Chapter 1
INTRODUCTION

Diffusers are one of the standard challenges id fluechanics. The task of a diffuser
is to decelerate the flow and to regain total presdt is more difficult to arrange for
an efficient deceleration of flow than it is to alot an efficient acceleration.

Diffusers play a vital role in many fluid machin&s convert kinetic energy
into pressure energy. The efficiency of this coswmr process is important as it
affects the overall performance of the machine. pressure recovery, which is the
measure of performance of diffusers, depends onyrgaometrical and dynamical
parameters. Some geometrical parameters that golerperformance of a diffuser
are inlet length and size of the duct, area ratithe diffuser, angle of expansion,
length of the diffuser, shape of the exit duct witee or submerged discharge
conditions, etc. The dynamical parameters are weacity profile, boundary layer
parameters, Reynolds number, Mach number and sdnoiine present work, two
parameters namely inlet velocity profile and theorgetry of the diffuser were
selected in order to study their effects on thevflstructure and performance of
annular diffusers. Swirling flow in the diffusergys an important role in controlling
the flow separation and therefore the performanicéhe diffuser. Consequently,
increased attention is being paid to the predictibthe swirling flow characteristics
in the diffuser in order to optimize design. It Hasen realized that flows in the
annular diffusers are strongly dependent on thengétes of the inlet and outlet
conditions. Past numerical studies have rarelyund inlet systems because of their
complexities and thus simplifying assumptions awod,&xperimental data are used to
supply the inlet boundary conditions.

They reported that performance of annular diffussring parallel diverging hub and
casing was improved on the introduction of swirheToptimum swirl angle was
between 20°nd 30°. They found that further inereas swirl degraded the
performance of diffusers. Moreover, the presentsighaddresses the aforementioned
issues and makes a systematic study of the infeuehthe inlet velocity component
profiles (addressing the effect of the shape aeddtio of (averaged) radial to axial
velocity) and outlet boundary conditions on themloharacteristics in the Annular

Diffuser.



Diffusers are extensively used in centrifugal coesgors, axial flow compressors,
ram jets, combustion chambers, inlet portions bejegines etc. The energy transfer
in these turbo machineries involves the exchangeigrificant levels of kinetic
energy in order to accomplish the intended purpdsea consequence, very large
levels of residual kinetic energy frequently accamp the work input and work
extraction processes, sometime as much as 50%eofothal energy transferred. A
small change in pressure recovery can increasesfthiency significantly. Therefore
diffusers are absolutely essential for good turla@inmery performance.

Fig.1 CONICAL DIFFUSER

1.1  Axial Diffuser —

In axial diffusers, fluid flows along the axis ofiffdsers and there is
continuous retardation of the flow. Axial diffuses divided in to the following
categories-

» Conical diffuser



» Channel diffuser

» Annular diffuser

The basic geometric parameters for these typedfagdrs are as follows:
1.1.1 For conical diffuser-

Non dimensional length, L/\lN
Aspect ratio, AS = b/Vl\/

Area ratio, AR = PZJAl

AR=1+ 2(%\,1) tang

1.1.2 For channel diffuser-
Non dimensional length, L/1D

Area ratio, AR = AZJAl

AR= [1+ 2(L5,) tan@T

1.1.3 For annular diffuser-
Non-dimensional length, W or L/h
Area ratio, AR = AZJAl

AR = [1+ 2(%1) sine} (For equiangular case)

1.2 Radial Diffuser

In radial diffusers fluid flows in radially outwardirection in confined space between
the two boundaries. Diffuser used in radial turbachnery fall under this category.
They may be vane less and vaned types. unlikexiaé diffuser, this type of diffuser
may convert kinetic energy into static pressure by one or two principles — an
increases in flow passage area in order to brirmuial reduction in the average
velocity; — a change in the mean flow path radaubring about a recovery in angular

velocity according to the conservation of angulammentum.

1.3  Curved Wall Diffuser
In recent time most of the aircrafts use curved diffluser. In aircraft engines several
modifications may introduce non-uniformities angter level of turbulence in flow

field entering the diffuser. In addition mechanieald structural requirement place
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limits on the length of the passage. Curved wdfuder is useful in this case and
compatible with downstream requirement of flow desiit, these diffuser are also of
fundamental and practical interest for various othpplications like gas turbine
system.
Curved diffusers are broadly classified as —

> 90 or part turn diffuser or half diffuser.

» 180 or U- diffuser.

» S- Diffuser.

» Y-Diffuser.

14 ANNULAR DIFFUSER

For decades researchers have paid more attenti@onical diffuser and channel
diffuser than to annular diffusers. But, the annul#ffusers have a very strong
industrial significance and have received atteniiorrecent years. These types of
diffuser are very much used in aircraft applicasiow/ith the help of annular diffuser
the maximum presser recovery is achieved withinsthartest possible length. With
annular diffuser, good performance is possible Watige wall angles since an inner
surface is present to guide the flow radially outiva he annular diffuser affords the
possibility of introducing many different geometgombinations since there is now
an inner surface that can be varied independeritihe outer surface. It is more
difficult to define the essential geometric paraengtfor annular diffusers since the
numbers of independent variables are large. Then&ak variables to define the
geometry of annular diffuser are two wall anglagaaratio, non-dimentional length
and inlet radius ratio. As the number of variableseases, geometry becomes more
complex. By suitable combination of these variables can find out number of
geometry. The present study investigates the equiantype of annular diffuser. In
these types of annular diffusers both hub and gaaia diverging outward with same
angle of divergence.A survey of diffuser researah tevealed that considerably more
investigations have been carried out on two dinmradiand conical diffusers. Much
of the extent data covering annular diffusers wasedn the experimental laboratory
Stafford and James [1957]. But, the annular diffsideave a very strong industrial
significance and have received attention in regears. These types of diffuser are
very much used in aircraft applications. With thelphof annular diffuser the

maximum presser recovery is achieved within thertsBb possible length. With
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annular diffuser, good performance is possible Watige wall angles since an inner
surface is present to guide the flow radially outivahe annular diffuser affords the
possibility of introducing many different geometgombinations since there is now
an inner surface that can be varied independeritihe outer surface. It is more
difficult to define the essential geometric paraenetfor annular diffusers since the
numbers of independent variables are large GoefeDapikse [1981]. The essential
variables to define the geometry of annular diffuses two wall angles, area ratio,
non-dimensional length and inlet radius ratio. Ae humber of variables increases,
geometry becomes more complex. This has not beenosatcally possible by
experiments and hence led to the development ofpuatational fluid dynamic
methods to analyze the performance characterigtiesinular diffuser Arora, Pathak
and Singh [2005].

Fig.2 Annular Diffuser

15 Diffuser performance parameter

1.5.1 Geometric parameters



Any duct geometry with an increasing area in threash wise direction constitutes
subsonic diffuser geometry. Therefore, the numbetifterent diffusers geometries
that can be conceived is infinite. However in pet adequate design data are
available for a limited number of geometries.

1. Rectangular cross section or planner diffusers

2. Conical diffusers

3. Straight walled annular diffusers
Other commonly used diffuser geometries includertddial and axiradial diffusers
which are used at the exit of radial and axial @unmachines, respectively.
These geometric parameters can be consolidateéete aon dimensional parameters
that are found to be important in terms of diffuperformance. The first is the area
ratio, AR, the area ratio of diffuser exit to inEeas. The area ratio is measure of the
theoretical diffusion or pressure recovery expeclidee second important parameter
is the dimensionless diffuser length define asWNar L/Wi for planar diffusers, N/
Ri or N/Ri for conical diffusers, and L/(Rit - Rih) for annular diffusers. This
dimensionless diffuser length in combination wile trea ratio AR is measure of the
overall pressure gradient expected across theseéiffurhe third geometric parameter
commonly used in displaying diffuser performancéhis wall divergence angle--20
for planar and conical diffusers and 6 and 9h’danular diffusers. The divergence
angles, length, and area ratio are related asisl[@0].

1.5.1.1 Aerodynamic blockage

Thin inlet boundary layers tends to be benefiaahigh diffuser recovery and those

longer diffusers necessary to achieve high levéleecovery as the inlet boundary

thickness increases as stated by Hoadley D,e969.1

The blockage is the fraction or percentage of tihet ipassage area which is occluded
the boundary layer displacement thickness on dlswahe displacement thickness is

taken as equal on all surfaces and then the fatigwelationships ensue:

B = 2*/h for annular diffusers where h is annularght at inlet

B = 2*/D, for conical diffusers with uniform inlet bounddayers

1.5.1.2 Reynolds number:
Viscosity is an important parameter in any fluidndgnic process and normally

appears in the form of a Reynolds number. Diffusees characterizes by Reynolds
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number based on an inlet hydraulic diameter. Shaataal [1975] studies reported in
this field suggest that the Reynolds number is mparatively weak parameter as

long as the flow is fully turbulent regime.

1.5.1.3 Inlet Mach number:

The Mach number at the inlet to the diffuser wasitiht to be important at values as
low as approximately 0.7 and performance to fdllpafst this point. No significance

on Mach number develops at throat for Mach numbétsss than 1.0 is studied by
Thayer E B, [1971].

1.5.1.4 Inlet Turbulence intensity
The turbulence intensity is most frequently defiascan RMS value:

{1(u-2_'_\/.2_'_W-2)}y2
_13
Tu=

U
This equation defines the parameter most frequersiyl to specify the over all level
of inlet turbulence intensity is given by Shaalanal [1975].

1.5.1.5 Effect of Compressibility:
With compressible flow both area, A, and densityinpreases with passage down the
diffuser so that the reduction in velocity V, wille greater than in the case of
incompressible flow where only the cross secti@mah increases. It therefore follows
that the pressure recovery coefficient should bésgreater.

v=_T_

P.A

The rate of increase in value of Cp is not rapitl Wlach number of 0.6 have been
exceeded and than the effect is most pronounced atea ratios are low. These low
area ratios correspond to the diffuser inlet visaoa flow separation would therefore
occur here as a result of predicted increasingradveressure gradient caused by the

higher subsonic inlet mach number.

1.5.2 Design Performance Parameters
Performance parameters are very helpful in desggaind predicting the performance

of diffusers. These parameters reveal that diffupsosmetry will give the desire
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output or not. The following parameters are impurtdo find out diffuser
performance.

1.5.2.1 Static Pressure Recovery Coefficient

The pressure recovery coefficient of a diffusemisst frequently defined as the static

pressure rise through the diffuser divided by thetidynamic head
C, :f2—2p1

EIUV avl
where subscripts 1 and 2 refers to diffuser intet autlet conditions respectively ¥
represents the average velocity at the inlet. Axalighressure recovery can be defined
if the flow is assumed to be isentropic. Then, mplying the conservation of mass,

this relation can be converted to an area ratianimompressible flow

1

C,=1- AR

1.5.2.2 Diffuser Effectiveness

The diffuser effectiveness is simply the relatietvieen the actual recovery and the

: C
ideal pressure recovery. n= %
pi

This is an excellent parameter for judging the plb level of performance when it
is necessary to estimate the expected performamber wunknown conditions, relative
to available data.

1.5.2.3 Total Pressure Loss Coefficient
The total pressure loss coefficient reflects tHeciehcy of diffusion and drag of the
system. The most common definition of loss coeéfitiis as the ratio of total pressure

rise to the diffuser inlet dynamic head.

> >
_ Por™ Py _(u1 —UZ)_ — a, —a, -
K——l X K= TE Cp = AR? Cp
E/OV avl I

where @ is the total pressure in the core region at thig the over bar indicate the
mass averaged quantity, amgdanda, are the kinetic energy parameters at the inlet
and exit of the diffuser.

For the case where the velocity profile at thetioliediffuser is flat with a thin wall

boundary layerp;=1 However, due to the thickening of boundary laygough the



diffuser, a, is generally greater than unity. Nonethelesssibften assumed that
kinetic energy coefficient is equal to unity, then
K=C,-C,

1.5.2.4 Ideal Pressure Recovery
Another parameter of interest is the ideal pressegevery, C1, which is the pressure
recovery coefficient assuming an inviscid flow thgh diffuser, which represent the
maximum pressure recovery attainable by the giv#asgr. When the definition of
pressure recovery, the Bernoulli equation, and tbhaservation of mass and
conservation of angular momentum principles are eatiployed, the following
relationship is obtained for Cpi.
The design requirements for a good diffuser are a®llowing-
1. Convey the flow efficiently transferring a portiaf the kinetic energy into a
static pressure rise.
2. It must accept a variety of inlet conditions inchgl extreme swirl, blockage
and Mach number.
3. Deliver the fluid with reasonable velocity and anglofiles without separated
regions.
4. Wall curvature must not have a deleterious eff@cnupassage performance.
5. Pressure recovery achieved over a short axialhengt
While obtaining the best possible design, some litations are imposed on a
diffuser:
1. Limited length
Specified area ratio
Specified cross- sectional shape

Maximum static pressure recovery

a kw0

Minimum stagnation pressure loss

It is not hard to appreciate that the performantéhe diffuser directly and often
strongly influences the overall efficiency of therlio machine. Thus the detailed
processes which occur in diffusing elements mustcaeefully understood and

thoroughly optimized if good turbo machinery penfi@ance is to be obtained.



Chapter 2

Literature Review

Flow through a diffuser is accompanied by reducttbrmean kinetic energy and a
consequent increase in pressure. It is more diffitm arrange for an efficient
deceleration of flow than it is to obtain an ef#ict acceleration. There is a natural
tendency in a diffusing process for the flow todkreaway from the walls of the
diverging passage, reverse its direction, and fbmek in direction of the pressure
gradient. If the divergence is too rapid, this magult in the formation of eddies with
consequent transfer of some kinetic energy intermal energy and a reduction in
useful pressure rise. A small angle of divergemmyever, implies a long diffuser
and a high value of skin friction loss. Usuallygl separation in a diffuser is sought
to be avoided due to the invoked additional pressss. Other than in many strongly
separated flows, such as the flow over a backwacihd step, the point of flow
separation, in diffuser, is not defined by the getwnbut entirely by the pressure
gradient. Hence, diffuser flows are very sensitarel are difficult to predict with
numerical means. Diffusers have been studied extdgsn the past, since this is a
very common flow configuration. Apart from the cheterization of diffusers, these
flows are used to study fundamental physics ofqunesdriven flow separations.

Much of the extant data covering annular diffussymes from the period from the
1950s through the 1980s. In this period of timeoasiderable amount of research
was done in the experimental laboratory to unceeene of the unusual performance
characteristics of annular diffusers. By the la880s, however, the experimental
research had reduced substantially due to a lagowe#rnment funding in a number
of countries where the work had previously beermsive. It is, therefore, useful to
review the data which has been made available aridok for patterns within this
data. It is also necessary to determine how thig ey best be used in future design
studies and where it needs to be further improWach of the original data was
taken in order to support studies of axial compreshscharge diffusion as flow
leaves a compressor and enters a combustion cha®@bteer work was done for
exhaust diffusers of hydroelectric turbines, sngdb turbines, and turbochargers.
While these topics are still important today anér¢hare important unresolved

10



guestions, the level of activity has reduced. Nawpartant research topics must be
carefully selected for the more limited studiessilole in future years.

Many persons have done a lot of tests on geomedriameter of diffuser Sovran and
Klomp [1967] who tested over one hundred differgedmetries, nearly all of which
had conically diverging centre bodies with an infatlius ratio [Ri/Ro] of 0.55 to
0.70. The tests were carried out with a thin ibleindary layer and the diffusers have
free discharge. The tests were present as Cortbpressure recovery plotted against
area ratio and non-dimensional length Howard 867] also tested symmetrical
annular diffusers with centre bodies of uniformndéer, using fully developed flow
at inlet. The limits of the various flow regimesdathe optimum performance lines
were established. Besides it, some other researcieo contributed in the field of
annular diffuser and concluded various importasuits. Much of the extent data
covering the annular diffusers was done in the expntal laboratory to uncover
some of the unusual performance characteristicanofilar diffusers. But there are
still some important unresolved questions. Theaedsr it is that the numbers of
independent variables are large for annular diffusk the annular diffuser the flow
take place between two boundary surfaces which vaaies independently This
chapter involves a systematic study of differerdrgetric and flow parameters which
influence the overall and internal performance miwdar diffusers. In this regard the
available literature has been examined with a wigmake comments on the state of

the art and to recognize the scope of further rebean the subject.

2.1 Geometric and flow Parameters

The various parameters which influence the presaa@very and the flow behaviour
in a diffuser can be conveniently grouped as genmand flow parameters .many
flow situations require complicated geometrics vehier either the central line or the
wall are contoured. By suitable combination of wafigles, the diffusers can take
variety of shapes, is characterized by the indlbmabf each wall to the axis.
The important geometric parameters are listed below

e Area Ratio (Exit area/Entry Area)

» Aspect Ratio (entry depth/ entry width)

* Length to throat width ratio (Diffuser Length/Entyidth)

» Divergence Angle
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The important flow parameters

Inlet velocity profile

* Boundary layer thickness

« Blockage factors

e Turbulence parameters

* Inlet flow Reynolds numbers

» Degree of swirl at inlet

1.2 Effect of Geometric Parameters

In an annular diffuser, a number of different getimnevariables can influence the
variation of pressure recovery and inlet conditainflow. The basic equations of
motion reveal the importance of both geometric aatbdynamic parameters on the
ultimate performance of annular diffuser. The speation of a wide variety of
geometric parameters is essential before the peaioce of diffuser is given. In this
section, the various geometric parameters and thsence on diffuser performance
is reviewed. Effect of geometry on the performantannular diffuser governs by
Arora B.B., Pathak B.D. [2005]. Numerical analysfghe impact of conical diffuser
geometry change on velocity distribution in its leutcross-section by Krystyna
prync-skotniczny [2006]Correlation of annular diffuser performance witlogetry,

swirl and blockage is given by Japikse Dr. Dgad03.

2.2.1 Passage Divergence and Length

Area ratio and non-dimension length prescribesaberall diffusion and pressure—
gradient respectively, which is the principle facto boundary layer development.
The study by Henry and Wood [1958] is useful to emsthnd the subsonic annular
diffuser. Two diffusers with area ratio 2.1 andediyence of 5° and 10° were tested at
various Mach number. It found by this study thatsinaf data clusters around a line
of constant Effectiveness. It is also observed thatinner wall is being starved of
fluid. If a higher divergence had been used, thee might anticipate stall on the
inner surface. An extensive study is carried outKyonicek and Hibs [1974] in

which, the pressure loss coefficient is found ouat tbhe basis of the work of
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compression required to meet the static pressaeg tthe results are very interesting
but difficult to understand due to use of unconiardl terminology

Sovran and Klomp [1967] and Howard et al. [1967durced the first widely used
annular diffuser maps for channel diffusers. Sovaad Klomp conducted a large
number of performance measurements which spanhedaa selection of geometric
types of diffusers. The map is only a broad repregmn of the bulk of
configurations tested in the vicinity of their bgs¢rformance areas. The poorer
diffusers are not well defined by the map. Thesg@snalso show optimal diffuser
geometrics under different conditions and two optimlines are established. The
same results were found out by Howard et al [19GHe important difference
between this and the Sovran and Klomp [1967] magp that the latter was made for
very low inlet aerodynamic blockage whereas thentar study was carried out for
fully developed inlet profiles, implying high aesgthmic blockage Along the line of
peak recovery there is fairly good agreement betvike two maps but in the region
of heavy transitory stall the maps disagree suliathn

Johnston [1959] and Johnston [1953] reported aystfdfour different annular
diffusers. Three of the four agree tolerably weithwthe basics Sovran and Klomp
[1967] map, one of them disagree substantially; dhge a strong disagreement is
probably in stall. Srinath [1968] studied four eangular annular diffuser with62=

7°, 10°, 15° and 20° respectively. Tests were tepawith a variety of LAr values.
An extensive study of diffusers which, although alan begin with a circular cross
section was reported by Ishikawa and Nakamura [[L98% author found that the
performance of the diffuser differed significantigpending on whether it is parallel
or diverging for L/rl greater than about 2. Wherthbtypes have the same non
dimensional length and area ratio, the paralléudédr has the higher CP. The lines of
optimum performance are also drawn. Ishikawa arkhhwara [1989], also attempted
to compare their results with those of Sovran aheh[1967], for a conventional
annular diffuser for the same wall length and aed, their diffuser was superior,
but since the inlet conditions were different ie tivo studies, this conclusion is only
tentative. It was also found that the addition afamical centre body improves the
performance of simple conical diffusers with appble or large stall. The study
carried out by Moller [1965], who designed an axeladial band with the intention
of eliminating diffusion in the inlet region; fourttat the peak pressure recovery for

the entire band and radial diffuser sections w&8 @nd 0.82 for the low blockage
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and high blockage cases, respectively. CockrellMadkland [1963], reported that a
variation in the area ratio from 2.5 to 8.0 hasnal§ effect on the loss coefficients of

conical diffusers.

2.2.2 Wall Contouring

Several annular diffuser studies have been puldighevhich contoured walls were
an essential part of the design problem. Thayer I],9reported that curved wall
diffusers had pressure recovery as high as 0.@16% for an area ratio of 2.15. An
extensive study by Stevens and Williams [1980],oreul that for curved wall
diffuser, good pressure recovery was found for s Isignificantly below the level
which would be expected from pressure recovery lomselation , but pressure
recovery values were lower then those which woeletxpected from the Sovran and
Klomp [1967], map. Upon careful examination, it wsetermined that the boundary
layers in this diffuser are different from thoseiethwould be expected in most
diffuser studies. Takehira et al [1977], presemeiknsive data for a large set of both
straight annular diffusers and curved wall diffssesnd determined that the use of
strong curvature at the exit of diffuser was nadbilitating but did produce a penalty
compared to no curved diffusers or diffusers withvature at the inlet.

An additional study by Japikse [2000] shows thatl wantouring is an important
parameter regarding pressure recovery. Adkins |gt983], tested an annular diffuser
of constant outer radius and a conical centre hwaitly cones of different angles. In
general the pressure recovery increases with dg@ogeaone angle for various area
ratios, but the 132° and sometimes the 45°-conée gmgpduced lower pressure
recoveries than an equivalent sudden expansiors. Whs attributed to a large and
rapid separation at the base of the cone wherdithuser starts. Adding a radius to
the base of the cone so that it smoothly blendemthee upstream hub, was found to

improve the performance.

2.3 Effects of Flow Parameters

2.3.1 Aerodynamic Blockage

The basic boundary layer equations reveal the itapoe of the displacement

thickness as a characteristic length scale of nket boundary layer flow .Startford

and Tubbs [1965] and (evidently ) Bragg recognitedimportance of the boundary
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layer displacement thickness to pressure recovesgegs .it is clear that thin inlet
boundary layer should be beneficial to high diffuszovery and that longer diffusers
are necessary to achieve high level of recoventhasinlet boundary thickness
increases. Thayer [1971], reported that curved di&lisers had pressure recovery as
high as 0.61 to 0.65 for an area ratio of 2.15. ektensive study by Stevens and
Williams [1980], reported that for curved wall differ, good pressure recovery was
found for a loss significantly below the level wihieould be expected from pressure
recovery loss correlation , but pressure recovatyes were lower then those which
would be expected from the Sovran and Klomp [196&}h. Klein [1995] compared
Stevens and Williams [1980] data with the resulSolern and Klomp[1967] for an
inlet blockage of .02 and with predictions using tlatter's method for diffuser
performance fat larger blockages. A comprehensivglys on the influence of
aerodynamic blockage on annular diffuser perforreanariedout by Globel and
Japikse [1981].similar measurements were made a2 40° of inlet swirl. In all
cases the data trend was in the direction of retlpcessure recovery for increased
aerodynamic blockage. Upon careful examination,wds determined that the
boundary layers in this diffuser are different.Mamlar P.M. et,al [2003] done
aerodynamic design optimization at cased. . Rinstjnfluence of inlet conditions

On annular diffuser performance is more complicatexh for channel and conical
diffuser. In this case, both the hub and casindasas can develop boundary layers
with significantly different histories. The two @hBfing boundary layers will
experience different growth processes as they fhassgh the diffuser. Furthermore,
blockage on one wall has the effect of modifying éffective flow area and hence the
core flow velocity, thereby influencing the growtli the boundary layer on the

opposite wall. Hence complex interactions can dgvelithin the diffuser.

2.3.2 Inlet Swirl

The method of swirl generation can itself influerthe performance of an annular
diffuser and, therefore, consideration must be rgifiest to this question. Most
investigators have chosen to generate swirledradil inflow plane in order to take
advantage of the simple cascade design geomether©have preferred to use axial
cascade which have the advantage that they moeelgleimulate specific turbo
machinery flow condition and permit control of thgacing between the diffuser and

the vanes in form that may be more typical of alm@durbo machine. On the other
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hand axial cascade invariably introduces tip aralleakage since the cascades are of
a variable geometry type, an effective sealingnipassible. In addition to inlet swirl,
there may be changes in inlet turbulence intengdigcity or total pressure gradients,
vorticity or wake shading, and inlet aerodynamiackihge may change indirectly as a
function of the swirl angle as it is varied. In erdor firm conclusion to be drawn, the
effect of swirl variation must be deciphered frone tperformance data Divehi and
Kartavenko [1975] also reported by the same typstudy that the best performance
can be achieved between the ranges of 10° to 20%laif swirl angle. A study is
presented by Japikse and Pamprreen [1979] of aauskidiffuser and hood found
that substantial recovery has been achieved evém sipirl angle in excess of 40°.
Steenbergen W. J. Voskamp [1998] The rate of detawirl in turbulent pipe flow

He found that on increase of swirl number the mitancrease.Guo Bayou et,al
[2001]done the CFD simulation of precession in sdgdipe expansion flows with
low inlet swirl. It seems that higher swirl leveéquire fine grid. Numerical
Investigation of Swirling Flow in Annular DiffuseM/ith a Rotating Hub Installed at
the Exit of Hydraulic Machines is done byochevsky A.N. [2000] Numerical
investigation of swirl flow on conical diffuser wa®ne by the Walter Gyllenram et,
al [2004] . Najafi A.F. [2005] have done Numeri@alalysis of turbulent swirling
decay pipe flow The flow characteristics througtotating honeycomb and resulting
downstream swirling decay flow through a fixed plpere been investigated in this
research. The modelling of the rotating honeycomtobserved to be of major
importance for the prediction of the downstreanwfl&everal methods are used and
tested. The flow field properties obtained by thendycomb tubes which are the
annular cylinders in our axi-symmetric computatibase a considerable effect on the
downstream flow. Ogor Buntiee et al, [2006]give &re Adaptive Turbulence Model

for Swirling Flow .

2.3.3 Inlet Turbulence

With long approach pipes diffuser performance rigesapproach length increases.
This was first noted in the Cockrell and MarklartP$3] and attributed this to
changes in turbulence which enhances mixing trassvéo flow directions, thus
reducing the distortions. Indeed, the core turbzéentensity of developing pipe flow

rises significantly from La /D is equal to 20 to 4Bd than remains nearly constant.
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Two studies have been published which consideredhtian in inlet turbulence
intensity or structure for there impact on annuldfuser performance. The data of
Coladieiepro et al [1974] have included both lovd dmgh inlet turbulence intensity
levels, and this may be explanation for the unusuebhsurements observed at
different blockage. The second study is the workMiifiams and Stevens [1969] and
Stevens and Fry (1973), which showed that subsiantiprovements in radial
momentum transport were achieved by turbulenceuymiad grids and wall spoilers.
Additional results by Hestermann et al [1995], afein [1995] also show that
increasing the level of turbulence to 6 — 8.5 %aseficial in increasing the pressure
recovery and, in one case of removing the separatictalled diffuser. Ubertini and
Desideri [2000] determined the flow development terms of the mean and
fluctuating components of the velocity and turbgkemissipating eddy length scales
in annular exhaust diffuser.The &Kand other turbulent models are evaluated with
respect to their applicability in swirling flows #rora.B.B. et.al[2005] In most of the
past numerical simulations, swirling air is intoogd around this, in most cases
perpendicular to the axis. In this configuratidnsistraightforward to specify the inlet
velocity profiles Ogor Buntiese et al, [2006]give tAe Adaptive Turbulence Model
for Swirling Flow .Leschziner M.A.[2004] had hdone modelling turbuleaparated
flow in the context of aerodynamic applications.jdda Tom et, al [2006Heat
transfer influenced by turbulent airflow inside axially rotating diffuser. Tornblom
Olle[2006] give an Experimental and computationald&ges of turbulent separating
internal flows The experimental investigation ofetimean flow and turbulence
properties revealed a flow with several interestihgracteristics: strong and suddenly
imposed shearing, non-equilibrium turbulence, ssEpaw, reattachment and
turbulence relaxation. The conclusion of above stigdthat the effect of increasing

inlet turbulence intensity is to increase pressacevery.
2.3.4 Mach number Influence

Most annular diffuser research has been carriedabdbw inlet mach numbers.
However, several studies have shown measuremdiffatent Mach number. The
study by Thayer [1971], Wood and Henry [1958] aadikise and Pampreen [1979]
illustrate virtual independence of recovery with dlanumber up to some critical
level of approximately 0.80 to 1.1. The actual lewkepends on method of
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measurement and the type of inlet. Wood and He@871] show that a shock
structure must be presented before the performaegins to deteriorate, but the
reference Mach number may have little to do withalstual shock location and shock
structure. In most cases, the reduction of perfageawith Mach number is very
slight but in a few cases there can be a degradafifive or ten point of performance

recovery.
2.3.5 Reynolds Number Influence

Viscosity is an important parameter in any fluidndgnic process and normally
appears in the form of a Reynolds number. Typicdiffusers are characterized by a
Reynolds number based on an inlet hydraulic diam@t studies reported that the
Reynolds number is a comparatively weak paramstérgy as the flow is in the fully
turbulent regime. Crockrell and Markland [1963]tstéhat a variation of the inlet
Reynolds number has no significant effect on th#usir performance if this
variation is uncoupled from its effects on the trnt®undary layer parameters. For
Reynolds number variation within the range of 2xIx1@, they also pointed out
that the diffuser performance would be practicatigependent of Reynolds number
provided the inlet boundary parameters remain emmsSharan [1972] reported that
for thick boundary layers, there is no change iespure recovery as the Reynolds

number increases.

2.3.6 Boundary Layer Parameter

The flow in diffuser is governed by the behaviodrtiee boundary layers at the
diffuser walls. The deceleration of the flow thrbuhe diffuser produces a pressure
rise in the stream wise direction. The wall shegets are therefore subjected to a
positive or adverse pressure gradient. As is wedhkn, an adverse pressure gradients
cause the wall boundary layers to thicken and pbssieparate from the diffuser
walls, forming areas of backflow in the diffusehélnet result of thinking of the wall
boundary layers or the formation of regions of bilaek is the blockage of flow area
which reduces the effective area available to tbe.fReduction in effective flow

area in turn results in a reduced pressure riseigr the diffuser.
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2.3.7 Boundary Layer Suction

The effect of suction consists in the removal ofederated fluid particles from the
boundary layer before they are given a chance tsecaseparation. Wilbur and
Higginbotham [1957] investigated the suction pheanan and found that a suction
flow rate of 2.3% increased the static pressure oy 25 — 60% and decreased the
measured total pressure loss by 63%. In anothdy ¢ty Wilbur and Higginbotham
[1955], it is shown that suction control is noti@#nt when applied in an extensive
backflow region such as exists immediately dowmastref an abruptly turned body.
Experiments by Juhasz [1974], on short annulaugif showed that the diffuser exit
profiles could be shifted either towards the hulicwvards the casing of annulus by
bleeding off a small fraction of the flow throudtetinner and outer wall respectively.
Boundary Layer Suction is also adopted by Ackef6[], for both channel and

conical diffuser with large divergence angle.

2.3.8 Blowing and Injection

Wilbur and Higginbotham [1955], found that at afeation rate of 3.4%, a 33%
increases in the measured static pressure risead@o decrease in the measured
total pressure loss can be obtained. Juhasz [1%&4je reported results of their
investigations on the effect of injecting secondfityd into wild angle conical
diffusers through annular slot at inlet. Injectimas found to result in considerable
improvement in the uniformity of exit flow as welk in the magnitude of pressure

recovery.
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Chapter 3
CFD ANALYSIS

FLUENT is a state-of-the-art computer program foodeling fluid flow and heat
transfer in complex geometries. FLUENT provides ptate mesh flexibility, solving
your flow problems with unstructured meshes that lmargenerated about complex
geometries with relative ease. Supported mesh typeslude 2D
triangular/quadrilateral, 3D tetrahedral/hexahédymbmid/wedge, and mixed
(hybrid) meshes. FLUENT also refine or coarsen lgaisked on the flow solution.

3.1 Program Capabilities

The FLUENT solver has the following modeling capitibs:
2D planar, 2D axisymmetric, 2D axisymmetric with igw(rotationally
symmetric), and 3D flows
* Quadrilateral, triangular, hexahedral (brick), aewdral, prism (wedge),
pyramid, and mixed element meshes
» Steady-state or transient flows
* Incompressible or compressible flows, including sgieed regimes (low
subsonic, transonic, supersonic, and hypersonicsjlow
* Inviscid, laminar, and turbulent flows
* Newtonian or non-Newtonian flows
* Heat transfer, including forced, natural, and mixa@hvection, conjugate
(solid/fluid) heat transfer, and radiation
* Lumped parameter models for fans, pumps, radiaaoi heat exchangers
* Inertial (stationary) or non-inertial (rotating accelerating) reference frames
* Multiple reference frame (MRF) and sliding mesh iops for modeling
multiple moving frames
* Mixing-plane model for modeling rotor-stator intetians, torque converters,
and similar turbomachinery applications with opdar mass conservation
3.2 Planning CFD Analysis
The following consideration should be taken whikenming CFD analysis:
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3.2.1 Definition of the Modeling Goals

What specific results are required from the CFD rhadd how will they be used?
What degree of accuracy is required from the model?

3.2.2 Choice of the Computational Model

How will you isolate a piece of the complete phgsisystem to be modeled? Where
will the computational domain begin and end? Wimatrtalary conditions will be used
at the boundaries of the model? Can the problemdxdeled in two dimensions or is
a three-dimensional model required? What type iof ppology is best suited for this
problem?

3.2.3 Choice of Physical Models

Is the flow inviscid, laminar, or turbulent? Is tHew unsteady or steady? Is heat
transfer important? Will you treat the fluid as ingwessible or compressible? Are
there other physical models that should be applied?

3.2.4 Determination of the Solution Procedure

Can the problem be solved simply, using the defsailter formulation and solution
parameters? Can convergence be accelerated withor@ mpadicious solution
procedure? Will the problem fit within the memorynstraints of your computer,
including the use of multigrid? How long will thegblem take to converge on your

computer?

Careful consideration of these issues before bagn@FD analysis will contribute

significantly to the success of modelirfgoet.

Problem Solving Steps
Once the important features of the problem arerohéted, the basic procedural steps
are as follows:

» Create the model geometry and grid.

» Start the appropriate solver for 2D or 3D modeling.

* Import the grid.

* Check the grid.

» Select the solver formulation.

* Choose the basic equations to be solved: lamindurbulent (or inviscid),

chemical species or reaction, heat transfer modsts, Identify additional
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models needed: fans, heat exchangers, porous negclia,
» Specify material properties.
» Specify the boundary conditions.
* Adjust the solution control parameters.
* Initialize the flow field.
» Calculate a solution.
* Examine the results.
* Save the results.
* If necessary, refine the grid or consider revisitmnthe numerical or physical

model.

3.3 Linearization: Implicit vs. Explicit

In both the segregated and coupled solution methbés discrete, non-linear
governing equations are linearized to produce tesy®sf equations for the dependent
variables in every computational cell. The resultamear system is then solved to
yield an updated flow-field solution.

The manner in which the governing equations aemalized may take an “implicit” or
“explicit” form with respect to the dependent véate (or set of variables) of interest.

By implicit or explicit we mean the following:

Implicit: For a given variable, the unknown value in eadhisecomputed using a
relation that includes both existing and unknownuea from neighboring cells.
Therefore each unknown will appear in more than egeation in the system, and

these equations must be solved simultaneouslyw®®tge unknown quantities.

Explicit: For a given variable, the unknown value in eadhisecomputed using a
relation that includes only existing values. Therefeach unknown will appear in
only one equation in the system and the equationghé unknown value in each cell

can be solved one at a time to give the unknowmtgjies.

3.4 Discretization

The governing equations are converted into algelrquations with the help of the
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finite volume technique that can be solved numédyicarhis control volume
technique consists of integrating the governingatiqus about each control volume,
yielding discrete equations that conserve eachtgyam a control-volume basis.
Discretization of the governing equations can lhustiated most easily by considering
the steady-state conservation equation for tramspioa scalar quantity. This is
demonstrated by the following equation written megral form for an arbitrary

control volume V as follows:

§poi-ai= 9f [oVé dA+ ﬂ SpdV

where

p = density

v = velocity vector A = surface area vector
Ly = diffusion coéficient fore

V,  =gradient of

S = source ofp per unit volume

Above equation is applied to each control volume,cell, in the computational

domain. Discretization of Equation on a given gedlds

-'~"'.Eace£- -""II'-ncu
Z F"'_J"f,‘t.f’j Ay = Z F,:. ITL:'JJI . .Al_f + S,:, v
f f
Where
Ntaces = number of faces enclosing cell
of = value ofp convected through face f
pr Vi At = mass flux through the face
As = area of face fA
(Vo)n = magnitude oVe normal to face f
Vv = cell volume

The equations take the same general form as thgieee above and apply readily to

multi-dimensional, unstructured meshes composextofrary polyhedral, the
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discrete values of the scatmat the cell centers. However, face valges required

for the convection terms in Equation and must berpolated from the cell center
values. This is accomplished using an upwind scheme

Up winding means that the face valgé is derived from quantities in the cell

upstream, or “upwind,” relative to the directiontbé normal velocity y

3.5 Under relaxation

In the iterative solution of the algebric or in theerall iterative scheme employed for
handling nonlinearity, it is often desirable to sgaup the changes, from iteration to
iteration, in the values of dependent variabless Pinocess is called under relaxation.
It is a powerful device to avoid divergence in ttexative solution of strongly non
linear problems. If unstable or divergent behawsasbserved for a particular value of
relaxation factors reduce the value of the factions better convergence of the

solution.

3.6 Convergence criteria

Finally, one needs to set the convergence criferidhe iterative method. Usually,
there are two levels of iterations, within whicte thnear equations are solved and
outer iteration that deal with the non-linearitydasoupling of the equations. Deciding
when to stop the iterative process on each leviehgortant, from both the efficiency
and accuracy point of view. A numerical is saidéconvergent if the solution of the
discretized equations tend to exact the solutiothefdifferential as the grid spacing
tends to be zero. For convergence criteria arouitifar X velocity variable, the
results are stable in the present problem.

3.7 Implementation of boundary conditions

Each CV provides one algebric equation. Volumegraks are calculated for every
control volume, but flux through Cv faces coincgliwith the domain boundary
requires special treatment. These boundary fluxest tme known, or be expressed as
a combination of interior values and boundary dafao types of boundary
conditions need to be specified.

Dirchlet conditions where variable values are gigeboundary nodes.

Neuman conditions where the boundary fluxes arerparated at the boundary.
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3.7.1 Inlet boundary condition

The present analysis involves the velocity with anthout swirl. The incorporation
of velocity without swirl can be specified by angeoof the velocity specification
methods described in FLUENT. Turbulence intensitgpecified as

| = 0.16(Ren) 8 x100
The inlet based on the Reynolds number with regpesguivalent flow diameter.
Where, Rgy is the Reynolds number based on the hydraulic eliem
For specifying the velocity in case of flow with ishv tangential component of
velocity will also have to be defined along withiax component. Velocity
components are calculated on the basis of inletl angle. In the present case swirl
angle of 5, 10, 15, 20, 25 degrees are considénézt. velocity of 50 m/s with flat

profile is considered for both the cases.

3.7.2 Outlet boundary condition

Atmospheric pressure condition is applied at thiéebioundary condition and set a
“back flow” conditions is also specified if the floreverses direction at the pressure
outlet boundary during the solution process. In‘theck flow” condition turbulence

intensity is specified based on the equivalent ftbameter.

3.7.3 Wall boundary condition

Wall boundary conditions are used to bind fluid @adtid regions. In viscous flows

the no slip boundary condition is enforced at thalsv Wall roughness affects the
drag (resistance) and heat and mass transfer owalg Hence roughness effects
were considered for the present analysis and afgoecoughness based on law of
wall modified for roughness is considered. Two itspio be specified are the physical
roughness height and the roughness constant. Aaddefault roughness constant
(0.5) is assigned which indicates the uniform sgmaih roughness.

3.7.4 Axis boundary condition

The present analysis is modeled with axisymmetmngetry. Hence the centre line of
geometry is specified as the axis boundary conditio
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Chapter 4

DATA OBTAINED FROM CFD ANALYSIS

In the straight core annular diffuser for variousrsangle data are (at section x=0.1)

Y/Ym U/Um S
0 0 0
0 3.00E-05 0
0.00248 0.42806 0
0.00499 0.47973 0
0.00752 0.49544 0
0.01008 0.5066 0
0.01266 0.51602 0
0.01526 0.52459 0
0.0179 0.53272 0
0.02056 0.5406 0
0.02325 0.5484 0
0.02596 0.55591 0
0.03829 0.58692 0
0.04117 0.59428 0
0.05637 0.63101 0
0.06516 0.64881 0
0.07157 0.66199 0
0.08678 0.6877 0
0.09203 0.69503 0
0.10198 0.70908 0
0.11718 0.72742 0
0.11889 0.72923 0
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0.13239

0.14574

0.14759

0.16279

0.17259

0.178

0.1932

0.19942

0.2084

0.22361

0.22625

0.23881

0.25306

0.25402

0.26922

0.27988

0.28442

0.29963

0.30667

0.31483

0.33003

0.33347

0.34524

0.36025

0.36044

0.37564

0.74362

0.75667

0.75849

0.77244

0.78106

0.78586

0.79892

0.80415

0.81175

0.82446

0.82663

0.83702

0.84872

0.8495

0.86182

0.87032

0.87397

0.88588

0.89124

0.89748

0.90871

0.91112

0.91947

0.9296

0.92973

0.93938
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0.38703

0.39085

0.40605

0.41379

0.42125

0.43646

0.44055

0.45166

0.46687

0.4673

0.48763

0.49831

0.50856

0.52933

0.52949

0.55041

0.56039

0.57134

0.59146

0.59227

0.6132

0.62256

0.63413

0.65369

0.65505

0.67598

0.68484

0.94613

0.94838

0.95661

0.96045

0.96411

0.97086

0.97248

0.97746

0.98347

0.98362

0.98948

0.99195

0.99427

0.99763

0.99765

0.99952

0.99983

1

0.99934

0.9993

0.99755

0.99644

0.99488

0.99167

0.99142

0.98712

0.98499

28



0.69691

0.71601

0.71784

0.73877

0.74721

0.7597

0.77843

0.78063

0.80155

0.80968

0.82248

0.84095

0.84341

0.86434

0.87224

0.88527

0.90356

0.90619

0.92712

0.93491

0.94805

0.96627

0.96898

0.97222

0.97543

0.97861

0.98176

0.98188

0.97607

0.97549

0.96771

0.96408

0.95848

0.9489

0.94774

0.93555

0.93034

0.92198

0.90884

0.90708

0.89102

0.88451

0.87379

0.85751

0.85518

0.83452

0.82475

0.8084

0.77477

0.76981

0.76103

0.74978

0.73662

0.72082
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0.98487

0.98796

0.99102

0.99404

0.99703

1

0

0

0.00248

0.00499

0.00752

0.01008

0.01266

0.01526

0.0179

0.02056

0.02325

0.02596

0.03829

0.04117

0.05637

0.06516

0.07157

0.08678

0.09203

0.10198

0.11718

0.70146

0.67704

0.64446

0.5943

0.50213

0

0

0.00003

0.44984

0.50435

0.5224

0.53533

0.54645

0.55677

0.56671

0.57648

0.58625

0.59565

0.63387

0.64297

0.68561

0.70428

0.71814

0.74239

0.74871

0.76084

0.77584

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5
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0.11889

0.13239

0.14574

0.14759

0.16279

0.17259

0.178

0.1932

0.19942

0.2084

0.22361

0.22625

0.23881

0.25306

0.25402

0.26922

0.27988

0.28442

0.29963

0.30667

0.31483

0.33003

0.33347

0.34524

0.36025

0.36044

0.37564

0.77728

0.78877

0.79917

0.80062

0.81182

0.81881

0.82272

0.83342

0.83772

0.844

0.85446

0.85623

0.86476

0.87422

0.87486

0.88465

0.89125

0.89409

0.90311

0.90705

0.91166

0.91972

0.92141

0.92728

0.93426

0.93435

0.94091

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5
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0.38703

0.39085

0.40605

0.41379

0.42125

0.43646

0.44055

0.45166

0.46687

0.4673

0.48763

0.49831

0.50856

0.52933

0.52949

0.55041

0.56039

0.57134

0.59146

0.59227

0.6132

0.62256

0.63413

0.65369

0.65505

0.67598

0.68484

0.94546

0.94697

0.95246

0.95503

0.95748

0.96208

0.96323

0.96681

0.97137

0.97149

0.9763

0.97863

0.98088

0.98502

0.98505

0.98867

0.99023

0.99181

0.99439

0.99448

0.9966

0.99742

0.99826

0.99938

0.99944

0.99999

1

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5
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0.69691

0.71601

0.71784

0.73877

0.74721

0.7597

0.77843

0.78063

0.80155

0.80968

0.82248

0.84095

0.84341

0.86434

0.87224

0.88527

0.90356

0.90619

0.92712

0.93491

0.94805

0.96627

0.96898

0.97222

0.97543

0.97861

0.98176

0.99979

0.99874

0.9986

0.99607

0.99451

0.99195

0.98667

0.98601

0.9782

0.97455

0.9686

0.95869

0.95735

0.94474

0.9395

0.93087

0.91751

0.9156

0.89833

0.88977

0.87544

0.84352

0.83882

0.82974

0.81753

0.80284

0.78483

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5

7.5
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0.98487

0.98796

0.99102

0.99404

0.99703

1

0

0

0.00248

0.00499

0.00752

0.01008

0.01266

0.01526

0.0179

0.02056

0.02325

0.02596

0.03829

0.04117

0.05637

0.06516

0.07157

0.08678

0.09203
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0.11718

0.76258

0.73468

0.69803

0.64299

0.54551

0

0

0.00003

0.4346

0.48822

0.50634

0.51903

0.52981

0.53977

0.54933

0.55871

0.5681

0.57716

0.61445

0.6233

0.66582

0.68504

0.69928

0.72489

0.73167

0.74467

0.76073

7.5

7.5

7.5

7.5

7.5

7.5
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12
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12

12

12

12

12

12
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0.11889

0.13239

0.14574

0.14759

0.16279

0.17259

0.178

0.1932

0.19942

0.2084

0.22361

0.22625

0.23881

0.25306

0.25402

0.26922

0.27988

0.28442

0.29963

0.30667

0.31483

0.33003

0.33347

0.34524

0.36025

0.36044

0.37564

0.76226

0.77444

0.78527

0.78679

0.79823

0.80523

0.80915

0.8197

0.82388

0.82999

0.84008

0.84177

0.84994

0.859

0.85961

0.86901

0.8754

0.87815

0.88696

0.89086

0.89541

0.90348

0.9052

0.91114

0.91828

0.91837

0.92514

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12
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12
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12

12
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0.38703

0.39085

0.40605

0.41379

0.42125

0.43646

0.44055

0.45166

0.46687

0.4673

0.48763

0.49831

0.50856

0.52933

0.52949

0.55041

0.56039

0.57134

0.59146

0.59227

0.6132

0.62256

0.63413

0.65369

0.65505

0.67598

0.68484

0.92987

0.93143

0.9372

0.93994

0.94253

0.94749

0.94875

0.95265

0.95773

0.95787

0.9634

0.96617

0.96889

0.97412

0.97416

0.97896

0.98113

0.98338

0.98724

0.98738

0.99086

0.99229

0.99388

0.99626

0.9964

0.9983

0.99893

12

12

12
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12

12

12
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12
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0.69691

0.71601

0.71784

0.73877

0.74721

0.7597

0.77843

0.78063

0.80155

0.80968

0.82248

0.84095

0.84341

0.86434

0.87224

0.88527

0.90356

0.90619

0.92712

0.93491

0.94805

0.96627

0.96898

0.97222

0.97543

0.97861

0.98176

0.99954

0.99999

1

0.99945

0.99889

0.9978

0.99523

0.99489

0.99066

0.98856

0.98509

0.979

0.97816

0.96993

0.96623

0.96012

0.94959

0.94808

0.93252

0.92405

0.90988

0.87687

0.87199

0.86287

0.85119

0.83755

0.82109

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

12

37



0.98487

0.98796

0.99102

0.99404

0.99703

1

0

0

0.00248

0.00499

0.00752

0.01008

0.01266

0.01526

0.0179

0.02056

0.02325

0.02596

0.03829

0.04117

0.05637

0.06516

0.07157

0.08678

0.09203

0.10198

0.11718

0.80076

0.77479

0.73964

0.68498

0.58567

0

0

0.00002

0.38698

0.43285

0.44626

0.45639

0.46528

0.47362

0.48174

0.4898

0.49799

0.5061

0.54199

0.55048

0.59651

0.62015

0.63764

0.67194

0.6813

0.69926

0.72094

12

12

12

12

12

12

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

38



0.11889

0.13239

0.14574

0.14759

0.16279

0.17259

0.178

0.1932

0.19942

0.2084

0.22361

0.22625

0.23881

0.25306

0.25402

0.26922

0.27988

0.28442

0.29963

0.30667

0.31483

0.33003

0.33347

0.34524

0.36025

0.36044

0.37564

0.7229

0.73851

0.75165

0.75348

0.76674

0.77461

0.779

0.79059

0.79514

0.80176

0.81263

0.81446

0.82323

0.83296

0.83361

0.8437

0.85058

0.85354

0.86308

0.86734

0.87231

0.88123

0.88316

0.88983

0.89803

0.89814

0.90607

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

39



0.38703

0.39085

0.40605

0.41379

0.42125

0.43646

0.44055

0.45166

0.46687

0.4673

0.48763

0.49831

0.50856

0.52933

0.52949

0.55041

0.56039

0.57134

0.59146

0.59227

0.6132

0.62256

0.63413

0.65369

0.65505

0.67598

0.68484

0.91175

0.91364

0.92071

0.92412

0.92736

0.93357

0.93515

0.93995

0.94617

0.94634

0.95308

0.95642

0.95972

0.96602

0.96606

0.97184

0.97447

0.97723

0.98203

0.98222

0.98668

0.98854

0.99064

0.99384

0.99403

0.99671

0.99764

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

40



0.69691

0.71601

0.71784

0.73877

0.74721

0.7597

0.77843

0.78063

0.80155

0.80968

0.82248

0.84095

0.84341

0.86434

0.87224

0.88527

0.90356

0.90619

0.92712

0.93491

0.94805

0.96627

0.96898

0.97222

0.97543

0.97861

0.98176

0.99867

0.99975

0.99982

1

0.99975

0.99913

0.99731

0.99705

0.99365

0.99186

0.98888

0.98342

0.98268

0.97512

0.97169

0.96604

0.95634

0.95496

0.94089

0.93326

0.92051

0.88966

0.88511

0.87626

0.86465

0.85088

0.83405

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

17

41



0.98487

0.98796

0.99102

0.99404

0.99703

1

0

0

0.00248

0.00499

0.00752

0.01008

0.01266

0.01526

0.0179

0.02056

0.02325

0.02596

0.03829

0.04117

0.05637

0.06516

0.07157

0.08678

0.09203

0.10198

0.11718

0.81312

0.7864

0.75047

0.69526

0.59578

0

0

0.00002

0.35385

0.39651

0.40828

0.41791

0.42667

0.43507

0.44334

0.45161

0.46001

0.46832

0.50476

0.51341

0.55917

0.58195

0.59887

0.63118

0.63988

0.65658

0.67687

17

17

17

17

17

17

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

42



0.11889

0.13239

0.14574

0.14759

0.16279

0.17259

0.178

0.1932

0.19942

0.2084

0.22361

0.22625

0.23881

0.25306

0.25402

0.26922

0.27988

0.28442

0.29963

0.30667

0.31483

0.33003

0.33347

0.34524

0.36025

0.36044

0.37564

0.67876

0.69375

0.70684

0.70866

0.72243

0.73095

0.73568

0.74868

0.75397

0.76163

0.77459

0.77683

0.78752

0.7996

0.80041

0.81312

0.82185

0.82559

0.83767

0.84304

0.84928

0.86035

0.86269

0.8708

0.88054

0.88066

0.88991

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

43



0.38703

0.39085

0.40605

0.41379

0.42125

0.43646

0.44055

0.45166

0.46687

0.4673

0.48763

0.49831

0.50856

0.52933

0.52949

0.55041

0.56039

0.57134

0.59146

0.59227

0.6132

0.62256

0.63413

0.65369

0.65505

0.67598

0.68484

0.89645

0.89862

0.90674

0.91067

0.91438

0.92157

0.92341

0.92893

0.9361

0.9363

0.94413

0.94801

0.95187

0.95924

0.95929

0.96598

0.969

0.97219

0.97771

0.97792

0.98306

0.98522

0.98768

0.99151

0.99175

0.9951

0.99631

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

44



0.69691

0.71601

0.71784

0.73877

0.74721

0.7597

0.77843

0.78063

0.80155

0.80968

0.82248

0.84095

0.84341

0.86434

0.87224

0.88527

0.90356

0.90619

0.92712

0.93491

0.94805

0.96627

0.96898

0.97222

0.97543

0.97861

0.98176

0.9977

0.99929

0.9994

1

0.99986

0.99938

0.99764

0.99739

0.99396

0.99212

0.98905

0.98339

0.98262

0.97468

0.97101

0.96494

0.95426

0.95273

0.93666

0.92785

0.91309

0.87934

0.87436

0.86525

0.85371

0.84034

0.82431

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

25

45



0.98487 0.80459 25

0.98796 0.7794 25
0.99102 0.74514 25
0.99404 0.69321 25
0.99703 0.59887 25
1 0 25

In the straight core annular diffuser for variousrsangle data are (at section x=0.9)

Y/Ym U/Um S
0 0 0
0.00289 0.54166 0
0.00581 0.6487 0
0.00877 0.70089 0
0.01175 0.73383 0
0.01476 0.75786 0
0.0178 0.7767 0
0.02087 0.79216 0
0.02397 0.80527 0
0.0271 0.81666 0
0.03027 0.82623 0
0.03377 0.83408 0
0.04799 0.86598 0
0.06572 0.89322 0
0.06586 0.89338 0
0.08345 0.91305 0
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Chapter 5

FORMULATION OF UNIVERSAL EQUATION

Introduction
In order to carry on with my project, | was dirette® make use of a CFD related
software, a kind of equation solver, which formagrs for the data given and forms

the different equations.

This software is calleMINITAB. The software is basically centered around the
regression plots of the various data, in numerousn$ and ways. It can also form the
various equations which may either be linear or moe@ar, depending upon the type

of the data in question.

5.1 Welcome to MINITAB

MINITAB is a powerful statistical software packaf®t provides a wide range of
data analysis and graphics capabilities; intuitiger interface; clean, clear output;
procedure-specific statistical guidance; and extens

context-sensitive online help. Whether used in @ty research, or teaching,
MINITAB offers the ideal combination of power, acaay, and ease of use to help

you do job better.

At a glance, MINITAB offers the following:
» Comprehensive statistics capabilities, includinglesatory data analysis,

basic statistics, regression, analysis of variarsaenple size and power
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calculations, multivariate analysis, nonparametrione series, Cross-
tabulations, and simulations and distributions.

» Stat Guide—Statistical guidance for many of MINITABtext-based and
graphical analyses—from basic statistics, to quasgsurance, to design of
experiments.

* High-resolution graphics that are presentationiguafully editable, and
include a brushing capability for identifying panbn plots and pinpointing
the actual data point in the Data window.

* Quality assurance and improvement features, inegudi

— Run charts, Pareto charts, and cause-and-efigabgne) diagrams

— Statistical process control charts

— Historical charts

— Capability analysis

— Measurement systems analysis with Gage R&R

— Design of experiments capabilities to generaté analyze full and fractional

designs, Plackett-Burman designs, Taguchi desigrsponse surface designs, and

mixture models

— Multiple response optimizations

— Estimation of failure time distributions

— Regression with life data and accelerated lis¢ing

* Powerful data management capabilities: Import diaien other versions of

MINITAB, spreadsheets, databases, and text files anproject. Link data to
another application or another part of a MINITAB nkgheet using Dynamic
Data Exchange (DDE). Share data with your databas®y Open Database

Connectivity (ODBC). Easily create subsets of yoaita.
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* Project Manager: Minitab’s Project Manager provigesy access to all the
components of MINITAB project. You can rename wdwst columns and
add columns descriptions; browse through your wwekss, graphs, and
output; organize related documents and URLSs; angmo

» Report Pad: A tool integrated into the Project Mparahat helps you generate
a report from your analysis.

* A macro facility that allows you to write a prograshMINITAB commands

to automate repetitive tasks or to extend MINITARIsctionality.

5.2 Regression in MINITAB

Regression analysis is used to investigate and Inmtbee relationship between a
response variable and one or more predictors. MABITprovides various least-
squares and logistic regression procedures.

» Use least squares regression when your responisbleas continuous.

» Use logistic regression when your response variahldategorical.

Both least squares and logistic regression metkstimmate parameters in the model
so that the fit of the model is optimized. Leastiag@s minimizes the sum of squared
errors to obtain parameter estimates, whereas MABIS logistic regression

commands obtain maximum likelihood estimates ofpfw@meters.

To do a linear regression
1 ChooseStat - Regression Regression

2 In Responseenter the column containing the response (Y )abdel
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3 In Predictors, enter the columns containing the predictor (Xjatales.

4 If you like, use one or more of the options lisbedow, then clickOK.

You can also use this command to fit polynomiareegion models. However, if you
want to fit a polynomial regression model with agée predictor, you may find it

more advantageous to usited Line Plot.

Fitted Line Plot

This procedure performs regression with linear pmlginomial (second or third order)
terms, if requested, of a single predictor variadode plots a regression line through
the data, on the actual or logl0 scale. Polynomagtession is one method for
modeling curvature in the relationship between spoese variable (Y) and a
predictor variable (X) by extending the simple Aneegression model to include X2

and X3 as predictors.

Data

Enter your response and single predictor varialoheshe worksheet in numeric
columns of equal length so that each row in yourksieeet contains measurements
on one unit or subject. MINITAB automatically omisws with missing values from

the calculations.

To do a fitted line plot
1 ChooseStat 4 Regressioné Fitted Line Plot.
2 In Response (Y, enter the numeric column containing the respaolasa.

3 In Predictor (X), enter the numeric column containing the predictoiable.
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4 If you like, use one or more of the options lisbedow, then clickOK.

Binary logistic regression, ordinal logistic reg®Ems, etc, are also different kinds of
regressions obtainable in MINITAB. However, onlgtlinear and non linear, that is

fitted line plots were used here in our study.

5.3 Calculation on MINITAB

Also, we used the calculator function of the MINIBAsoftware, to calculate the
various equations and values for further regresamalysis.

It was a tedious process in which we had to caleulae cubes, fourth powers, and
upto the fifth powers of the data given. This dates then used in the development of

further equations in non linear terms.

To calculate a mathematical expression

1 ChooseCalc - Calculator.

2 In Store result in variable, enter the column or constant where you want doest
the result of the expression. If you are creatimgwa column, enter a column number,
such as C10 or C11, or a name that does not y&tiaxhe current worksheet.

3 With the cursor inExpressions select variable names, buttons, and functions to
build your expression. To set functions to theifad# values, omit the arguments at

the end of the functions.
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How to find out the non linear equations for higherdegrees on MINITAB

1)

2)

3)

To find the equations for up to cubic form, we cee the fitted line plot as
explained earlier.

However, for higher degrees, we need to calculaehigher degrees of the
data with the help of the calculator function inNMITAB, and then we use the
regression function to form the higher degree eqoat

This is done by using the columns with higher (culfourth degree, fifth
degree values) of the data and then using thesenosl as the predictors

against the response to be found out (y- function).

After the equation is obtained on MINITAB

1)

2)

3)

4)

Once we obtain the equation, we find the valuesttiia equation will give us
on inputting the various predictors into the equrati

After making a column of the data obtained, we fihd difference between
these values and the observed values.

This is then followed by analyzing the differendsscalculating the standard
deviation.

If the deviation is low, or negligible, then we pesd further with the analysis.
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5.4 Microsoft Excel
In addition to using MINITAB, we also made immensse of the Microsoft Excel
worksheets, in order to understand where the gramhe being plotted about and

what the nature of the graphs was.

The various steps involved were:

1) The data plotted and formed in the MINITAB was raaged in the MS Excel
worksheets.

2) The calculated equation was used up in calculategoriginal theoretical
values of the data by putting in the values of plhedictors in the equation
formed up in the MINITAB.

3) This data was also arranged in the form of coluofidS Excel worksheets.

4) The charts were plotted for the observed valuethenhub of the diffuser
obtained therein.

5) The calculated theoretical values were then suppersed on this graph to see

if the two graphs were similar in nature and whethere was any deviation.
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Chapter 6

RESULTS AND OBSERVATIONS

In the present thesis subsonic turbulent flowsdmsihe different type of annular
diffusers with the help of GAMBIT and FLUENT. Inftérent type of diffuser also

varying area ratio. Analysis gives the effect obmgetry on the velocity in diffuser.

The following conclusions can be drawn from thaulss
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Graph for CFD data given (0 degree swirl angleeation 0.1x)
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Graph for the quadratic regression equation (Oekegwirl angle, at section 0.1x)
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Graph for the cubic regression equation (0O degnee angle, at section 0.1x)
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Graph for the biquadrate regression equation (Gedegwirl angle, at section 0.1x)
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Superimposed graphs on one chart
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From these charts, we find out that;

1)

2)

3)

4)

The cubic equation most closely follows the obsémata.

The quadratic equation closes on the observed valtigraphs but does not
follow the graph as closely as possible.

The equation formed from the fourth power is notandem with the observed
values.

Higher power equations, higher degrees, are naletkas the fourth degree

eqguation deviates from the main values.
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Various equations obtained from the regressionyarsl

A) For the linear variable:
* We use MINITAB wherein the observed values are telokin the table
and a regression equation obtained, as shownrearlie
* This equation is then used to obtained the caledlatalues from
putting in the said values of Y/Ym.

* The calculated values are then re-tabulated itMBeExcel and graphs

plotted accordingly.

The equation obtained isgiby;

U/Um = 0.679896050+0.2914081Y2'm)

A) For quadratic equation:

* The equation obtained from linear regression isthsed for
squaring the Right Hand Side of above equationaotdining the
squared version of U/Um (0 degree).

* However, on plotting, we see that the graph obthisenot near to
the original observations.

* Hence, we use the fitted line plot function of Mé&NITAB and

then use the values to plot the graph as well tsrothe equation.

The equation obtaimedsquaring linear regression equation is;
U/Um =0.488601+0.39622*(Y/Ym)+

0.08896*(Y/Ym)"2
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The corrected equaftrom fitted line plot is;
U/Um=0.447269149+1.98953*(Y/Ym)-1.69222387*(Y/YmM)"2

This'%equation gives the proper graph wich follows the
observations.

B) For Cubic Equation:

The graph obtained is basically an extension ofélgeession equation

cubed to obtain the U/Um values from the regressopration obtained

earlier.

* However the quadratic plot tells that using fitlede plot is a better
way of obtaining the equation.

* So we use the fitted line plot function to obtaatctlated values of the
function.

* These values are then used to plot a graph in M®IEX

* The graph obtained most closely follows the obsgmadues.

The equation obtained is;

U/Um =0.448087601+1.95580298*(Y/Ym)-1.65536232%m)"2-

0.02490879M(m)"3

This equation is the best fit.

C) For Fourth degree:

* For the fourth degree of equation we need regredsitction as

well as the values of the squares, cubes and fportiers of

(Y/Ym).

80



After obtaining these values, we use the respohséldm (0
degree) against the predictors of (Y/Ym) and itsasgs, cubes,
and fourth powers.

The equation obtained is then used to calculatedhees of the
U/Um and hence used in MS Excel to plot the graphs.

The graph obtained is deviating more now from ta graph of
observed values.

Hence we need to stop our analysis at this stage.

The equation obtained in MINITAB is;

U/Um =0.3690509792691651*(Y/Ym) -13.9869796*(Y/Ym)

£2+19.8824*(Y/Ym) #3-10.0271374*(Y/Ym) 74

This equation is not closer to the observed gragkace we
discard this equation and observe that higher epsare more

deviant. So we stop at the cubic equation.

What we need now is to obtain cubic equations tindiitted line plot of MINITAB

for other degrees also.

For this, we formulate the following equationsgattion x=0.1)

1)

2)

3)

For 0 Degree swirl:
U/Um =0.452317269+2.00753657*(Y/Ym)-1.68530447* (YY" 2-

0.134163177*(Y/YmM)"3
For 7.5 Degree swirl:

U/Um =0.495183620+1.90208197*(Y/Ym)-1.70145320*(YY 2+

0.164208764*(Y/YM)"3
For 12 Degree swirl:
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U/Um =0.481386605+1.87487665*(Y/Ym)-1.65072511*(Yiy 2+

0.0458006999*(Y/YmM)"3
4) For 17 degree swirl:

U/Um =0.423097198+2.02411771*(Y/Ym)-1.78157300*(Yhy 2+

0.0970189234*(Y/Ym)"3

5) For 25 degree swirl:
U/Um =0.388453313+1.97040203*(Y/Ym)-1.45775581* (Y 2-

1.49621280*(Y/Ym)"3

Obtaining the universal equation for the casing par

* Thus we obtain the cubic equations for all the degrof swirl.

» All of this analysis is concerned with the casisg&now. The hub
analysis is a later part in the whole researcbal the community.

* Now we need an equation which combines all the aleouations to
obtain a value of the single universal equationciwhvill help us in
obtaining any part of the values by putting in ¥laéues of Y/Ym as
well as the corresponding degrees of swirl.

» For this we need to bring together all the equatimmd obtain a
relation between these different coefficients afreaquation as well as
the degree of swirl, that is, between U/Um andcibefficients of the
various degrees of Y/Ym and its powers in allfiie equations.

* We input the values of these coefficients in teahthe degrees of

swirl and Y/Ym and then obtain the universal eaurat
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The equation is obtained by;

» Tabulating the values of the coefficients of theaea power of Y/Ym
against the corresponding U/Um degree.

» After this, a linear equation is then obtained leswthis coefficient
and the degrees of swirl.

» These equations are then substituted in the pliaite @oefficients in
the corresponding any of the equations.

» This results in the obtaining of the equation wHiels a universal

character.

The equation obtained is between the coefficientsdegrees of swirl, first;
CO0 = 0.460198176+0.00488986798*S-0.0003242858"2

C1 =1.98734946-0.0103189424*800427985258*S"2

C2=-1.66217610-0.0160919591*860918587378*S"2

C3=-0.146049750+0.0345649054:#036417939*S"2

By using these values in place of constants incceuation, we get the
following equation;

U/Um = (0.460198176+0.00488986 B8
0.000324235814*S2)98734946-
0.0103189424*S+0 HPDI85258*S 2)*(Y/Ym)+(-1.6621761-
0.0160919591*S+0.908587378*S"2)*(Y/YmM)"2+(-

0.14604975+0.03458819'S-0.00136417939*SA2)*(Y/YM)"3

This is what we can claim to be the universal eéquatf the casing of the annular

diffuser.
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1) In the straight core annular diffuser for varioswirl angle graphs are(at
section x=0.1)
Plot for the 0 Degree Swirl
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N
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for)
%

o)
»

Seriesl

U/Um

IS

o)

Series4

for)
N

[e»]

-0.2 (1) 0.2 0.4 0.6 0.8 1 1.2

Y/Ym

Series 1 — CFD Data Plot Series 4 — Cubic Plot
Fig-13

Plot for the 7.5 Degree Swirl
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Series 1 — CFD Data Plot Series 4 — Cubic Plot

Fig-14
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Plot for the 12 Degree Swirl
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Series 1 — CFD Data Plot Series 4 — Cubic Plot

Fig-15

Plot for the 17 Degree Swirl
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Plot for the 25 Degree Swirl
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Series 1 — CFD Data Plot Series 4 — Cubic Plot
Fig-17
Similarly at the section 0..9x of casing:
* The following graphs have been plotted after olagithe universal equation

for section 0.9x of casing.

* These equations were obtained using MINITAB andgithe same procedure

as for section 0.1x of casing.

* The equation at section x=0.9 of casing is;

U/Um =(0.655946558+0.00157632043*S-
0.000370814108*S"2)+(2.77219898-0.00332982686*S-
0.00161695515*S"2)*(Y/Ym)+(-
5.64625287+0.0669658315*S+0.00588410655*S"2)*(Y/Y2r)2.28636229

-0.0662370398*S-0.00357874141*S"2)*(Y/Ym)"3
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In the straight core annular diffuser for variousrsangle graphs are (at section

x=0.9)
Plot for the O Degree Swirl
1.2
1
0.8 ;; h\

., \

3 . = Seriesl
0.4 = Seriesd
0.2

0
0 0.2 0.4 0.6 0.8 1 1.2
Y/Ym
Series 1 — CFD Data Plot Series 4 — Cubic Plot
Fig-18
Plot for the 7.5 Degree Swirl
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Series 1 — CFD Data Plot Series 4 — Cubic Plot
Fig-19
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Plot for the 12 Degree Swirl
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Fig-20
Plot for the 17 Degree Swirl
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Fig-21

88



Plot for the 25 Degree Swirl
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Fig-22

Hence we see that the graphs obtained from thealbveriversal equation are almost
similar and in tandem with the original observetuea.
This tells us that the analysis we have carriedoptoper and functional in all

respects.

Now, we need to obtain all the graphs formed fromuniversal equation on a single

chart, in order to visualize the swirl respectively
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Observed values plotted on the graph give thewviatig type of chart distribution (at

section 0.1x)
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Fig-23

the values as obtained from the cubic equationsedolere as given below (at
section 0.1x)
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Fig-24
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Observed values plotted on the graph give thewviatig type of chart distribution (at

section 0.9x)
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Fig-25

Also the values as obtained from the cubic equatsmived were as given below (at
section 0.9x)
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0.4 / \\\\\\ =12 degree

=25 dgeree

U/Um

0.2

T 0.2 0.4 0.6 0.8 ! 1.2
0 2

Y/Ym

Fig-26

This agrees with both the cubic equations obtaasedell as the observed values.

Hence we can conclude that the data has the uahegsation as provided above.
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Chapter 7

RECOMMENDATIONS FOR FUTURE WORK

* Annular diffuser in considered in the present stuélyture work can be done

on conical, rectangular, radial type diffusers.

* The present work was done at section x=0.1 and9xefcasing. Future work
can be done on different sections of casing and hub

» The effect of hub-generated swirl can be considéretuture study.
» The effect of Mach number can be studied.

» The present analysis is done for stationary hubcaisthg. Further studies can

be done on rotating hub and casing diffuser.
* Modeling of the geometry can be modified by attagha tailpipe at the exit to
recover some of the excess kinetic energy of aumiorm diffuser exit

profile in to pressure energy.

» The present work was done for sub-sonic flow unaasgible flow only. The

scope can be extended to compressible and sows.flo

92



REFERENCES

1. B B Arora, B D Pathak , International Journal Ofriaynics Of Fluid (IJDF),

Vol.7, No.1. (2011) p.p. 109-120, ISSN 0973-1784

2. B.B.Arora, Manoj Kumar, Subhashis Maji, “ Analysitflow separation in
wide angle annular diffusers,” International JolioféApplied Engineering

Research, Vol.5, N0.20. (2010) p.p. 3419-3428N8873-4562.

3. B. B. Arora, B. D. Pathak, “Effect of Geometry dretPerformance of
Annular Diffuser,” International Journal of Appligthgineering Research,

Vol.5, N0.20. (2009) p.p. 3419-3428, ISSN 09732456

4. Ackert ,J. 1967. Aspect Of Internal Flow. Fluid Meaaics Of Internal Flow

,Ed. Sovaran G., Elsvier Amsterdum,ppl.

5. Adkins R.C ,Jacobsen OH , Chevealier P 1983 A RaeynStudy of Annular

Diffuser With Constant Diameter Outer Wall. ASMEpeano. 83-GT-218

6. Adkins R.C.,1983. A simple Method For Design OptimAnnular Diffusers.

ASME Paper No. 83-GT-42.

7. Cockrell, D.J., Markland, E., 1963 .A Review of ¢mepressible Diffuser

Flow. Aircraft Engg. Volume 35, pp 286.

8. Coladipietro, R., Schneider, J.M., Sridhar, K.197Effects of Inlet Flow
Conditions on the Performance of Equiangular Annié&fusers,” Trans.

CSME 3 (2): pp. 75-82.

93



9. Dovzhik, S.A., Kartavenko, V.M.,1975. “Measuremehtthe Effect of Flow
Swirl on the Efficiency of Annular Ducts and exhaWwozzles of Axial

Turbomachines,” Fluid Mechanics/Soviet Research: 4@6-172.

10.Goebel, J. H., Japikse, D., “The Performance oAanular Diffuser Subject
to Various Inlet Blockage and Rotor Discharge B#gcConsortium Final

Report, Creare TN-325, March 1981.

11.9. Hesterman R, Kim S ,Ban Khalid A, Wittigs 1998ow Field And
Performances Characteristics Of Combustor Diffus&rBasic Study. Trans.

ASME Journal Engineering for Gaas Turbine and Pdwé&r pp 686-694.

12.Hoadley D,1970. Three Dimensional Turbulent Bougdaayers in an

Annular Diffuser. PhD Thesis University of Canbrige

13.Hoadley, D., Hughes, D.W.,1969. “Swirling Flow im @&nnular Diffuser,”
University of Cambridge, Department of Engineeririgeport CUED/A-

Turbo/TR5.

14.Howard, J. H. G., Thorton —Trump A. B., HenselerJH1967” Performance

And Flow Regime For Annular Diffusers”. ASME paper n67-WA/FE-21.

15.1shkawa K,Nakamura | 1989”An Experimental StudyTdre Performance of

Mixed Flow Type Conical Wall Annular Diffuser “ ASEIFED-69.

16.Japikse, D., 1986. “A New Diffuser Mapping Techreqy- Studies in
Component Performance: Part 1,” ASME Paper No. 84237, Amsterdam,

June 1984, also, Journal of Fluids Engineering, Y08, No. 2. pp. 148-156.

94



17.Japikse, D., and Pampreen, R., “Annular Diffuserfd®mance for an

Automotive Gas Turbine,” ASME Publication 78-GT-14B78.

18.Japikse, D.,1980. “The Influence of Inlet Turbulenoon Diffuser

Performance,” Concepts ETI, Inc., Design Data Sheetl, .

19.Japikse, D.,2000. “Performance of Annular Diffus&ubject to Inlet Flow
Field Variations and Exit Distortion,” presentedtla¢ ISROMAC conference

in Honolulu, Hawaii, March 26-30,.

20.Johanston 1.H.,1959. Effect Of Inlet Conditions @he Flow In Annular

Diffusers. National Gas Turbine Establishment Meéxwol167,Cp No.178

21.19. Jonston J P 1959 “Summary of Results of TesSlwort Conical Diffuser

With Flow Control Inserts: as of June 1,1959.Ingérs Rand TN no 71.

22.Juhasz,A.J. 1974. Performance Of An Asymmetric AemDiffuser With

Non Diverging Inner Wall Using Sution .NASA TN -75.7

95



