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ABSTRACT

The purpose is to review and to ebstract the literature concer-
ning diffusers. The study has been restricted to the flow of incompres-
gible fluid in staight wall diffusers, circular and two-dimensional. An
attempt has been made to outline the effect of several variables on the
performance of the diffuser and on the behavior of the flowe.

The energy efficiency of the diffuser and the kinetic energy
coefficient at the exit are selected as parameters featurimg the quality
of a diffuser. The first of these parameters is a measure of the energy
conservation and the second is a measure of the exit veloecity distribue
tions The varisbles influencing these parameters are: the angle betwsen
the diverging walls, the area ralioc of the diffuser in case of circular
diffusers or the length ratio in case of two-dimensional diffusers, the
Reynolds mmber at tpe entrance section, the kinetic energy coefficient
of the entering flow, and the roughness of the walls,

A review of the analytical studies of the flow evolution in an
adverse pressure gradient is presented. The various methods of analysis
are sumarized and criticizeds. A1l of the analytical studies are based
upon assumptions which lead to an expression for the velocity distribu-
tion as a function of a single dimensionless variable. The resulis of a
recent experimental study indicate that a single parameter representation
is improbable with the result that the value of these analytical studies

is questionable,



A review of the experimental works is then presented.An attempt
is undertaken to correlate the data of 10 series of experiments (5 on
circular diffusers and 5 on two-dimensional diffusers). The influence
of each varisble upon the characteristics of the diffuser is pictured
in several graphs.

The area ratio is shown to have a small influence on the energy
efficiency of small angle, circular diffusers and of wide angle diffusers
in which separation occurs at the entrance. If the value of the entrance
Reymolds mumber is greater than sbout 1 x 105, the effect of this varia-
ble, per se, is minor. However the enirance kinetle emergy coefficient
is a major variable, the energy efficiency diminishing rapidly as the
velocity distribution becomes less and less uniforme

The variation of the exit kinetic energy coefficient is shown as
being a continuous inereasing function of the angle, the area ratio, and
the kinetic energy coefficient at the entrance. High turbulence, as
evidenced by high Reynolds nmumbers, decreases this coefficient.

Similar results, although different in magnitude are shown for
two—dimensional diffusers. A boundary curve between the non separated
flow zone and the separated flow zone is presented as a function of the
angle and the length ratio.

The review points out the lack of data and the poverty of our
knowledge on the behavior of the diverging flow,



INTRODUCTION

For a long time an understanding of the flow characteristics in
a diffuser has remained an unsolved prcblem. Some phenomensa, Such as the
transformation of energy could be ezsily explained and even computed on
the basis of the mechanics of a perfect fluid. However, the results ob-
tained from experiments do not conform to this theory. The presence of
a viscous fluld flowing along a diverging boundary explained this discre—
pancye. Thia invelves the consideration of the behavior of the boundary
layer in a significant adverse pressure gradient. A mathematical analysis,
derived from Prandtl.’s mixing-length theory, did not result in a satisfae-
tory solution. Onlyaqualitative explanation could be given.

The problem of diffuser flow is important. Diffusers have long
been widely used in various technical fields. Water tummels, draft tubes,
airplane ducts, wind tunnels and a variety of other similar apparatus re-
quire the design of a conduit which will expand the flow most efficiently.
A number of experimenters have investigated this problem since the begin-
ning of this century. Several of them have made systematic tests in an
attempt to find the effect of the different variables involved on the
characteristics of the flow., Others have tried to improve those charac-
teristics by adding special mechanical devices to the diffuser. A third
category of researchers, with the help of test data, proposed semi-empi-
rical methods with the view of predicting the evolution of flow through

& diffuser.



The purpose of the present work is to review and to abstract the
corresponding literature. The work has been restricted to the flow of
incompressible fluid in straight-wall diffusers, circular and two-dimen-
sionale An attempt has been made to summarize the available information
concerning the effect of several characteristics of the diffuser and of

the entering flow on the performance of the diffuser.
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SYMBOLS

cross sectlonal area of diffuser
area ratio

diameter of circular diffuser

width of two-dimensional diffuser

angle between diverging walls

length of diffuser side wall

length of exit duct required to get complete pressure recovery

Reynolds number YGQ , for circular diffuser
\L\;__.N s for two-dimensional diffuser

dengity of the fluid

dynamic viscosity of the fluid

kinematic viscosity of the flunid

acceleration of gravity

piezometric pressure at a point

dynamie pressure at a point

total energy at a point

veloeity of the fluid at a point along the x axis
velocity outside the boundary layer or maximum velocity at a section
mean veloecity at a section

distance along the axis of the diffuser

distance along the wall

distance from the wall perpendincular to the flow
thickness of the boundary Ak

displacement thickness j ( _— ) dy

momentum thickness : f@-__ & oy

J *
form parameter - g

3
kinetic energy coefficient = % ( "—J) o A
energy efficiency
shear stress in a fluid at a point

shear stress at the wall

Subscripts

entrance section of the giffuser
exit section of the diffuser



CHAPTER I
PRELIMINARY ANALYSIS

The only thing that a ecircular and a two-dimensional diffuser have
in common is that they both play the same role, Available results show
that there is no quantitative similarity between these two kinds of dif-

fuserse. The problems involved in each case will be treated separately.

Role of a Diffuser
The main purpose of a diffuser is to transform into piezometric
energy the kinetic energy of the entering flow, This transformation ap-
pears on the following sketch where the kinetic energy KE and the piezq-—

metric energy PE at section 1 (entrance) and section 2 (exit) are expres-—

3 B ;El
hE| KE
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PE2
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sed by the same units, A loss of energy E; results from this transformation.



This loss is due to the fact that the problem of diffusers deals with real
fluid. This fluid mst (1) expand between the diverging boundaris and re-
quires a certain amount of energy to overcome its own viscous shear; (2)
flow along walls whose friction retards the stratum of fluid adjacent to
the boundary.

The profile formed by the velocity vertors across a section is flat-

tened at the wall as indicated below. The shape of this velocity profile

Flow
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depends on different variables that we will select later. It may be poin-
ted out that the knowledge of the evolution of this shape is of much in-
terest for various applications. For instance, the overall efficiency of
a propeller placed at the exit of a diffuser is definitely affected by
the velocity profile in which it works. In the same way, the efficiency
of a radiator at the exit of an airplane diverging duct is related to this
profile. The effectiveness of a diffuser at the outlet of a highway cul-
vert or similar structure 1ls also related to the velocity profile at th e
outlets Badly distorted velocity profiles may be conducive to channel ero-
sion downstream from the diffuser; whereas, the likelyhood of dowvmstream
channel erosion is reduced with more uniform velocity profiles.

Therefore the function of a diffuser is to transfer the kinetic

energy in an expanding section into piezometric energy. This function



is best accomplished by both an efficient transformation and the produc-
tion of a velocity distribution at the exit of the diffuser as uniform as

possible.

Quantitative Characteristics
Various coefficients can be defined to measure the effectiveness

of g diffuser.

Energy Efficiency

Transformation of energy leads to the definifion of the energy ef-
ficiency. Ordinarily, the efficiency is expressed as the ratio of the
quantity of energy received from a machine to the guantity of energy fur-
nished to this machine. In the case of a diffuser, such definition would

give:

(KE), + (PE),

e e

But the purpose of a diffuser is more totransform as much as possible of
the kinetic energy into piezometric energy than to perform this transfor-

mation with the least loss. The energy efficiency is commonly written:

(), - (=),

Ve = (2)

If we call p, p¥ and u, the density, the piezometric pressure and the ve=-

locity of the fluid at a point respectively, this expression becomes:
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Al and A, being the area of the cross sections respectively at the entranee

and at the exit.

Kinetic Energy Coefficient

There are several quantities which have been used to define a velo-
city distribution across a section; such lengtls as the thickness of the
boundary layer J, the displacement thickness J#, the momentum thickness
J##, or such dimensionless quantities, as the shape factor H or the kine-
tic energy coefficlent «, may be used to get an idea of the evolution of
velocity distribubtion in an expanding conduit. Unfortunately, it is still
impossible to differentiate the velocity distribution from the mumerical
value of any of these quantities. However, in view of comparing data, «,
the kinetic energy coefficient, has been chosen and used in the present
work to give an approximate idea of the velocilty distribution.

The dimensionless quantity & is defined by the expression:

2
« ﬁjﬁ) a (1)

in which V is the mean velocity of the flow across the section A. It is
obvious that with a perfectly wniform velocity distribution « is unity.
As the velocity distribution becomes more and more nonumiform o increases.

Of course, it still remains impossible to draw the profile of the velocity



distribution which corresponds to a given value of ¥, but for the different
cases encountered in the experiments reviewed there-aféer, this coefficient
appears to be a good instrument of comparison.

In the following work, special attention has been given to the va-
riation of the energy efficlency #, and of the kinetic energy coefficient
A, at the exit, because these two are considered characteristic coefficients

of a diffuser.

Dimensional Analysis
The dimensional analysis allows us to find the gquantities influen-
cing the varlation of the two characteristic coefficients. The variables
involved are:
(1) for the diffuser, 6, the total angle between the diverging
walls, Al’ the area of the entrance section, A4,, the area
of the exit section and &, the roughness height;
(2) for the flow, Vy» the entering mean velocity and <, the
kinetic energy coefficient at the entrance; and
(3) for the fluid, P, the density and m, the dynamic viscosity.

A possible dimensionless grouping is as follows:

7 =P (0, 4. 5 By 500y 5 €/5) (5)
and: %% oz B0, 8 ,R %y, 5/r), (6)
A, i3 the area ratio written as A. . _A_2; }31 iz the Reynolds number at the

¥, A . .
entrance written as R - 171, wvhere Ay is a characteristic dimension
w



of the entrance section, (diameter Dy for a circular diffuser, width Wy
for & two-dimensional diffuser).

It is reasonable to think that the roughness of the walls has some
influence on the behavior of the flow, but the literature concerning dif-
fusers shows a complete lack of data on this subjecte. This is quite unfor-
tunate because some indication of the boundary roughness would probably
explain diserepancies in results of similar experiments.

In fact, other variables should also be taken into consideration
because a1l the conditions of an experiment on adiffuser are net fully
defined by equations (5) and (6)e Since it is impossible to comparé data
between different tests, great attention must be paid to the way perfectly
gimilar tests have been run. For instance, experiments show that part of
a complete pressure recovery is performed in the exit length of a diffuser.
The pressure recevery computed between the entrance and a station in the
exit length is higher than that computed between the entrance and the exit
of a diffuser. A quantitative illustration in Fig. 1 for two two-dimensio-
nal diffusers with and without exit lengthe. On Fig. 2 is shown the distan-
ce 1a required to get complete pressure recovery for different angles 8
and different entrance kinetie enmergy coefficients.

It is interesting to note that all the following experiments were
run at Reynolds numbers above 101‘. In this range the viscous effects of
the fluid are negligible, It is then possible to compare without error data
of tests run with air and water, the only fluids used. For air the only
limitation is the Mach number which must be less than O.L. Below this

limit air can be considered as an incompressible fluid. Some experimenters
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instead of blowing the air through the diffuser, drained it by means of a
vacuum chamber or by means of a propeller placed at the exit or in an exit
lengthe In the latter case the results are different since t;he flow is less
turbulent and since a backflow after separation impossible.

The same dimensional analysis expressions, (5) and (6), are valid
for the two-dimensional diffusers. However the experiments in two-dimen-
sional diffusers, generally run with air, used two diverging plates of
constant length including a variable angle for the same series of testse
It appeared more practical to use as variables for the diffuser: 6, the
total angle between the diverging plates, L, the length of these plates
and Wy, the width of the entrance section. Thus equations (5) and (6)

read:
7£=¢(9:L/w19§_|_’“1’ E/Wl) (7)
°‘z=¢(9s1’/w1:§,1:°‘1s E/Wl) (8)

I./Wl is the length ratio of the diffuser. The difference between expres-
sions (5), (6) and (7), (8) does not matter since circular diffusers and
two-dimensional diffusers are unrelated as far as quantitatives results
are concerneds

It may be pointed out that the term two-dimensional diffuser pictu-
res a theoretical diffuser. In the experiments reviewed, it seems that
generally the dimensions of such diffusers are approximately two-dimensional
at the entrance, but at the exit one can expect influences of the parallel
side walls as the distance between them becomes smaller than that between
the diverging ones.



Theoretical Analysis

To predict the variation of the energy efficiency and of the kine-
tic energy coefficient one may show by a theoretical analysis the influen~
ce of each variable.

On the basis of the theory of irrotational flow of a perfect fluid,
a diffuser behaves as an ideal diffuser. The kinetic energy coefficient
remains constant through the diffuser and is equal to le The energy effi-
ciency is 1 since the change in kinetic energy is then exactly equal to
the change in piezometric energy. This ideal picture is far from the real
one.

It is believed that a better approach to the problem would be found
in the solution of the boundary layer equations in an adverse pressure
gradient. Unfortunately, up to date, such a problem has defied mathemati-
cal analysis and no purely theoretical solution exists.

The flow of a viscous fluid, according to Prandtl's theory, forms
through the diffuser, at each section, a central core of constant maximm
velocity U between two boundary layers of thickness J.

First, in the central core, as long as the boundary layers do not
Join on the axis of the diffuser, there is no shear stress and therefore
no loss of energy. Thus Bernoulli's equation is:

% Ger] - -;- U, +p3 (9)
between the entrance and the exit of the diffuser, 1|.»11erea.s the piezome-

tric pressure p* at any given section is constant acrossthe core.
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Second, in the boundary layer, the welocity distribuiion is given
by the solution of the Navier-Stokes equations. The dimensional analysis
of these differential equations shows that the piesometric pressure across
the boundary layer is constant and equal to the piezometric pressure in
the central core. Using this notion, often checked by experiments, and
furthermore, using expression (L) of the kinetic energy coefficients at
the entrance and at the exit of the diffuser, expression (3) of the diffu-~

ser efficiency, in the case of an incompressible fluid, becomes:

p¥ - p¥
e = 2 1 (10)
: v v.2
%y p 4 -, P72
=3 7

~ The numerator can be expressed in terms of maximum velocities, using

équation (9) and finally the expression of the energy efficiency becomes:

T (11)

Xy —3
Ap

(Ul)z «1 i (%)

l-

This means that, once the evolution of the velocity distribution is kmown
in a diffuser, the efficiency can be computed as long as separation does
not oecur and as long as the boundary layers do not reach the axis. There-—
fore our knowledge of the velocity distributions in these diffusers allows
us to solve the various problems involved by diffusers.

This demands the solution of the boundary layer equationsj although

approximate approaches have been presented by several experimenters, no



no satisfactory solution exists. Some of these approximations are deri-
ved from theoretical boundary layer equations. It is possible to inte-
grate these equations when they are simplified. Others investigators deri-
ve empirical methods based on experimental data. These various methods
predict the velocity distribution at any station along the boundary as
long as separation does not occur. VWhen separation occurs, the jet of
fluid flows between fluid boundaries and consequently the flow is very
unsteady. Velocity distributions become hazardous functions of the time.

Several analytical methods are summarized in the following chaptere.



CHAPTER II
ANALYTICAL RESEARCH

Several researchers have tried to find approximate solutions by
deriving simplified equations. Most of them based their caleulations on

the von Karman momentum equation:

C  adm @fd:_;

PUz‘ e " (.ZJ** + J% ) (12)
. Co | aJwx dp/ax
or: E—U-g‘dx"PUQ(H+2)J**. (13)

The adverse pressure gradient occurs in many phenomena. The analytical
researchers mentionsed thereafter were most concerned with flow along wings
and ‘the methods are often valid for hoth positive and negative pressure
gradients. They were often checked only by aeronautical experiments on
airfoils but they are still valid in the case of flow in a diffuser.

One of the features of the varilous analyses is the parameter used
to characterize the form of the velocity profile. Cne of the assumptions
nade by each investigators is that the welocity profiles form a single-
parameter family of curves.

Here thirteen methods are summarized:

Gruschwitz Method (reference 1)
One of the first and also one of the most important papers in

analytical research was presented by Gruschwitz in 1931. The parameter
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was the wvelocity Uy measured at a distance from the wall equal to the mo-
mentum thickness J##, Flotting test data, Gruschwitz found that his para=-
meters n=1 -(ul/U)2 was a single function of the form parameter H. Fur-

thermore, he found that the dimensicnless quantity J#* @1 was a single
q dx

linear function of n ( q: kinetic energy: ggf , and Py total energy -

kinetic + piezometric pressure at a distance J#** from the wall).Thus
Gruschwitz writes 2 differential equation which, combined with the von
Karman momentum eguation and solved by trial and error, givesJ #¥ and H.
Separation would occur for n = 0.8 which corresponds to H = 1.86.

This method has long been the only one used and has generally given
good results, except to predict the separation point. But it requires
lengthy computations since it is not only a trial and error method but

also a step-by-step method.

Nikuradse Method (reference 2)

Just two years before Gruschwitz, Nikurzdse studied the two-dimen-
sional flow between diverging boundaries and worked out a method based on
the use of two parameters T and L, related one to the other by a single
curve, according to his experiments. T was a parameter of friction and L

a parameter of friction and pressure. The latter is a function only of
the product J **Bl/ Lt. Assuming that the ratios 0*/W and U/V are constant,
T can be computed from L and gives €.

The simplicity of this method makes it very attractive but it is

obviocus that the assumptions concerning J¥*/W and U/V do not check further
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experimentes (see Fig. 19).

Burits Method (reference 3)
Buri based his calculations on the results obtained from the flow
on a flat plate without pressure gradient. Assuming that the velocity dis-
tribution follows a power-law of the form v/U = (y/J )1/ 7, which gives a

ratio J **/ biad constant, he cbtained the expression:

e d——

v

-1/h
bry - IRk
o o E Ud } (1)

where C = 12,55 x 10~>. In the case of a pressure gradient, Burl assumed
that this expression is still valid but affected by a coefficient

€. (J'W/J"H'):I'/Ll which is no longer constant. This coefficient varies with
the shape of the velocity profile. According to Buri, the internal shear
stress is the main factor which affects the velocity distribution. The

distribution of this internal shear mgy be written:
c/(“J'o - l - B y/‘r - aee (15)

From the coefficient B, Buri derived a form parameter F,

/L
e it
e & () as)

and he shows that H and are single functions of F. Finally Buri obtained

the expression:

)
1
e
Ri2
vile
fig

(a7



17

where 2z = J¥** _13%52*).1? ; & =1h.75 x 10™> 3 b = 3.9L5.

The error of this method is to assume thai ¥, is only a function
of E(J**)’ This is not true when separation is approached. On the other
hand, the values of a and b computed from various experiments are not

perfectly equal.

Method of Squire and Young (reference L)

In order to solve the momentum equation, Squire and Young used two
other equations, the Karman-Schoenherr equation giving the drag coefficient
on a flat plate with zero pressure gradient and the momentum equation for
this plate. Thus they obtained two relations between J **, U and &, and
consequently a differential equation in terms of ¢, only, which can be
integrated if the form parameter H is assumed constant with x.

Checking this method against test data, it seems that, using H=1.L,
the results are in good agreement with the experimentation as far as air-

foils are concerned.

Fediaevsky's Method (reference 5)

To compute the developmeﬁt of a turbulent boundary layer, Fediaevsky
attempted to compute first the shear distribution across this boundary layer.
He made the fundamental assumption that the shear distribution is a
power series of y/y . Thus all the shear profiles, for laminar as well as
for tuebulent flow are a single-parameter family of curves, the parameter
being the slope at the surface of the shear distribution curve. Then the

velocity distribution can be computed from the relation:
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gzﬁ , (18)

applied along a stream line and starting from a known upstream distri-
bution.

This method involwves tedious computations of several points along
several stream lines, but, in spite of good agreement with several test
data, Fediaevsky's analysis is incorrect. It has been shown by other ex-
perimenters that there is no direct connection between the velocity dis~

tribution and the local shear distribution.

Lee's Method (reference 6)
As it is possible for a flat plate with zero pressure gradient to
express the ratio 3**/x as a function of the length Reynolds mumber by

means of the expression:

Iz - N/, | (19)

Iee writes a similar expression for a flat plate with a pressure gradient:

J%/x = B/E (20)

B and m being functions of x, He shows that, according to his experiments,

B and m are single functions of the parameter:

G(x) =§ %g (21)

In the same way, H is a linear function of G(x). Thus lee obtained an
expression for the drag coefficient as a function of G(x) and a5*%/dx

and he derives d3*/dx assuming that G(x), and consequently B and m,



remain constant. Then the drag coefficient is a funetion only of G(x).
This method is doubtful for several reasons. First, the scatter

of lee's data does not justify a linear expression for H. Second, it is

not logical to maintain G(x) constant to derive dJ3* /dx because G(x)

is an unknowm function of x. Third, the curves giving B and m as a func-

tion of G{x) have been plot.ted by Lee for positive and negative pressure

gradients, When G(x) = 0 (zero pressure gradient), results should be simi-

lar to those generally found for a flat plate with zero pressure gradient,

but lee's results are different.

Method of von Doenhoff and Tetervin (reference 7)

By plotting u/U as a function of the form parameter H for constant
values of y/J*", von Doenhoff and Tetervin found that the collected data
showed the velocity distributions as a function of H alone for a given va-
lue of y/J**. Then the assumption was made that the rate of change of H

is related to the external forces a(':,/q and {_*_"_' dge In dimensionless form,

q dx
this notion is expressed by the equation:
*¢  gH (aH - b) [J** dgq 2
A A [_T%?&"C(H'Ho)]: (22)

vhere H, is the initial value of the form parameter and 2q a skin friction
%

coefficient computed by the Squire and Young formula and making this equa-

tion (22) independent of R(jyix). However the expression found by von Doen—
hoff and Tetervin for yu* _%I has been empirically obtained from
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experimental data which were largely ecattered. This expression is complex
and difficult to handle.

This method shows good agreement with the experimentation but
consistent differences appear as the separation point is approached. One
of the reasons is that the tem Ji dg 2gq shows small values when sepa-
ration occurs whereas ¢, being zerg t.gis :grm should be infinite. This
method is better than that of Gruschwitz who neglected the influence of
Ba*y

The value of the form parameter H has often been used as a criterion
of separation. According to the foregoing investigation, it is possible
that separation occurs when H is about 1,6 and may be considered to have
certainly occured when H is 2,6. Schubauer and Klebanoff (reference 8),

investigating an airfoil, found separation to occur when H=2.7.

Kehl's Method (reference 9)

In 1943, Kehl analysed the flow between converging and diverging
boundaries and found, as Gruschwitz in 1931, that the velocity profiles
were a single function of Gruscwitz's parameter n. Kehl derived an equa-
tion for n which took care of the Reynolds number B(JH) by adding a new
term to an equation found by Gruschwitz.

This method checked Kehl's experiments but did not apply to other
data at higher Reynolds mmibers.

Garner's Method (reference 10)
Garner's method uses i‘esults from Buri's and Tetervin's methods

with some slight differences. Separation was found to occur when H= 2.0.
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Binder's Method (reference 11)
This method issued .from studies made on two-dimensional diverging

chammels. Binder defined two dimensionless coefficients:

/b 1/
e & o () | s l“-—-f;‘%g!; ) (23)

and showed that experimental data checked the rdation Y =& + b . This
velation ecan be partially integrated and then J* can be obtained by a gra-
phical integratione. All the characteristics of a two-dimensional diffuser
can be computed step-by-step, but the computations are tedious as a trial-
and-error caleculation is necessary in each step.

This method gives good resulise but is long and limited to two-di-
mensional diverging flow without separation. When I'>0,08, there is a
possibility of separation. Binder reported this method in 1947 and again
in 1953 (reference 35) and in these two papers did not give exactly the
same mmerical values for a and b.

Method of Rubert and Persh (reference 12)

These two researchers tried to correlate all the methods attempted
up to that time., They checked the accuracy of the various methods and
worked out an empirical method for two cases: conical diffusers and two-
dimensional diffusers. For each case, an equation is offered, giving the
rate of change of the momentum thickness,d™, with x by a step-by-step me-
thode The equation is complex and expresssd in terms of the non-dimensional

pressui-e gradient (_5_;*_"1' dq , the form parameter H and the Reynolds mmber
q dx
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R(g™)e
This method was applied by the writer to several conical diffusers
and always gave smaller resulis than those obtained by experimntation.

This was true even when small steps of computation were taken.

Method of Lin and Tetervin (reference 13)
This method developed in 1950 1s probably the most complex of alle
Iin and Tetervin started with the Prandtl boundary layer equation. The ve-
loeity distribution, as in Tetervin's previous paper, is assumed to be a
function only of y/J™* and H and it is slsoc assumed that the shear stress
is a function onmly of U, dU/dx, y/§** and H. After long cslculations, an

expression forJ ok dH is obtained. This expression involves several gra-
dx

phical integrations,

Goethals'® Method (reference 31)
This method was elaborated from tests run on circular diffusers.
It is purely empirical and only valid for circular diffusers. The velocity

distributions were found to follow the law:

w/U =1 -K2log (y45), (2L)
while J can be expressed as:

O/ = A-Bx/D, (25)

K, 4 and B being functions only of the angle 0.

This method is extremely simple but has been verified only for one
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entrance velocity distribution and one Reynolds nmumber Bj. It gives only
an approximate idee of the wvelocity distribution. Some inconsistancies
appear Iin this method. The form parameter remains constant through the
diffusers If the value of H is accepted as a criterion of separation,

it is curious to see that,' according to the values of K given by Goethals,
the form parameter reaches a maximm for 6=11 degrees‘ and then decreases
as © keeps increasing above 11 degrees.

This last method, as Buri's method, assumes a certain law to repre-
gsent the velogity distribution. Buri's power-~law and Goethals! logarithmic
law are the only two laws used. Tt is then possible to get the displace-
ment thickness J¥, the momentum thickness J*¥, and the kinetic energy
coefficient o in terms of J  for circular diffusers, in texrms of O

Wz
for two~dimensional diffusers. The kinetic energy coefficient which we are

interested in, reads for circular diffusers:

d_l-?v% A

[ _ h(" n ]3 ’ (26)

/2l n-2
with the power-law u/U.—.(y/J)n, and:

2
(1 "‘ﬁ‘}z) -2 T_)% (1-3Kf-6K'2-61{'3) - (.]%E)Q (1-531('—%1{'2-,311{-3)
3

J 2 J > s (27)
[(1 "3375) - 2373 (-k1) -(-D%] (1% Kt)]

with the logarithmic-law uw/U=1 - K log (y/J) , where K'= 0.L3L3 K.



These formulae are rather complicated and involve long computations.
The shortest way to get the value of the kinetic energy coefficient is still

a graphical integration of:

o ik [W‘B (28)
-v—":.,w " u’ dy

for the two-dimensional diffusers, and:

. L 2
d"W/ou'ad(r) » (29)

for the circular diffusers. Furthermore, the results obtained from formu-
lae (26) and (27) are not very accurate for several reasons: first, the
thickness of the boundary layer camnot be accurately measured; second, nei-
ther the power-law, nor the logarithmic-law fit a velocity distribution
perfectly. In addition, it is interesting to note that, unless n in the
expression (26) and K' in the expression (27) are functions of x, the coef-
ficient « beéomes constant as soon as the boundary layers meet a} the
center of the diffuser.

The analytical research which has been reviewed here shows the gene-
ral tendency to base the derivations on the use of a single parameter.
Yet this assumption is not strictly valid. Besides the difficulty of fea=-
turing a two-dimensional flow which fits the two-dimensional momentum
equation, it has been shown (reference 42) that none of the parameters
used is independent of the local skin friction. The local skin friction
coefficient is itself greatly affected by the pressure gradient. Also

the single parameter assumption does not take into account the previous
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history of the fluid. Generally researchers checked their method against
their own experiments or against few experiments where the range of
variation of at least one variable was small. The review shows that the
provlem of diffusers still defies mathematical analysis and that the ans-

wer to this problem must be found in an extensive experimentation.
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CHAPTER XII
EXPERIMENTAL RESEARCH
We will now be concerned only with experimental research on diffusers.

Review of the Idteraturs

A review of the literature shows that from 1909, date of the first
experiments, up to date, April 195}, about twenty investigators have made
experiments on diffusers (see references 1l to 35)e Since the present
work aimed to compare mumerical data, it was important that the resulis
given by different reports be transformed to get the values of the charac-
teristic coefficients n, and « 5. Unfortunately this was not always pos-
sible for the twenty series of experiments mentioned. In many cases, the
entrance conditions of the flow are unimown or of such nature as to give
doubtful results. In other cases, the results are given in a certain form,
different from an energy efficiency. It is sometimes impossible to get
back to this efficiency as the intermediate steps of computations are
missging in the reports.

After examination, data of ten investigators appeared, first, to
fit the requirements of our purpose and, second, to cover the range of
the ten other series of experiments and their resulis, if these were
available, This nunmber of experiments is wvery small if one considers tixe
importance of the problem and the wvery wide range of variation of the
variables involved. In fact, subsequent results will show that complete



21

knowledge of this question is still lacking.

Among these ten investigators, six studied circular diffusers and
five studied two-dimensional diffusers, Gibson studying both of them.
Al]) give either the energy efficiency or a way to compute it from their
results. Only eight give traverses of wvelocity distribution.

A pertinent review of these works can be found in reference 36.
This review only summarized the various information given by published
papers. No attempt was made to correlate the corresponding data.

It will be attempted herein to give a brief summary of the experiments
which lead to the data used in tle present work. This imrolvzes_ some

gstudies made and published since the publication of reference 36,

Summary of Publications

The early experimental work of Gibson (1913), (reference 15, 16,
and 17}, although one of the first in this field, remains one of the most
complete studies of diffusers, in spite of some omissions. The pressure
recovery was studied from the flow of water in circular and rectangular
diffusers for angles from 3 up to 180 degrees with area ratios of 2,25,
i and 9, Unfortunately, only the range of variation of the Reymolds nume
ber at the entrance is given and velocity distributions gre lacking.

Iyon (reference 22) in 1921 ran experiments with water on conical
diffusers of angles of L, 6, 8, 10, and 12 degrees with area ratio of l,
and of angles of 8 and 10 degrees with an area ratio of 9. Znergy effi-
ciency and four velocity traverses (one at the entrance, two inside the

diffuser, one at the exit) are given for each diffuser. To our knowledge,
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Iyon is the only experimenter who tested a concrete diffuser (L degrees)
with rough boundaries. His resulis are sometimes curious, as will be showmn
laker, and instabilities seem to have occured in his experiments.

Vedernikoff (reference 2li), in 1926, reported on a study of the
flow of air in a two-dimensionzl chamnel with diverging walls of length
ratio I/W = 10 for angles from O to 2L degrees. The wlocity distributions
are very poorly defined and this lack of accuracy limits the usefulness
of his worke

Further tes® with air were run in 1931 by Peters (reference 26) on
circular diffusers with angles from 5.2 to 180 degrees. The main purpo-
se of this study was to investigate the influence of upstream conditions
on the energy efficiency of the diffuser. Only the entrance velocity tra-
verse is known.

Demontis (reference 27), in 1936, reported on a study of two-dimen-
sional diffusers using a length ratio of 3.5 and angles from O to 31 de-
grees. The diffusers were tested both by sucking and by blowing the air
through them. Energy efficlencies and velocity traverses for some of the
diffusers are available.

Kalinske (reference 28), in 194l;, undertook a rather revolutionary
study with water of three diffusers with angles 7.5, 15 and 30 degrees
and an area ratio of 2.98. The measurements made with great care give
the energy efficiency and several velocity traverses only in 7.5 degree
diffuser for two entrance Reynolds mmbers.

In 1950, Goethals (reference 31) reported on experiments run on three

circular diffusers of 7, 10, and 15 degree angles and an area ratio of L.
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The tests were run with air drained thwrough the diffusers by a fan. Effi-
ciency can e canpu'bed and several velocity traverses are given.

Systematic tests were later run, in 1952, by Robertson (reference
32) on circular diffusers with water. The influence of the entrance con-
ditions on the flow was studied in three diffusers with area ratio 3.88
and angles of 5, 7.5, and 10 degrees. Unfortunately, the values of the
kinetic energy coefficients at the entrance and at the exit of the diffu-
gers cazn only be obtained by extrapolation of the values obtained from
velocity traverses taken inside the diffueers.

In 1953, Reid (reference 3L) studied the performnce of two-di~
mensional diffusers with air and presented the most thorough work that
has been made on two-_di_mensiona.l diverging flow. However, only a few
velocity traverses at the exit are given.

The same year, Binder (reference 35) presented a very complete
atudy of a 10.2 degree, two-dimensional diffuser tested with air. Seve-
ral veloeity traverses in the diffuser itself and far dowmatream in an
exit length are given. The pressure recovery is also given for this dif-
fuser and a 8,1} degree diffuser with induced entrance boundary layer,
both with length ratio of 12 and with or without an exit length.

More details and numerical values about these experiments are

given in the following tables (Table I, page 30 and Table II, page 31).



Table I

Circular Diffusers

Column 2: A = alr; W = water = Colunm 3: B = air 1s blowni S = air 1s sucked
: 21{3 i 5 6 i 8 9 10
o
ol 8 35 |
Author 1R d§ . g,g o ,q,gé-.
and Angle | 2¥ - <8 Ll 5+ | Velocity Entrance
year M E 9§ ae- & 8 = g based on P3| traverses | conditions
Gibson w 10=180° | 2,25 | 0.5 'l'.o5 in exit length | none 1/Dq = 2.6
1913 3-180° | I 245x10
10-180°| 9
Lyon W Lh=12° | 2.l 1:05 at the exit i for each | rounded in-
1921 8 & 10°| 9 5x 10 diffuser let
Peters A|B{ 5-180°| 2.3 | 2 x 105 0e13 | in exit length | at the en-| 1/Dy = 0
1931 & at the exit | trance to 60
Kalinske | W Te5° 2,98 | 648 & in exit length | several in | fully deve-
194, 15° 9e7x10l & at the exit | 7.5° dif- | loped flow
30° fuser
Goethals |A|S| 7° 1 Oel | in exlt length | seversl in| 1/D; =1
1950 10° 5x105 the three
35 diffusers
Robertson | W ° 3,88 | 0.5 t06 at the exit 2 stations 1/D1 = ﬁ o3
1952 o5 2 x 10 in each 10
10° diffuser

0¢



Table II

Two=Dimensional Diffusers

Colum 2; A = alr; W = water; « Columm 3: B = alr 1s blown; S = air is sucked
Columma 6 & 7: P = distamce between perallel walls
1 2|3 ly 5 6 7 8 9 10 11 12
1
9 5
g Length 90 | °&
o|o
Author |«o|—]|Angle 6° ratio |P/W,| P/, B2 | §, |pased |Velocity|Entrance
and |3l L/W1, o8| § 3| on p3|traver- | condi-
year |m|= s g ses tions
Gibson |W| |10=30° 051=7015| 1.0 | O lily 0e5 to in none 1/Dy =
1913 5-&0° h.+- lely |21.0 | 025 2.5x10° exit 2,60
10=90° e 7=15:9 | 225} 0425 length
Veder- |AlB| 0-24° |10 1.0 |140-0613 |5 x 105} 0,25|at the|at the |rounded
nikoff exit exit inlet
1926
Demontis|A|B| ©=31° 3.5 1.0 |1,0=0,3lL 1.5:*:105 oe0l.| at the|entrance| rounded
1936 8 exlt |& exit |inlet
Reid A|5]8.0-17.)°]| 5.50 8.0 E7-3.ou |5 x 10°|0.,21]at the|l at the|rounded
1953 6.0=18,9°]|7.75 8.0 exit |entrance|inlet
Seli=15,9°|11,00 840 |l1+0=2,0 8 at the
3. -15.20 15025 BQO ,-I-uo"lo() exit
26 7=10,7°]21475 8s0 |lie0=1,6
Binder |A|B{8e14° & |12 exit &|several |rounded
1953 10,2° eX.1lg.lin 10,2° inlet

T
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A3 far as circular diffusers are concerned, columns 2 and 3 of
Table I show that the various tests have been run in different ways.
Only the works of Peters, Kalinske and Robertson are comparable to those
of Gibson, although the latter gives no velocity traverses (column $)
and Robertson gives no results based on a complete pressure recovery (
colum 8) as the other experimenters do. This table points out that most
of the experiments were confined to small angles (column L) and to area
ratios between 2.25 and Iy (colum 5). Only Gibson studied an area ratio
of 9 for several angles. Column 6 shows the various ranges of Reynolds
numbers used, but only Robertson made & systematic study of the effect
of this variable on the performance of a diffuser. Colum 7 shows that
when air has been used, the Mash number was low enough to consider this
fluld as incompressible.

Table II for two-dimensional diffusers is also helpful. As has
been shown by Demontis (see Fig 15), results depends largely on the way
the fluid is set in motion. This points out that Reid's complete study
is comparable only to Demontis' results (column 3). Tt is seen also that
the information concerning the velocity distribution is poor (column 11).
Divergencies in the results arise also from the fact that only Reid and
perhaps Binder feature genuine two—dimensional flows. Colwms 6 and 7
demonstrate this very vividly. The angles and the length ratios {colums
i and 5) used by the experimenters provide a fairly wide range of values,
but there is no systematical study of the influence of the Reynolds
mmbey (colum 8).
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Correlation and Discussion of Data
The comparison of the results of the previously mentionned investi-
gations is pictured in several graphs where an attempt has been made to
feature the influence of only one variable at a time on the energy effi-
ciency 4, and the kinetic energy coefficient &, at the exit. First, we
will be concerned with circular diffusers and then with two-dimensional

diffusers.

Circular Diffusers

Energy Efficiency versus Amngle 6.——In figure 3, efficiency has been ploi-

ted against the angle 6. Only the results corresponding to almost similar
values of «; and By have been taken into consideration. The lmowledge of
%1 and %5 was necessary to compute the efficiency. For Gibson's results,
the computations leading to the value of the energy efficiency were made
agsuming 1= 1.01l. This is Justified by the conditions of the experiments
(1/D] = 2,6). Using «  =1,03 is also justified by the fact that p¥ was
measured far enough dowmstream in the exit length to get a weloecity distri-
bution undisturbed by the diffuser. Lyon's data are not recorded here
because they present such discrepancies that their validity seems doubtful.
The smallest value of oy used by Kalinske is 1,11 and this definitely
affects his results (curve (3) should lie between curves (5) and (6)).

In the same way, the high Reynolds numbers used by Robertson and Goethals
affect their results for small angles 8, where curves (1) and (7) separa-
te from Gibson’'s curve (5), which corresponds to experiments under similar

conditions. Curve (1), which is based on a partisl pressure recovery, is
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slightly below curve (7), which corresponds to similar tests with a comple-
te pressure recovery. In spite of these discrepancies, this diagram is
satisfactory. Peter's data, for instance, check fairly well Gibson's
results for an arearratio of 2425+ It can be seen already from this graph
that the area ratio has little influence when the angle is small.

Energy Efficiency versus Area Ratio.—This fact is outlined by figure k4

where it is seen that the energy efficiency does not drop appreciably
when the area ratio increases for small angles. The curves have been plot-
ted against Gibson's resulis for three area ratios of 2,25, L and 9. The
main feature of this diagram is the complete lack of information for area
ratios between li and 9. A close inspection of this figure shows that there
are two kinds of curves: those corresponding to angles up to 15 degrees
and those for angles above 15 degrees. For instance, it can be seen that,
as it is possible to draw similar curves for angles between 15 and 20
degrees, performing the same operation between 10 and 15 degrees would
indicate a relative change in the orientation of the curves, i.ece, 2
change in the radius of curvature of these curves. This is due to the
occurence of separation. When the flow separates from the wall, the for-
mation of eddies increases the turbulence. This highly turbulent motion
flattens the velocity distribution and the kinetic energy coefficient in-
creases less an less rapidly in the direction of the flow. Consequently
the energy efficiency decreases less rapidly. In addition, for wide

angles diffusers the boundary layers rapidly reach the center and, for
this reason, the kinetic energy coefficient increases less rapidly than

whem a central core exists. These reasons make the efficiency almost
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constant between the area ratios L and 9 for a 30 degree diffuser. The
figure shows the data of Peters, Kalinske, Robertson and Goethals and
their position with respect to Glbson's curves; as for the previous
figure, the differences between these various results are explained by
the differences in Reynold's mmbers and entrance kinetic energy coef-
ficientse

Energy Efficiency versus Entrance Reymolds Number.-- The variation of the

energy efficiency with the Reynolds mumber is shown in figure 5. This
figure is the only one on which Iyon's results concerning efficiency appear.
These results seem doubtful and probably instabilities occured in Iyon's
experiments. Kalinske's results are definitely affected by the change by
the Reynolds number of the entrance kinetic energy coefficient. Robertson
is the only researcher who undertook a systematic study of the effect of
the Reynolds mmber. The range tested is small and the kinetic energy coef-
ficient o, remains almost constant in this range. Robertson's results

must be compared with Goethals' data for Eh-=9.l_x 10h obtained for a
similar diffuser, although the coefficient « 1 1,05 used by Goethals

cauges a decrease in the energy efficiency. The lack of data for the low
Reynolds mumbers makes difficult to understand the influence of this
variable. However, it can be stated that high Reymolds numbers give better
efficiency and it is believed that the performance of a diffuser is only
affected slightly by the variation of this variable. In fact, such tests
are not easy to run because the shape of the velocity distribution at the
entrance and, therefore, dl are functions of the Reynolds number and the

roughness of the wall as evidenced by the Karman-Prandtl equation.
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Energy Efficiency versus Entrance Kinetic Enerpy Coefficient.—The influ-

ence of the coefficlent %y on the energy efficiency was studied by Peters
and his results are plotied on figure 6. It is seen that oy does not
appreciebly affect the energy efficiency. It is interesting to note that
the effect becames negligible when € is greater than 30 degrees (not plot~
ted on figure 6). This means thas « 4 has no effect on the performance of
a diffuser as soon as separation occurs, since it is reasonnable to

think that the flow separates from the wall at the begiming of the diver-
ging section when the angle is wide enough, i.e., Wi’ than 30 degrees.
However, the range tested by Peters is small because in his experiments

he uses only smooth pipes. As can be seen on the following figure (Fig. 7),
when the length 1 of pipes preceding the diffuser is greater than that
defined by the ratio 1/Dy =70, the coefficient %y remains approximately
constant and is equal to 1.0LJ. If the pipe is assumed smooth, this value
of &1 corresponds to a Reynolds number 2 x 10° which is that given by
Peters. If rough pipes are used, *y can reach higher values, such as that
obtained by Kalinske (¥; =1.42). Then the efficiency drops as«, increases
as shovm by figure 8. The curves plotted in the upper diagram do not pass
through the points obtained from the results of Robertson and Kalinske
because a small correction was made $o take care of the slight differences
in area ratios used by these two experimenters.

Separation.—Separation may occur in a diffuser for two reasons; either
the angle is too wide or the diffuser is to long. Then as explained by
Prandtl, "the forward velocity of the fluid... mgy be insufficient for

the fluvid to force its way for very long against the adverse pressure
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gardient. It is then brought to rest, and further on, next to the wall a
slow backflow sets in". It is curious to note that very few experimenters
mention separation. It seems to occur at the end of a 10 degree diffuser
of area ratio L, according to Robertson.

If we look at figure 3, we see that only two experimenters inves-
tigated the velocity distribution of a 10 degree diffuser, namely Robert-
son and Goethals, and there is no information about the velocity distri-
bution of diffusers of angles above 10 degrees. It is reasommable to
think that, if the angle increases above 10 degrees and the area ratio
increases above L, the point of separation goes upstream along the wall
until it reaches the entrance of the diffuser. With such data, the plotting
of the area ratio for which separation eccurs versus the angle 6 would
make a very interesting curve which would indicate the boundary between
the zone of non-separated flow and the zone of separated flow. On another
hand, it is definite that the entrance Reynolds number and the entrance
kinetic energy coefficient influence this phenomenon and, therefore, the
position of this curve (see similar curve for two-dimensional diffusers:
Fig. 16). As indicated by Robertson, high Reynolds numbers and low kine-
tic energy coefficients at the entrance delay separation.

Of course, the kinetic energy coefficient %y as other velocity
distribution parameters, could not be computed in the conical diffusers
when the flow is separated. In the following graphs, the angle is therefore
limited to 10 degrees.

Kinetic Energy Coefficient «, at the Exit versus Angle ©.—The variation

of «o versus angle 6 is indicated by figure 9. The data of Robertson and
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Iyon have been used to plot the lower curve corresponding to oy = 1.01.
Goethals' data corresponding to a higher value, «, =1.045, give the upper
curve. The lower curve must be considered as an approximate curve. The
points are scattered because Robertson's data were obtained by extrapola-
tion and because Iyon's results are doﬁbtful. On the contrary Goethals!
data are accurate. These two curves do not cover all the available data
concerning o5, although there is not a large amount of information about
velocity distributlions. Curves are difficult to plot since each group of
data correspond to a different set of experiments. Therefore, the four
varigbles 8, A., By, and «; differ in exact interpretation frqm one expe—
riment to another. An extrapolation for the purpose of eliminating one
variable and comparing two similar experiments is not always safely possi-
ble.

On figure 9, it is already noteworthy that the entrance kinetic
energy coefficient «q has a definite influence on «,. Altholugh Goethals
used a value of Reynolds number higher than Robertson and Iyon and there-
fore should get a relatively lower %,, his results are much higher. This
is due only to the slight difference in oy (1.01 to 1.045).

Kinetic Emrgy Coefficient &, versus Area Ratio and Kinetic Energy Coef-

ficient °<1.--The strong influence of oq is again emphasized by figure 10
where o is plotted against the area ratio Ar. When the area ratio is 1,

« is Nl. The results of L experimenters for angles between 7 and 8 degrees,
show that a slight difference in %y produces a large spreading of the
values of &,5. It must be pointed out that this graph does not intend to

feature the variation of the kinetic energy coefficient through a diffuser,
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from the entrance (Arz 1) to the exit. This variation is shown by figure

11 for two angles, 7 and 10 degrees.The variation of the displacement thick-
ness and the momentum thickness are also plotted against x!/L for the 10
degree diffuser. It can be seen thal the coefficient « is quite valid as

a criterion to define a velocity distribution, since all the curves show
the same way of variation.

Kinetic Enérg Coefficient %, versus Entrance Reymolds Number.--The influ-

ence of By on%, is shom on figure 12. Robertson's results are by far the
moat interesting. They show that the entrance Reynolds number has as )
2 strong influence on %5. Ii seems, however, that it is overestimated by
this diagram since ILyon's curve would be horizontally levelled if the va-
lues of «y were the same. Robertson's data are obtained from velocity tra-
verses taeken inside the diffusers and, therefore, may not be quantitavely

accurate.

Two=Dimengional Diffusers

Energy Efficiency versus Angle © and Length Ratio L/Wq.—-The two figures

13 and 1k feature, respectively, Reid's and Gibson's results. The energy
efficlency is shown in level lines of constant value. For both experimen-
ters this wvalue had to be computed because neither one gawve the energy
efficiency as we previously defined it. For Gibson % and 42 were taken
as in the case of circular diffusers for the same reasons. Reid gives a
kinetic energy coefficient at the entrance and claims that the dimensions
of the diffuser have no effect on it. %, was obtained for his diffusers
by extrapolation of 8 values computed from velocity traverses given in 8

different diffusers. This operation may seem doubtful, but, as far as
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computations of the energy efficiency are concerned, the kinstic energy
coefficient ¥, does not need to be accurately defined Wrcause the effi-

ciencyws computed by the expression:

¥* ¥*
Po~P
= 0
I?E-vz » (3)
P_l'_ o ol 1
> (1.. 2_....2_)
Ay

derived from formmla (10b The area ratio ranges from .- 2 to 6 and its
square from i to 36, which makes the term uz_% small and even sometimes
negligible comparatively to the term %q. Theai"w- figures 13 and 1k are
not similar because, first, Gibson ran tests for angles generally wider
than Reid; second, the Reynolds numbers and the kinetie energy coefficients
at the entrance are different, as indicated; third, Gibson's efficiency
is computed on the basis of a complete pressure recovery. on figure 13,
the dotted line approximat ly joins the points of maximum efficiencies
for the greatest length ratio. Am equation of this line would be a function
of both © and L/W;. |

Figure 15 shows the results of Vedernikoff and Demontis. Vederni-
koff's experiments do not lead to very accurate results and. the curve is
doubtful sbove 1} degrees. Demontis' results show the difference resulting
from testing diffusers in two different ways. Curve B indicates that the
results came from diffusers in which the air was blown, while for curve
S the air was drained. Vedernikoff and Demontis used almost similsr Reynolds
mmbers and kinetic energy coefficients at the entrance althoughthey both

vary slightly with the angle.



Unfortunately, it is impossible to get quantitative results from
the available data as far as influence of Ry and «; on the energy effi-
ciency is concerned because no systematic tests were ever run in this
sense. Comparison of the results of the various experimenters leads to
poor or incredible results.

This outlines the lack of data in the field of two-dimensional
diffusers. It will be seen later that the data concerning velocity distri-
butions are also poor or doubtful.

Separation.-—As for circular diffusers, separation cannot be accurately
defined. However separation occurs for wider angles than for the circu-
lar diffusers. Vedernikoff found separation to occur when 6 was 1l degrees
(L/W = 10), Demontis for © =19 degrees (L/W; = 3.5) when the air is drained,
8 =22 degrees (L/W, =3.5) when the air is blown. Inspection of velocity
distributions given by Reid shows That a 17.43 degree diffuser of length
ratio 5.5 and a 10,70 degree diffuser of length ratio 21,75 were close to
separation at the exite. The results of these three experimenters make
figure 16 possible, where it is assumed that the Reynolds number does not
affect the curve. The three experimenters used a rounded inlet at the en-
trance and had almost similar kinetic energy coefficients «4.

Kinetic Energy Coefficient ®, versus angle 8.--The kinetic energy coeffi-

cient oty has been computed for exit traverses until the flow separates.

As could be expected, %5 increases when the angle increases. The figure
17 shows this variation., From Reid's results two curves are available for

two values of I/'Wl. For I/W1= Se5 the curve changes curvature when € =11

degrees. It does not seem that this is correct because nothing can explain
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such a variation. In fact the last point of the curve (8 =17.L degrees)
is not sure since the flow was very unsteady and Reid gave two different
velocity distributions at the exit of this diffuser; the flow switched
continuously from one diverging wall to the other. On the figure, another
curve is proposed for L/W1= 5¢5 which does not take this last point into
accounte.

Kinetic Energy Coeeficient «, versus Length Ratio L/W,e—Figure 18 is

similar to figure 10 for circular diffusers except that L/W; is used in
place of the area ratio. The right hand graph (both scales proportional
to those of the left hand graph) shows Demontis' results. Likewise for
two-dimensional diffusers, a slight difference in «, produces a much

larger difference in «,+ The real variation of the kinetic energy coeffi-

2

cient through a diffuser is shown by figure 19 plotted from Binder's
data. Eight traverses in the difi‘user and four in the exit length were
used to compute the various parameters «, J*, J**, and H. These four
p;a.rametsrs vary in the same way.

Figure 20 shows the variation of «, when the length ration increa-

2
ses. For an angle of about 10,7 degrees, the rate o;‘ change o:»:t‘_n(2 with
L/W, is approximately constant. This indicates that, if the 10.2 degree
diffuser of figure 19 were longer than it is (L/W, = 12), the curve «=f(x'/L)
between x'/L =0 and x'/L =1 would become steeper and steeper, and at
x'/L=-1, «, would reach higher values., In the same way, the curve H - £(x'/L)
would become progressively steeper also; and finally, separatiom would
occur for a sufficiently high value of H at x'/L =1, In other words, this

means that, even in a small angle diffuser, the flow may separate from
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the wall providing that the diffuser is long encughe. Separation may re-
quire a great length of diverging wall to occur since, as it can be seen
from the curve of figure 20, for 8 = 8 degrees the rate of change of %,
with I/Wi becomes smaller and smaller as the angle © decreases and when
I/Wi increases.

There are no data to investigate the influence of the Reynolds
number and of the kinetic energy coefficient at the entrance on dz. Results
concerning these variables can be expected to be qualitatively similér

to those obtained for circular diffusers.



CONCLUSIONS

Thé results analysed in this work put the emphasis on the poor per-
formances of diffusers. (Good characteristics are obtained only by small
angle diffusers but the best efficiency angle depends on the area ratio.
To commect two sections of pipe, a small angle diffuser is long and if
the area ratio is high, the gain in energy transformed becomes less than
the amount of energy loss in the transformation.

The question arises as to whether there does not exist another
way to transform kinetic energy into piezometric energy. To our know-
ledge, diffusers are the only devices which are able to perform this trans-
formation without requiring extermal energy. In spite of their poor cha-
racteristics, the energy efficiency and the performance of diffusers can
be greatly improved by several means which are mentioned below. They all
tend to increase the optimum divergence angle and to delay separation.

(1) In diffusers of small area ratio, the installation of a thin,
central, longitudinal partition augments the pressure recovery (referen-
ce 34)e

(2) Even a short exit duct improves appreciably the pressure reco-
very (reference 3L).

(3) Spiral flow at the entrance or induced in the diffuser by
small wings perpendicular to the wall increases the efficiency by bringing
momentum to the walls (reference 26).

(4) One or several screens placed across the diffuser have a sta-
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bilizing effect on the flow and prevent separation in wide angle diffu-
sers. Although overcoming the resistance of the screen requires a certaim
amount of energy, the screen increases the normal welocity gradient at
the wall and decreases the pressure gradient along the wall. (references
39 and LO).

(5) By suction of the boundary layer through the wall, the effi-
cilency of a diffuser can be greatly improved and the velocity distribution
flattened, A pump is necessary to overcome the. suction pressure. The pump,
with & 75 per cent efficiency, requires 2 to 3 per cent of the power pas-
sing through the entrance section of the diffuser (reference Ll).

(6) Another efficient process consists of feeding with fluid the
boundary layer through slots in the walls. This device does not require
any additional power since the pressure of the flow in the diffuser is
always less than the pressure in the exit duct where the feeding fluid

may be taken (reference 31).

It seems that diffusers are seldom used without one of these addi-
tional improvements. However, from the purely scientific standpoint, it
is quite desirable that we know how the diverging flow behaves. The avai-
lable experiments make our kmowledge of this problem far from complete,
mostly because of a lack of organization of the researches and standar-
dization of the results. In addition, there are still ranges of variation
of some variables involved in the problem on which information is not com~
plete. Such information would be most helpful in completing the present
work and in improving our understanding of the effect of an adverse pres-

sure gradient on the behavior of the flow.
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