., For the square
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diffusers also such an invariance in (. with R can be seen in
Fig. 21, although there ig some experimental error and scatter of -
data, In both the Figs. 20 and 21 the results were based on the

computed values of the kinetic energy correction factor, «.

The results of this study for 16P-di¢fusers and those of
ot her investigato'rs were slhown on the Gibson cuzve, percent age
head loss (= (Uo' - U,)é/Z g) versus the divergence angle, 8 in
degrees. Values obtained by khan{3®) and M.C, Chaturvedi!®) for
P - 3F are als:; shown en the same curve, Flg., &, for circular
diffusers for comparison. OGibgong values were also shown for
comparison in Fig. 0. There is a satisfactory agreement in the
results of the various investigators and the present study., A
similar comparieon for square dlffusexrs had been made in Figs. 7
and 2} end the data of Gibmnwwlonu) and Pull,aiah‘m) were
included here. IThe comparison ig satisfactory for straight-line
geometry and for other geometrieg the obgexrved values are below
Gibgson curve. Thig can be expected because Gibson tested only
the straight line gecmetry. |

4, Boundary-layer Velocity Profiles in the Diffuser
Section

Few measurements of the velocity profiles 4n the develop-
ing turbulent boundary layer under the effect of an adverse pree
ssure gradient are avallable in literature. Filgures 723 to 3}
glve dimengionless velocity digtrimut fons for three Reynolde
numbers in the range 3.6 x 109 to 7.4 x 10? for the three cirecular
diffusers. It is observed that the velocity profiles are less
fu‘ll' and the boundary layer thickness larger for the Gihson
geometry than for the othar two geometries. This obgexrvation is

et cadk 24k S ke Alssersd flaw anttavne at axit dim:ussed 1!\
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section 2 of thig chapter. Flgures 32 to 40 represent similai
boundary-layer data for the three sgquara diffusers and for three
Reynolds numbers in the range' 3.2 x 109 to 6,4 x 109, The data
are found to indicate a systematic development of the turbulent
boundary leyer consistant with the digtance and the Heynolds
number in Lhe case of all the three geometries of the gquare
dilffusers.

It would be interesting to analyse this boundary layer
data in terms of the universal log law and defect law of the
turbulent boundary loyer on & smooth surface under the effect of

adverse prossure gradient,
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CHPTER VIX

QUNCLUSIONS

The hydraulic performance of six 16%angle diffuser
models having circular and square cross-sections and incorporated
with three boundary geometxies 1g studled at three Reynolds

numbers. The following conclusions can be drawn from this study:

1, From the stand-point of pressure recovery the potential
flow geometry (proposed in thig thesis) is superior to Gibson
and straight-line geometiies among the circular diffusers. The
A('iibson or potential flow geometry is found to be better than the
skralght«line geometry in the case of séuare diffusers. Between
the squaie ang circular diffusers, the circular models give much
higher pressure recovery (varying from 35% to 90%) than in the
case of square models.

2. The flow pattern at the exit end of the diffﬁser is found
to be relatively better for the stralght-line geometry among
eircular médels and for the potentlal-flow geometry among the
square diffusers. Ihe gradation is indicated in the summary .
table given at the end of this Chapter. The grades A and B
compare hetween the circular and the square models.

3. From the point of encrgy loss the geonetyry of the diffuser
trangition ghows 1ittle variation in the values of the loss
coefficlents. However, the square models give considerably
higher energy loss {(as much as 55% increase) compared to the
circulayr diffusers.

4. Within the range 0f the Reynolds numbers tested, here
tho energy-loss coefficient is found to be independent of the

Kevnolds number.
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n, When the results of the present gtudy are ccmpared with
Gibgon's data, it is found that they compare satigfactorily in
the case of circular diffusers. Vhile in the case of square
diffusers only the straight-line geo:netry fitg well with Gibson'sg
data. 1t is because Gibson considered only a straight-line
geomet rye.

in the following Table a comparstive glatement whi&

gumrarizes the conclusions 1 to 3 is given for ready reference,

Summary of Resultsg

Hodel | Pressure | Flow patt ern | Energy
| g Recovery __at exit ]! loss coeff,
i otential flow | 0,72 11.A | 0.37
M
H _
3 gGibwn T 0.60  { 1Il.a 3 0.31
by A ,
5 g ‘ i
Straight- line 0.3 I.B(Best) 0.33
Potantial flow 0.41 g - I-A{Best) 0,37
s § | -+ |
g Gibgon .45 g 1l.B 0.48

A prograume for further research work on diffuger flows

is indicated on the next page.



B~

Progromme foy Furthor Uork

Analysis of boundory layer deta using the boundary
layer momecntum onalysis, which céuld not be done duc to
lack of timo, should be done. Also, moasurcments of
turbulence quantities ond the spatial digtributions of
energy production, enorgy tranefer and diffusion quanti-
tiesy with the helpiof hot wiro snemmometer, are roquired.
Asymmetry in scparated flows seems to be inheront with
the phenomandn of tﬁrbulent boundary layer separation and
& study of gtability of flow in adverse prossure gradient

flows 1¢ essontial to explain it.

A rigorous study is roquired for smaller divergence
angles to know fhe effect of Beynolds number and the
ocecurrence of soparation. A wide range of Reynolds number
should be included to know its effect on the coefficient
of energy loss sccurately. In ease of non~cireulor diff-
users the available literature ic not adequate and there
is 3 need for more work cspecially for smoll divérgence

angles,
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 KINETIC ENEBGY CORRECTION FACTOR, o

Values of & at the exit sectiong for different Geynolds

numbers are ae follows,

(1) 18° Conical Diffusers

Potential Flow Model l . Gib; dal
Reynolds P R | a

Nugher oL e 42 L _
3.85x10°  3.56  3,68x10°  3.45  3.800°  4.166
6.30x10°  3.22  6.30x10° 2,405 6.52x0° 332
6.62:0°  3.825  7.20x10° 2.036 7.380®  3.678

W&H& =iraight. Vodel.
- . S m————— wosale . . W p— R 1
3.23x10° 9,230  3.24x10 6,996 3.30x10°  6.00
65.73x10° 9,310  5.82x10° 6.52  5.72x10°  6.007

6.28x10° 10,473 6.40x10° 5.618 6.00x10°  6.160

- ' w— ——
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Coefficient of Energy loss, € Y ! S
- PUE/2

> Oy CL 8 CL.T CL i L CL
o leo | | =1 M [%=10
axwﬁ 0.2185 0.3805 3,684x10° 0.217 0.3713 3.83x10° 0.193 0.3340
2510°  0.218 0.3378 6.30x10° 0.276 0.3462 6.30x10° 0,218 0.3617

Bxlﬂﬁ 0.167 0.3285 7.20x10° 0.2015 0.3137 6.82,x10° 0.176 0.3738

son's value of C; is equal to 0.1698 for B, = 5.82x10%

8 , —— _Gi odel %anijL?uM).
1 “E""g:“ - B “:“"MTML:Q'ﬂ - BT C c

ox10® 0.167 0.4068 3.2¢x10° 0.10 0.4645 3.23x10° 0.021 0.¢792

2x10° 0.303 0.5405 5.82x16° 0.16¢ 0.¢958 B.73x10° 0.047 o0.512
9x10° 0.27¢ - C.5115 6.40xi0°  0.227 0.4846 6.28x10° 0.020 0.8682

sp— y ——

son's value of C 1s squal to 0,365 for B, = 6.&?8216‘
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APPENDIX X

The coordinates of three boundary gecmetries for

axisymmetric diffusgers.

6

E:f::mof — Fadius at a distance x?ro?n“ the start of
diffuser Potantiili m .Gib?m Prbfﬂf Str:;g:t Profile
o(start)  7.50 7.50 7,80
7.78 7.8¢ 8.196
10 8.09 8.22 8.890
15 8.44 8,63 9.586
20 8.83 9.11 10.28
26 9,30 9.68 10.978
30 9.82 10. 30 11.67
36 10,45 10.90 12.36
40 11.25 11.78 13.06
45 12.25 12.72 15.76
50 13.58 13.90 14.48
84 (End ) 15.00 16.00 16.00
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APPENDIX I1

The coordinates of three boundary geometries for

square diffusers,

x from inlet |
of diffuser
——tmsl

‘Gibson

Potential'flow

%Lo?iﬁq|5€;ai ht bound-
{ems) - farx_.zsmnl.

O(start) 7.50 7.50 . 7.50
8 | 7.60 7.94 8,195
10 .87 . 8.8 8.69
16 8.32 9.00 9.585
20 | 8.90 9.60 10.28
28 9.60 10.20 10. 975
30 10.40 10.85 11.67
35 1127 11.68  12.36
40 12.18 12.40 13.06
45 13.16 13.26 13.75
50 14,17 14.22 14.45

64 (End ) 15.00 15.00 16,00
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