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ABSTRACT

Annular diffusers are often used in conjunction with turbo machines to increase the static pressure and reduce the velocity of the discharge flow. The present work involves systematic analysis of a parallel hub and diverging outer wall annular diffusers with varying values of turbulence intensity, using FLUENT CFD tool. Diffuser is tested for the inlet flow velocity of 25, 50 & 75 m/s to provide a comprehensive basis. The values of turbulence intensity are varied from 2% to 10% in each case. Flow in diffuser is observed and analyzed for changes in velocity profile, change in velocity magnitude and static pressure at casing wall and hub wall. It is observed that the static pressure does not change significantly with turbulence intensity but the velocity near casing wall increases with increase in turbulence intensity, this will cause the reduction in chances of separation
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CHAPTER 1

INTRODUCTION

______________________________________________________

A diffuser aims to slow down a mean flow, converting its kinetic energy

into a pressure rise. As the flow proceeds through the diffuser there is a continuous

retardation of the flow resulting in conversion of kinetic energy into pressure energy.

This process is termed as diffusion. Diffuser forms an important part in various systems

mainly flow machinery and structures. Diffusers are commonly used in a number of

internal flow systems such as in aircraft and jet engines, in inter stage ducting between

the a gas generator turbine and a power turbine, in engine inlet diffuser, which slows the

air, delivered to the inlet face of a compressor or fan, the exhaust diffuser of a gas turbine

in a stationary power plant, in the wind tunnels, noise suppressors, carburetors, flow

meter, and ejectors. Depending upon the system, in which the diffuser is used, it has to

perform the function of either pressure recovery or velocity reduction.

For a particular diffuser installation, the objective will normally have to be

accomplished for a prescribed inlet flow condition and within certain geometric

limitations, which are likely to dictate the shape of the diffuser. Consequently diffusers

having diverse size and shapes were in existence.

The diffuser is therefore very important element of many fluid machines and fluid

dynamic systems. The ability to recover pressure and/or the ability to establish a stable

flow or a flow of low distortion is critical to the behavior of many devices and systems

which incorporate a fluid dynamic diffuser. The optimum performance and a proper

design of diffusing passages for many devices, for example in turbo machines, aircraft

inlets, carburetors, flow meters, noise suppressors, etc, depends upon an understanding of

the importance flow parameters governing the performance of the fluid dynamic diffuser.

The diffuser geometry is a very important parameter for the design of a diffuser

for a particular application. It is very important to know a little about the diffuser and the

various performance parameters affecting the performance of a diffuser.

This chapter fulfills the above said requirement. The following paragraphs

aims at introducing the diffuser and its parameters.
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1.1 Types of Diffusers

1.1.1 Axisymmetric Diffusers

In axial diffusers the flow is along the axis of the diffusers and gradually

decelerates in the direction of the flow. These are relatively simple geometries as

compared to other type of diffusers.

a. 2-D diffusers

b. Conical diffusers

c. Annular diffusers

The geometric parameters, which influence the different types of flow with these

diffusers, are

a. Area Ratio (AR)

b. Aspect Ratio

c. Wall Divergence Angle

d. Center line length to width ratio.

1.1.2 Radial diffusers

a. Vaned and

b. Vane less

Radial diffusers are usually used in turbo machinery to achieve

appreciable static pressure recovery, without increasing the length of the diffusers.

In radial diffusers, fluids flow radially outward in confined space between the two

boundaries and remain in the meridional plane. These are now widely used in

fluid machines like compressors and turbines.

1.1.3 Curved Diffusers

In recent times most of the air crafts are curved diffusers, which overcome

the space limitation in the aircraft engine. Curved diffusers are mainly used on

account of the space limitations and/or due to the specific design need if

the machine where compatibility with downstream element is a primary

requirement. These are specific to aircraft systems only. So, there use is limited.
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These diffusers are broadly classified as

90 deg or part turn diffuser or half diffuser

180 deg or U- diffuser

S diffuser

Y-diffuser

1.2 Diffuser Performance Parameters

The performance parameters, which are of prime interest, are those that

are concerned with the following

The static pressure rise, which reflects the ability of a diffuser to convert kinetic

energy into pressure energy.

The total pressure loss, which is directly related to the efficiency of the diffusion

and to the drag of the system.

The exit flow distribution which critically affects of operation of a unit located

down stream of the diffuser. In many important engineering situations, the

uniformity and the steadiness of the diffuser discharge are as important as the

amount of velocity reduction or the quantum of static pressure rise.

Pressure coefficient or the coefficient of pressure which is main parameter for

measuring the performance of a diffuser.

1.2.1 Static Pressure Recovery

The static pressure rise non-dimensionalised with respect to the diffuser

inlet dynamic head is defined as the static pressure recovery.

Where subscripts1 and 2 refers to diffuser inlet and outlet conditions, respectively

represents the average velocity at the inlet. For one dimensional of perfect gas

without any loss, the ideal pressure rise for given diffuser can be computed by

considering energy conservation.
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The result is the ideal performance.

1.2.2 Diffuser Effectiveness

Defined as the ratio of actual static pressure recovery to the ideal pressure

recovery.

1.2.3 Total Pressure Loss coefficient

Defined as the pressure rise non-dimensionalized with respect to the diffuser inlet

dynamic head.

ξ= (Pti – Pte)/0.5 ρv2

flow through a wide angle diffuser is characterized by rapid growth of the

boundary layer which leads to various degrees of irregularities in the flow pattern,

non uniformity of the velocity profile, a total loss of pressure, as well as

instability and recirculation as the flow separates. Therefore to obtain a best

design diffuser one must all the parameters, which are likely to affect its

performance.

The identification of a best design for a given application dictated by the

objectives that the diffuser has to fulfilled .generally one or more of the following

specifications are imposed on a diffuser

Maximum static pressure recovery.

Minimum stagnation pressure loss.

Limited length.

Specified area ratio.

Specified cross-sectional shape.

Reliable prediction methods of diffuser flows with practical shape and flow

conditions will lead to the design of the fluid machine with improved efficiency.
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CHAPTER 2

LITERATURE REVIEW

______________________________________________________

A diffuser aims to slow down a mean flow, converting its kinetic energy into a

pressure rise. As the flow proceeds through the diffuser there is a continuous retardation

of the flow resulting in conversion of kinetic energy into pressure energy. This process is

termed as diffusion. Flow near the diffuser walls is subjected to a greater retardation due

to the formation and development of the boundary layer. A study of the parameters

governing the development of the boundary layer and their relationship with diffuser

performance is, therefore, vital in optimizing the design of a diffuser.

The first quantitative research on the diffuser dated back to the turn of 18th

century when Venturi and his contemporaries attempted to specify the geometry of the

most efficient diffuser for a given flow situation. A survey of diffuser research literature

revealed that lots of work was carried about different diffusers by various researchers. It

is therefore, useful to review the data, which has been made available, and to look for the

pattern with in this data. It also necessary to determine how this data may be best use in

the future design studies and where it needs to be further improved. Much of the original

data was taken in order to support studies of the axial compressor discharge diffusion has

flow leaves compressor and enters a combustion chamber. Other works was done for

exhaust diffusers of a hydroelectric turbines, small gas turbines, and turbocharger. While

these topics are still important today and there are important unresolved questions, the

level of activity has reduced. Now important research topics must be carefully selected

for more limited studies possible in future years.

In this chapter attention has been directed to re-examination of these aspects of

the diffuser flow behavior. In this regard the available literature has been examined with

a view to make comment on the state of the art and to recognize the scope of the further

research on the subject.
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2.1 Geometric and Flow Parameters

The various parameters which influence the pressure recovery and the flow

behavior in a diffuser can be conveniently grouped as geometric and flow parameters.

Many flow situations require complicated geometries where in either the center line or

the walls are contoured. By suitable combination of wall angles, the diffusers can take

variety of shapes, is characterized by the inclination of each wall to the axis.

The important geometric parameters for the diffusers are listed below.

Area Ratio ( Exit Area/ Entry Area)

Aspect Ratio (Entry depth / Entry width )

Length to throat width ratio (Diffuser length/ Entry width)

Divergence angle (2θ)

The important flow parameters include the followings

Inlet velocity profile

Boundary layer thickness

Blockage factors

Turbulence parameters

Inlet flow Reynolds numbers

Inlet flow mach numbers

Degree of swirl at the inlet

2.2.1 Geometric Parameters

Any duct geometry with an increasing area in the stream wise direction

constitutes subsonic diffuser geometry. Therefore, the number of different diffusers

geometries that can be conceived is infinite. However in practice, 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 include the radial and axi-radial

diffusers which are used at the exit of radial and axial turbo machines, respectively.

These geometric parameters can be consolidated to a few non dimensional

parameters that are found to be important in terms of diffuser performance. The first is
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the area ratio, AR, the area ratio of diffuser exit to inlet areas. The area ratio is measure

of the theoretical diffusion or pressure recovery expected.

The second important parameter is the dimensionless diffuser length define as:

N/Wi or 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 with the area

ratio AR is measure of the overall pressure gradient expected across the diffuser.

The third geometric parameter commonly used in displaying diffuser performance

is the wall divergence angle--2θ for planar and conical diffusers .The relation is shown

below.

For planar diffusers: AR = 1+ 2 (L/W1) tanθ

For Conical diffusers: AR = 1+ 2 (L/Ri) tanθ

The various geometric parameters affect the performance of a diffuser as

explained below:

Area ratio and non-dimensional length tells the overall diffusion and pressure

gradient respectively, which is the main factor in boundary layer development. Patterson,

Cockrell and Markland [1] found that a variation in the AR from 2.5 to 8.0 has a small

effect on the loss coefficients of the 2-D diffusers. Sharan [2] reported that for a constant

AR the performance of a diffuser deteriorates with the increase in diffusion angle.

Reneau et al [3] concluded that for two dimensional straight diffusers the maximum

pressure recovery, at a constant area ratio, occurs in the range of diffuser angle equal to

6-8 deg. Howard et al, Stevans, Markland [4] observed that efficiency drops with the

increase in the divergence angle. The graphical representation of the relation between

boundary layer separation or diffuser stall is known as “flow regime chart”. Kline et al

[5] have obtained full flow regime charts for 2-D diffusers. Only the line of appreciable

stall was obtained by Mc Donald and Fox [6]. If the diffuser divergence angle is

increased continuously from 0 deg while the length, throat width are constant, and the

following flow regimes are found:
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Region of no appreciable stall in which the main flow is well behaved and unseparated.

Region of large transitory stall in which the separation varies in position, intensity

and size with the time. This is highly pulsating flow region.

Region of fully developed stall in which the major portion of the diffuser is filled

with the large triangular shaped turbulent recirculation region, extending from the

diffuser exit to a position close to diffuser throat.

Region of a jet flow, in which the main flow is separated from both walls. The

separation begins slightly downstream from the throat, and the flow does not

reattach until well downstream from the diffuser.

Yeng Yung Tsui and Chia Kang Wang [7] calculated the laminar separated flow

in two dimensional diffusers and found that at low Re =56 and AR =3 the flow is axis

symmetric, at Re =114 and AR = 4 flow becomes asymmetric at large diffuser angles i.e.

large recirculation from one side with small at other. Pressure recovery is highest at

reattachment point of large recalculating flow. Generally pressure recovery deteriorates

with the increase in diffusion angle.

J.P. Johnston [8] studied diffuser design and performance by Unified Integral

Method. He compared the results of various planar and conical diffusers of various

geometries under various conditions by various methods were done with those obtained

by Unified Integral Method. He compared UIM results with some incompressible flow

cases, subsonic compressible flow in planar diffuser and higher order methods like CFD.

AHM Kwong and AP Dowling [9] reported that in unsteady flow diffusers, for 2θ

greater than 16 to 20 deg, the mean pressure recovery drops.

R.C. Strawn and S.J.Kline [10] developed a method for finding optimum shape

for a stall margin is developed for planar and axis symmetric diffusers.

Runstadler and Dolan [11] reported about the pressure recovery of straight

channel, symmetric, single plane divergence diffusers with inlet Mach numbers between

0.2 and chocking for an aspect ratio of 5.0. The data reported covered the range of length

to throat width ratios L/W1 and divergence angle 2θ for diffusers geometries near peak

recovery. These data compliment the data previously reported for AS = 0.25 and 1.0.

diffuser performance were given that shown pressure recovery Cp as a function of

diffuser geometry for fixed values of throat Mach number M, throat blockage B, and the
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aspect ratio AS for the range of variables tested. He concluded that below the ridge of

optimum recovery, good diffuser pressure recovery is maintained up to choked condition

s and until the flow ahead of the shock in the diffusing passages reaches a Mach number

of about 1.15. At all AS studied throat boundary layer blockage is a critical inlet

parameter strongly controlling diffuser performance. L/W1 is an important geometric

parameter in establishing pressure recovery. For constant inlet Mach number and inlet

blockage, maximum peak recovery occurs for diffuser geometries near L/W1= 15 to 20.

2.2.2 Flow Parameters

Aerodynamic blockage

It is clear that thin inlet boundary layers should be beneficial to high diffuser

recovery and those longer diffusers necessary to achieve high levels of recovery as the

inlet boundary thickness increases.

The blockage is the fraction or percentage of the inlet passage area which is

occluded the boundary layer displacement thickness on all walls. The displacement

thickness is taken as equal on all surfaces and then the following relationships ensue:

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

B = 2δ*/D1 for conical diffusers with uniform inlet boundary layers

B = 2δ*/W1 for channel diffusers with high aspect ratio

The results of the experiment of Waitman et al [12] show that poor recoveries are

achieved if the inlet velocity profiles are distorted, as the inlet boundary layer thickened,

the pressure recovery decreased.

Reynolds number:

Viscosity is an important parameter in any fluid dynamic process and normally

appears in the form of a Reynolds number. Typically, diffusers are characterizes by

Reynolds number based on an inlet hydraulic diameter. All studies reported in this field

suggest that the Reynolds number is a comparatively weak parameter as long as the flow

is fully turbulent regime.

Sprenger, Cockrell and Markland [13] stated that the variation of inlet Re has no

significant effect on the diffuser performance if this variation is uncoupled from its

effects on the inlet boundary layer parameters. For Re variation within the range of 2 x
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104 – 7 x 105, he pointed out the diffuser performance would be practically independent

of Re provided the inlet boundary parameters remains constant.

Inlet Mach number

The Mach number at the inlet to the diffuser was thought to be important at values

as low as approximately 0.7 and performance to fall off past this point. No significant on

Mach number develops at throat Mach numbers of less than 1.0. Fox et al [14] concluded

that the pressure recovery is adversely affected by an increase in the Mach number. There

is a marginal increase in pressure recovery as the Mach number is increased from a low

value to values in the high subsonic range.

Inlet Turbulence intensity

The turbulence intensity is most frequently defined as an RMS value.

This equation defines the parameter most frequently used to specify the over all level of

inlet turbulence intensity.

The experimental data of Williams And Stevans [15], Sharan [2] and Adenubi

[16] indicates that the performance of diffuser increase in the inlet turbulence level. The

4% to 12% increase in turbulence intensity results in 10% to 12% increase in pressure

recovery. However excessive turbulence intensity results in the energy losses. A proper

balance is thus has to be maintained between the beneficial effect and the harmful effect

of energy loss.

Inlet velocity profile

No convention has been developed to specify the inlet velocity profile to diffuser.

However, various research programs have shown the effect to be significant. Inlet

distortion reduces the pressure recovery.

20

Effect of Compressibility

With compressible flow both area, A, and density, ρ, increases with passage down

the diffuser so that the reduction in velocity, v, will be greater than in the case of

incompressible flow where only the cross sectional area increases. It therefore follows

that the pressure recovery coefficient should also be greater.

A potential detrimental effect arises from this because the corresponding increase

in adverse pressure gradient will not be supported by an increasing transverse energy

gradient and so G, the ratio of the two gradients, increases. The diffuser than becomes

more susceptible to flow separation.

The rate of increase in value of Cp is not rapid until Mach number of 0.6 have been

exceeded and than the effect is most pronounced when area ratios are low. These low

area ratios correspond to the diffuser inlet vision and flow separation would therefore

occur here as a result of predicted increasing adverse pressure gradient caused by the

higher subsonic inlet mach number.

Furthermore, this onset of flow separation at diffuser inlet would cause the flow

stream to accelerate and so deepen the level of depression at the aerodynamic throat.

From the above argument it follows that two modifications should be made to diffusers if

they are to operate at high subsonic mach numbers. First, for a given geometric area ratio,

they must be made longer than the lengths suggested by diffuser charts derived from tests

using incompressible flow. This modification is necessary because of enhancement in

overall static pressure recovery. It can be implemented by the derivation of an equivalent

area ration that would have been necessary to produce an identical value of Cpi if the

flow had been incompressible. Second, the wall divergence angle must be reduced in

order to counteract the effect of compressibility in increasing the adverse pressure

gradient.
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CHAPTER 3

MATHEMATICAL MODELING

______________________________________________________

The present study involves various models and basics laws of fluid mechanics to

attain the result. FLUENT provides comprehensive modeling capabilities for a wide

range of incompressible laminar and turbulent fluid flow problems. In Fluent, a broad

range of mathematical models for transport phenomena (like Heat transfer, swirl and

chemical reactions) is combined with the ability to model complex geometries. The range

of problems that can be addressed is very wide. The turbulence models provided have a

broad range of applicability without the need for fine –tuning to a specific application.

FLUENT provides issues of near–wall accuracy via the use of extended wall function and

zonal models.

3.1 Conservation Principle

Conservation laws can be derived considering a given quality of matter or control

mass and its extensive properties, such as mass, momentum and energy. This approach is

used to study the dynamics of solid bodies. In fluid flows, however, it is difficult to

follow a parcel of matter. It is more convenient to deal with the flow within a certain

spatial region we call a control volume, rather than a parcel of matter, which quickly

passes through the region of interest. For all fluid flows the two extensive properties mass

and momentum are solved. Flows involving heat transfer or compressibility, an

additional equation for energy conservation are solved. Additional flow transport

equations are solved when the flow is turbulent.

3.1.1 Mass Conservation Equations

The equation for conservation of mass or continuity equation for steady state can

be written as follows

ui Sm

xi

∂∂

The above equation is the general form of the mass conservation equation and is

valid for incompressible as well as compressible flows. The source Sm. is the mass added
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to the continuous phase from the dispersed second phase (e.g. due to vaporization of

liquid droplets) and any user defined source. xi (i=1,2,3) or (x,y,z) are the Cartesion

coordinates. ui or (ux,uy,uz) are the Cartesion components of the velocity vectors.

For 2D axisymmetric geometries, the continuity equation for steady state is given

by

uvv Sm

x y r

∂∂∂∂

Here x is the axial coordinate, r is the radial coordinate, u is the axial velocity and v is the

radial velocity.

3.1.2 Momentum Conservation Equations

Conservation of momentum in the i, direction in an inertial (non accelerating)

reference frame for steady state is described by

i ij i Fi

j i j

uuj p g

x x x

∂∂−∂∂∂∂

Where p is the static pressure, حij is the stress tensor and ρgi and Fi are the gravitational

body force and external body forces respectively. The stress tensor is given by

2

3

l

ij i j ij

j i l

u

u u

x x x

∂

∂∂∂∂−∂

Where is the molecular viscosity and the second term on the right hand side is the

effect of the volume dilation. The present study involves axisymmetric geometries and

flow involves no swirl at inlet.
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3.2 Turbulence models

Turbulent flows are characterized by fluctuating velocity fields. These

fluctuations mix with transported quantities such as momentum, energy, and species

concentration, and cause the transported quantities to fluctuate as well. Since these

fluctuations can be of small scale and high frequency, they are too computationally

expensive to simulate directly in practical engineering calculations. Instead, the

instantaneous (exact) governing equations can be time-averaged, ensemble-averaged, or

otherwise manipulated to remove the small scales, resulting in a modified set of equations

that are computationally less expensive to solve. However, the modified equations

contain additional unknown variables, and turbulence models are needed to determine

these variables in terms of known quantities. FLUENT provides the following choice of

turbulence models:

Spalart-Allmaras model

Standard k-ε model

Renormalization-group (RNG) k-ε model

Realizable k- ε model

Reynolds stress model (RSM)

Large eddy simulation (LES) mode

Present study involves Standard k-ε model.

3.2.1 Standard k-ε model

The simplest “complete models” of turbulence are two-equation models in which

the solution of two separate transport equations allows the turbulent velocity and length

scales to be independently determined. It is a semi-empirical model based on model

transport equations for the turbulent kinetic energy (k) and its dissipation rate (ε) .the

effect of molecular viscosity are negligible due to the assumption of fully developed

flow.Transport equations for Standard k-ε Model

j i j

i t

k

j i

i

i i i i

k U U U k

U

x x x x x x



∂∂∂∂∂∂∂∂∂∂∂∂−

Convection Generation Diffusion Destruction
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and
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Convection Generation Diffusion Destruction

The “eddy” or turbulent viscosity, μt is computed by combining k and ε

μt = ρ Cμ k2/ ε

Where Cμ is constant.

The turbulent model constants:

C1ε =1.44, C2ε =1.92, Cμ =.09, σk =1.0 , σ ε =1.3,

Strengths

Robust, economical, reasonably accurate, long accumulated performance data.

Weaknesses

Mediocre results for complex flows involving severe pressure gradients, strong

streamline curvature, swirl and rotation.

In the present case we have used Standard k-ε model for the diffuser analysis.

3.3 Near Wall Treatments

Turbulent flows are significantly affected by the presence of walls.

Obviously, the mean velocity field is affected through the no-slip condition that has to be

satisfied at the wall. Very close to the wall, viscous damping reduces the tangential

velocity fluctuations, while kinematics blocking reduces the normal fluctuations.

Towards the outer part of the near wall region, however, the turbulence is rapidly

augmented by the production of turbulent kinetic energy due to the large gradients in

mean velocity. The turbulence models are primarily valid for turbulent core flows (i.e. the

flow in the regions somewhat far from walls).
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3.3.1 Types of Wall Treatments

There are two approaches to model the near wall region.

(a) Wall Functions

The viscosity-affected, near region (viscous sub layer and buffer layer) is

not resolved. Instead, semi-empirical formulas called “Wall Functions” are used to bridge

the viscosity-affected region between the wall and the fully turbulent region. The use of

wall functions obviates the need to modify the turbulent models to account for the

presence of the wall.

The present study involves the use of standard wall functions.

The law-of- the-wall for mean velocity yields

U* =1/k ln (Ey*)

Where,

U*= Up Cμ

1/4 kp

1/2 y*=ρyp Cμ

1/4 kp

1/2

ح w/p μ

k = Von Karman’s constant (= 0.42)

E = empirical constant (=9.81)

y *= non-dimensional length from point p to the wall.

Up = mean velocity of the fluid at p

kp = turbulent kinetic energy at p

yp = distance from point p to the wall

μ = dynamic viscosity of the fluid

The logarithmic law for mean velocity is known to be valid for y* greater than 30-60. in

FLUENT, the log-law is employed when y* is greater than 11.225. When the mesh is

such that y* is less than 11.225 at the wall- adjacent cells, FLUENT applies the laminar

stress-strain relationship.

U* =y*
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(b) Near-Wall Modeling

The turbulence models are modified to enable the viscosity-affected

region to be resolved with a mesh all the way to the wall, including the viscous sub layer.

The turbulence models ought to be valid through out the near wall region. Requires finer

mesh resolution and therefore requires large time and memory.

3.3.2 Estimating the Placement of First Grid Point

Estimate the skin friction coefficient based on correlations either approximate

or empirical

Flat Plate Cf/2 = 0.0359 ReL

-0.2

Pipe Flow Cf/2 =0.039 ReD

-0.2

Where, Cf is the skin friction coefficient, ReLis the Reynolds Number based on the length

of the plate, ReD is the Reynolds Number based on the diameter of the pipe.

2

w c f

uU







u ح friction velocity, حw is the shear stress at the wall, U is the mean velocity at the inlet.

Compute the friction velocity

Require distance from wall

Y1 =50v/ut
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CAHPTER 4

CFD ANALYSIS USING FLUENT

______________________________________________________

Flows and related phenomena can be described by partial differential equations,

which cannot be solved analytically, except in special cases. An appropriate solution can

be obtained numerically; by using a discretization method, which approximates the

differential equation by a system of algebraic equations. The approximations are applied

to small domains in space and /or time so the numerical solution provides result at

discrete location in space and time.

4.1 Finite Volume Approach

The finite volume approach uses the integral form of the conservation equation, as

its starting point. The solution domain is divided into finite number of control volumes,

and the conservation equations are applied to each of these control volumes. At the

centroid of each control volume lies a computational node at which the variable values

are to be calculated. Interpolation is used to express values of variables at the control

volume surface in terms of the nodal values. Surface and volume integrals are

approximated using suitable quadrature formulae. The Finite Volume approach can

accommodate any type of grid, so it is suitable for complex geometries. Domain is

discretized into a finite set of control volumes or cells.

4.2 The Solver

There are two main types of solvers: segregated solver and coupled solver.

In case of segregated solver the governing equations are solved sequentially. Because the

governing equations are non-linear, several iterations of the solution loop must be

performed before a converged solution is obtained. Each iteration consists of the

following steps.

Fluid properties are updated, based on the current solution.

The u-v-w momentum equations are each solved in turn using current values for

pressure and face mass fluxes, in order to update the velocity fields.

The velocity obtained in step 1 may not satisfy the continuity equation locally,

“Poisson type” equation for the pressure correction is derived from the continuity

and the linear zed momentum equations. The pressure correction equation is then

28

solved to obtain the necessary corrections to the pressure and velocity fields and

the face mass fluxes such that the continuity equation is satisfied.

Where appropriate, equations for scalar such as turbulence, energy, species, and

radiation are solved using the previously updated values of the other variables.

A check for convergence of the equation set is made.

These steps are continued until the convergence criteria are met. The present study

involves the segregated solver.

The governing equations of continuity, momentum and energy and species

transport are solved simultaneously. Because the governing equations are non linear,

several iterations of the solution loop must be performed before a converged solution is

obtained. The coupled solvers are recommended if a strong interdependence exists

between density, energy, momentum and species.

4.3 Linearization

In both the segregated and coupled solution methods the discrete, non-linear

governing equations are linearized to produce a system of equation for the dependent

variables in every computational cell. The resultant linear system is then solved to yield

an update flow field solution. The manner in which the governing equations are

linearized may take an implicit or explicit form w.r.t. the dependent variable of interest.

In the present case implicit method for linearization has been used.

4.4 Discretization

The governing equations are converted into algebraic equations with the help of

finite volume technique that can be solved numerically. This procedure includes

integrating the governing equation about each control volume, yielding discrete equations

that conserve each quantity on a control volume basis.

4.5 Numerical Schemes

FLUENT offers a number of interpolation schemes, which are as follows:

First order upwind scheme: when first order accuracy is desired, quantities at cell

faces are determined by assuming that the cell center of any field variable

represent a cell average value and hold throughout the entire cell; the face

quantities are identical to the cell quantities.

Second order upwind scheme: when second order accuracy is desired quantities at

cell faces are computed using a multi-dimensional linear reconstruction approach.
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The effect of numerical diffusion on the solution is reduced by this approach. This

approach was used during present study.

Power law scheme: more accurate than first order for flows when Re cell less than

5. Used for low Re.

Quadratic upwind interpolation: applicable to quad/ hex mesh, useful for rotating/

swirling flows, third order accurate results are obtained on uniform mesh.

4.6 Pressure Velocity Coupling

Solution of Navier-Stokes equations is complicated by the lack of an independent

equation for the pressure, whose gradient contributes to each of the three momentum

equations. As described in the numerical schemes, the momentum and continuity

equations are solved sequentially. In this sequential procedure, the continuity equation is

used as an equation for pressure. However, pressure does not appear explicitly in the

continuity equation for incompressible flows, since density is not directly related to

pressure. The SIMPLE, SIMPLEC, and PISO family of algorithms is used for

introducing pressure into the continuity equation.

SIMPLE (semi implicit method for pressure linked equation) algorithm uses a

relationship between velocity and pressure corrections to enforce mass conservation and

to obtain the pressure field. The present analysis uses SIMPLEC algorithm for solution to

converge.

4.7 Convergence Criteria

Finally, we need to set the convergence criteria for the iterative method. Usually,

there are the two levels of the iterations: inner iterations, within which the linear

equations are solved and outer iterations that deal with the non-linearity and coupling of

the equations. Deciding when to stop the iterative process on each level is important,

from both the accuracy and efficiency points of view. For convergence criteria around 10-

6 for x velocity variable the results are stable in the present problem.
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4.8 Boundary Conditions

Inlet Boundary Condition: the present analysis is done for the inlet velocity of

25, 50 and 75 m/s. for each case the turbulence intensity is varied from 2% to 10% in the

step of 2%.

Outlet Boundary Condition: atmospheric pressure condition is specified as the outlet

boundary condition and a set of “back flow” conditions is also specified if the flow

reverses direction at the pressure outlet boundary during the solution process. In the

“back flow” condition turbulence intensity is specified based on the equivalent flow

diameter.

Wall Boundary Condition: wall boundary conditions are used to bind fluid and solid

regions. In viscous flows the no slip boundary condition is enforced at the walls. The wall

roughness affects the drag and heat and mass transfer on the walls. Hence roughness

effects were considered for the present analysis and a specified roughness based on law

of wall modified for roughness is considered. Two inputs to be specified, the physical

roughness height and roughness constant. The roughness height of 0.5 is taken for the

present analysis. The effects of the boundary layer were also taken in account.

Axis Boundary Condition: the present analysis is modeled with axisymmetric geometry.

Hence the center line of the geometry is specified as the axis boundary condition.

4.9 About FLUENT

FLUENT is a state-of-the-art computer program for modeling fluid flow and heat

transfer in complex geometries. FLUENT provides complete mesh flexibility, solving

your flow problems with unstructured meshes that can be generated about complex

geometries with relative ease. Supported mesh types include 2D triangular/quadrilateral,

3D tetrahedral/hexahedral/pyramid/wedge, and mixed (hybrid) meshes. FLUENT also

allows you to refine or coarsen your grid based on the flow solution.

FLUENT is written in the C computer language and makes full use of the

flexibility and power offered by the language. Consequently, true dynamic memory

allocation, efficient data structures, and flexible solver control are all made possible. In

addition, FLUENT uses a client/server architecture, which allows it to run as separate

simultaneous processes on client desktop workstations and powerful compute servers, for

efficient execution, interactive control, and complete flexibility of machine or operating
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system type. All functions required to compute a solution and display the results are

accessible in FLUENT through an interactive, menu-driven interface. The user interface

is written in a language called Scheme, a dialect of LISP. The advanced user can

customize and enhance the interface by writing menu macros and functions.

4.9.1 Program Structure

FLUENT package includes the following products:

1. FLUENT, the solver.

2. prePDF, the preprocessor for modeling non-premixed combustion in FLUENT.

3. GAMBIT, the preprocessor for geometry modeling and mesh generation.

4. TGrid, an additional preprocessor that can generate volume meshes from existing

boundary meshes.

5. Filters (translators) for import of surface and volume meshes from CAD/CAE

packages such as ANSYS, CGNS, I-DEAS, NASTRAN, PATRAN, and others.

Figure below shows the organizational structure of these components.

Figure 2 Basic Program Structure
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4.9.2 Program Capabilities

The FLUENT solver has the following modeling capabilities:

1. 2D planar, 2D axisymmetric, 2D axisymmetric with swirl (rotationally

symmetric), and 3D flows.

2. Quadrilateral, triangular, hexahedral (brick), tetrahedral, prism (wedge), pyramid,

and mixed element meshes.

3. Steady-state or transient flows.

4. Incompressible or compressible flows, including all speed regimes (low subsonic,

transonic, supersonic, and hypersonic flows).

5. Inviscid, laminar, and turbulent flows.

6. Newtonian or non-Newtonian flows.

7. Heat transfer, including forced, natural, and mixed convection, conjugate

(solid/fluid) heat transfer, and radiation.

8. Chemical species mixing and reaction, including homogeneous and

heterogeneous combustion models and surface deposition/reaction models.

9. Free surface and multiphase models for gas-liquid, gas-solid, and liquid-solid

flows.

10. Lagrangian trajectory calculation for dispersed phase (particles/droplets/

bubbles), including coupling with continuous phase

11. Cavitation model.

12. Porous media with non-isotropic permeability, inertial resistance, solid heat

conduction,and porous-face pressure jump conditions.

13. Lumped parameter models for fans, pumps, radiators, and heat exchangers.

14. Inertial (stationary) or non-inertial (rotating or accelerating) reference frames.

15. Multiple reference frame (MRF) and sliding mesh options for modeling multiple

moving frames.

16. Mixing-plane model for modeling rotor-stator interactions, torque converters, and

similar turbo machinery applications with options for mass conservation and swirl

conservation.

17. Dynamic mesh model for modeling domains with moving and deforming mesh.

18. Volumetric sources of mass, momentum, heat, and chemical species.
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FLUENT is ideally suited for incompressible and compressible fluid flow

simulations in complex geometries.

4.10 Overview of Using FLUENT

FLUENT uses unstructured meshes in order to reduce the amount of time you

spend generating meshes, simplify the geometry modeling and mesh generation process,

model more-complex geometries than you can handle with conventional, multi-block

structured meshes, and let you adapt the mesh to resolve the flow-field features.

FLUENT can also use body-fitted, block-structured meshes (e.g., those used by FLUENT

4 and many other CFD solvers). FLUENT is capable of handling triangular and

quadrilateral elements (or a combination of the two) in 2D, and tetrahedral, hexahedral,

pyramid, and wedge elements (or a combination of these) in 3D. This flexibility allows

you to pick mesh topologies that are best suited for your particular application.

You can adapt all types of meshes in FLUENT in order to resolve large gradients in the

flow field, but you must always generate the initial mesh (whatever the element types

used) outside of the solver, using GAMBIT, TGrid, or one of the CAD systems for which

mesh import filters exist.

4.11 Planning CFD Analysis

When we are planning to solve a problem using FLUENT, we should first give

consideration to the following issues:

1. Definition of the Modeling Goals: What specific results are required from the

CFD model and how they will be used? What degree of accuracy is required from

the model?

2. Choice of the Computational Model: How to isolate a piece of the complete

physical system to be modeled? Where will the computational domain begin and

end? What boundary conditions will be used at the boundaries of the model? Can

the problem be modeled in two dimensions or is a three-dimensional model

required? What type of grid topology is best suited for this problem?

3. Choice of Physical Models: Is the flow inviscid, laminar, or turbulent? Is the flow

unsteady or steady? Is heat transfer important? Will you treat the fluid as

incompressible or compressible? Are there other physical models that should be

applied?
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4. Determination of the Solution Procedure: Can the problem be solved simply,

using the default solver formulation and solution parameters? Can convergence be

accelerated with a more judicious solution procedure? Will the problem fit within

the memory constraints of computer, including the use of multi grid? How long

will the problem take to converge on computer?

4.12 Problem Solving Steps

Once we have determined the important features of the problem we want to

solve, we will follow the basic procedural steps shown below.

1. Create the model geometry and grid.

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

3. Import the grid.

4. Check the grid.

5. Select the solver formulation.

6. Choose the basic equations to be solved: laminar or turbulent (or inviscid),

chemical species or reaction, heat transfer models, etc. Identify additional models

needed: fans, heat exchangers, porous media, etc.

7. Specify material properties.

8. Specify the boundary conditions.

9. Adjust the solution control parameters.

10. Initialize the flow field.

11. Calculate a solution.

12. Examine the results.

13. Save the results.

14. If necessary, refine the grid or consider revisions to the numerical or

Physical model.

We can see, all the problems solved by CFD using FLUENT generally involves

following steps (all steps listed above can be grouped together in steps listed below).
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Step 1

Pre – processing consists of the input of a flow problem to a CFD program by

means of an operator, and the subsequent information transformation of this input into a

form suitable for use by the solver (i.e., FLUENT ). The pre-processing involves:

Definition of geometry of the region of interest.

Grid generation or meshing of finite Volumes.

In the present study preprocessor is GAMBIT package. The geometry of the

diffuser is created in this package. After this, the edges, faces and the volumes of the

diffuser are meshed.

The regular faces are meshed as quadrilateral elements and the irregular ones are

discretised as triangular elements. The volumes are discretised as hexahedral elements.

The boundary layer is defined near the walls by creating virtual volumes of thickness 5.0

cm. The elements are very small near the walls. After meshing the whole geometry

properly, the mesh is exported to the solver.

Initial Condition and Boundary Conditions

The boundary and initial conditions are very critical to the solution of a problem,

and therefore, have to be specified very carefully.

Step 2 The pre-processor transferred the whole geometry and the meshing to the

solver. Here solver is a program code FLUENT. The mesh received is checked for

consistency and smoothness. The dimensions are scaled in case they have been specified

in a system other than SI. Thereafter, a suitable model is chosen for the analysis of the

problem. The Boundary conditions are given for the different zones created in the defined

geometry. Finally, the solver is instructed to carry out the analysis until the solution

converges after a specified number of iterations.

Step 3

This is the visualization tool for the flow fields. The results obtained by the solver

are transferred here and are observed by means of profiles, contours and graphs. It

includes:

Domain geometry and grid display

Vector plots, line and filled contour plots

2D and 3D surface plots and particle tracking etc.
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CHAPTER 5

SOLUTION PROCEDURE

______________________________________________________

The present study involves the CFD analysis of effect of change of turbulence

intensity at inlet. The annular diffuser considered in the present case has both the parallel

hub and casings equal angles. The geometries of the diffuser is calculated for constant

area ratio 2 and equivalent cone angle 50. The turbulence intensity is varying from 2% to

8% at three values of inlet velocity i.e. 25, 50, & 75 m/s.

The steps taken were

(STEP 1) Modeling (In Gambit):

Geometry was created

Stabilizing length equal to Di was attached at inlet.

Boundary layer was attached to both the hub and casing wall with growth factor

1.1 and 10 rows.

The model has been meshed with quadratic-mesh. Fine meshing with spacing .7

was done.

Boundary conditions were externally specified.

Boundary conditions taken were for velocity at inlet, pressure at outlet and wall

type for both the hub and casing.

Fluid was specified for the continuum type and the mesh was exported to fluent

for post processing.

(STEP 2) Post Processing (In Fluent):

Grid was checked and scaled.

2D axisymmetric solver and segregated solution method was chosen.

Air was chosen as the fluid for flow, and its properties were selected.

k-ε model was selected .

At air inlet section, the inlet velocity of 25, 50, 75 m/s with flat velocity profile

was specified.

Turbulence intensity varied from 2% to10% for each case.
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At the exit section, the pressure was specified being equal to atmospheric

pressure.

Second order upwind scheme was selected to solve continuity and momentum

equations.

Convergence criteria of 10-6 were taken.

Solution was initialized at inlet and made to iterate until converged.

Once solution is converged, various data for pressure and velocity were obtained

and graphs were plotted.

5.1 Model Calculations:

Conical Diffuser

AR=2

Equivalent cone angle = 5°

Di = .15 m

Do

2/D1

2 = 2

Do = .045 m

Tan 5 = (Do - Di) / 2L

L = (Do - Di) / 2Tan 5

L = 0.27678

Do

Di

L

38

Both hub and casing diverging unequal angles :

π/4( Dco

2 – Dh

2) = π/4 Do

2

( Dco

2 – Dh

2) = .002025

Dco

2 = Dho

2 + 0.002025

Dco

2 = 0.19843

Tan θc = ( Dco – Dci) / 2L

θc = 5°33’7’’

Diffuser with equal Angle Hub and Casing

Dco

Dci Dh

L
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CHAPTER 6

RESULTS & DISCUSSION

______________________________________________________

Investigation of parallel hub annular diffuser has been carried out with help of

FLUENT, a CFD tool with fixed area ratio and divergence angle. Analysis gives the

effect of turbulence intensity on static pressure and velocity profile.

5.1 Velocity Distribution

Figures 19 to 21 shows that the value of max.velocity at outlet decreases with

increase in turbulence intensity. Also this maximum value is clearer at higher inlet

velocity with the same value of turbulence intensity.

Secondly the velocity near the casing wall increases & near the axis decreases

with the increase in turbulence intensity. This effect reduces the chances of separation.

Thus, where we have to reduce the chances of separation the flow can be maintained at

higher value turbulence intensity by keeping other factors in mind.

5.2 Static Pressure

At inlet static pressure near hub wall is higher than the casing wall. At the hub the

velocity is lower than casing that is one of the reasons to this phenomenon. The static

pressure rises along the length of the diffuser as can be seen from the fig 16 to 18.

The rate of rise of static pressure decreases as the distance from inlet increases.

This effect can also be seen in above said figures.

5.3 Flow Development

As the values of the Turbulence Intensity increases the flow becomes fully

developed. It can be seen from various from 1 to 15 in the contours if velocity at the

various values of turbulence intensity and with same values of turbulence intensity at

different inlet velocities. From theses figures we get that as the vales of turbulence

intensity is increasing the flow going towards fully development. This shows that where

the problem of development of the flow comes in path that can be solved by increasing

the value of turbulence at inlet.
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CHAPTER 7

FUTURE SCOPE

______________________________________________________

The search for consistent behavioral patterns has revealed weaknesses both in the

data and in the opportunity to conduct meaningful additional investigations. For the first

approximation, geometry has been reasonably modeled with the Cpi and the η(AR)

relationships. However, it is almost certain that additional tests with further geometric

variations (and for annular diffusers a very wide range of geometric combinations is

possible) would afford more precise correlations. Nonetheless, this is not a major area

needing further investigation. Flow should be fully develop and stable for good pressure

recovery so if flow is not stable use the flow stabilizing means to stable it.

The present work can be extended for higher values of turbulence intensity. More

accurate models can be used to analyze the effect of turbulence intensity. The effect of

swirl along with turbulence intensity can also be studied.

Most of these problems can be resolved by using computational fluid dynamics

(CFD). CFD can certainly be used today to conduct ‘what if’ studies of different possible

inlet profile parameters and different geometric variations. It should not, however, be

considered a definitive tool at the present time

Several fundamental problems keep CFD from being used as the definitive tool; these

include serious problems in the basic turbulence model plus problems in discretization,

artificial viscosity or damping, and effective grid generation.
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Fig 1.1 Contours of Velocity Magnitude (m/s)

Fig 1.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 1.3 Velocity vector colored by Static Pressure (Pascal)
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Fig 1.4 Velocity vector colored by Pressure Coefficient

Fig 1.5 Velocity vector colored by Turbulence Intensity (%)

Fig 1.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 1. Turbulence Intensity 2%, Inlet Velocity 25 m/s, AR=2
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Fig 2.1 Contours of Velocity Magnitude (m/s)

Fig 2.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 2.3 Velocity vector colored by Static Pressure (Pascal)

48

Fig 2.4 Velocity vector colored by Pressure Coefficient

Fig 2.5 Velocity vector colored by Turbulence Intensity (%)

Fig 2.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 2. Turbulence Intensity 4%, Inlet Velocity 25 m/s, AR=2

49

Fig 3.1 Contours of Velocity Magnitude (m/s)

Fig 3.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 3.3 Velocity vector colored by Static Pressure (Pascal)

50

Fig. 3.4 Velocity vector colored by Pressure Coefficient

Fig 3.5 Velocity vector colored by Turbulence Intensity (%)

Fig 3.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 3. Turbulence Intensity 6%, Inlet Velocity 25 m/s, AR=2

51

Fig 4.1 Contours of Velocity Magnitude (m/s)

Fig 4.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 4.3 Velocity vector colored by Static Pressure (Pascal)

52

Fig. 4.4 Velocity vector colored by Pressure Coefficient

Fig 4.5 Velocity vector colored by Turbulence Intensity (%)

Fig 4.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 4. Turbulence Intensity 8%, Inlet Velocity 25 m/s, AR=2
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Fig 5.1 Contours of Velocity Magnitude (m/s)

Fig 5.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 5.3 Velocity vector colored by Static Pressure (pascal)
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Fig. 5.4 Velocity vector colored by Pressure Coefficient

Fig 5.5 Velocity vector colored by Turbulence Intensity (%)

Fig 5.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 5. Turbulence Intensity 10%, Inlet Velocity 25 m/s, AR=2
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Fig 6.1 Contours of Velocity Magnitude (m/s)

Fig 6.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 6.3 Velocity vector colored by Static Pressure (Pascal)

56

Fig6.4 Velocity vector colored by Pressure Coefficient

Fig 6.5 Velocity vector colored by Turbulence Intensity (%)

Fig. 6.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 6. Turbulence Intensity 2%, Inlet Velocity 50 m/s, AR=2
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Fig 7.1 Contours of Velocity Magnitude (m/s)

Fig 7.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 7.3 Velocity vector colored by Static Pressure (Pascal)
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Fig 7.4 Velocity vector colored by Pressure Coefficient

Fig 7.5 Velocity vector colored by Turbulence Intensity (%)

Fig. 7.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 7. Turbulence Intensity 4%, Inlet Velocity 50 m/s, AR=2
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Fig 8.1 Contours of Velocity Magnitude (m/s)

Fig 8.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 8.3 Velocity vector colored by Static Pressure (Pascal)

60

Fig 8.4 Velocity vector colored by Pressure Coefficient

Fig 8.5 Velocity vector colored by Turbulence Intensity (%)

Fig. 8.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 8. Turbulence Intensity 6%, Inlet Velocity 50 m/s, AR=2
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Fig 9.1 Contours of Velocity Magnitude (m/s)

Fig 9.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 9.3 Velocity vector colored by Static Pressure (Pascal)
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Fig 9.4 Velocity vector colored by Pressure Coefficient

Fig 9.5 Velocity vector colored by Turbulence Intensity (%)

Fig. 9.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 9. Turbulence Intensity 8%, Inlet Velocity 50 m/s, AR=2
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Fig 10.1 Contours of Velocity Magnitude (m/s)

Fig 10.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 10.3 Velocity vector colored by Static Pressure (Pascal)
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Fig 10.4 Velocity vector colored by Pressure Coefficient

Fig 10.5 Velocity vector colored by Turbulence Intensity (%)

Fig. 10.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 10. Turbulence Intensity 10%, Inlet Velocity 50 m/s, AR=2
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Fig 11.1 Contours of Velocity Magnitude (m/s)

Fig 11.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 11.3 Velocity vector colored by Static Pressure (Pascal)

66

Fig 11.4 Velocity vector colored by Pressure Coefficient

Fig 11.5 Velocity vector colored by Turbulence Intensity (%)

Fig 11.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 11. Turbulence Intensity 2%, Inlet Velocity 75 m/s, AR=2
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Fig 12.1 Contours of Velocity Magnitude (m/s)

Fig 12.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 12.3 Velocity vector colored by Static Pressure (Pascal)

68

Fig 12.4 Velocity vector colored by Pressure Coefficient

Fig 12.5 Velocity vector colored by Turbulence Intensity (%)

Fig 12.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 12. Turbulence Intensity 4%, Inlet Velocity 75 m/s, AR=2
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Fig 13.1 Contours of Velocity Magnitude (m/s)

Fig 13.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 13.3 Velocity vector colored by Static Pressure (Pascal)

70

Fig 13.4 Velocity vector colored by Pressure Coefficient

Fig 13.5 Velocity vector colored by Turbulence Intensity (%)

Fig 13.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 13. Turbulence Intensity 6%, Inlet Velocity 75 m/s, AR=2
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Fig 14.1 Contours of Velocity Magnitude (m/s)

Fig 14.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 14.3 Velocity vector colored by Static Pressure (Pascal)

72

Fig 14.4 Velocity vector colored by Pressure Coefficient

Fig 14.5 Velocity vector colored by Turbulence Intensity (%)

Fig 14.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 14. Turbulence Intensity 8%, Inlet Velocity 75 m/s, AR=2
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Fig 15.1 Contours of Velocity Magnitude (m/s)

Fig 15.2 Velocity vector colored by Velocity Magnitude (m/s)

Fig 15.3 Velocity vector colored by Static Pressure (Pascal)

74

Fig 15.4 Velocity vector colored by Pressure Coefficient

Fig 15.5 Velocity vector colored by Turbulence Intensity (%)

Fig 15.6 Velocity vector colored by Turbulent Kinetic Energy (m2/s2)

Fig 15. Turbulence Intensity 10%, Inlet Velocity 75 m/s, AR=2
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At Turbulence Intensity 4% (vel = 25)
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At Turbulence Intensity 6% (vel=25)
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At Turbulence Intensity 8% (vel=25)
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At Turbulence Intensity 10% (vel=25)
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Fig 16.5

Fig 16 Graphs of Static Pressure vs. Length of Diffuser with

various values of Turbulence Intensity (Inlet Vel =25m/s)
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At Turbulence Intensity 4% (vel=50)

100000

100200

100400

100600

100800

101000

101200

101400

0 0.2 0.4 0.6 0.8 1

X/L

Static Pressure (Pascal)

Casing

Hub

Fig 17.2

At Turbulence Intensity 6% (vel=50)
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At Turbulence Intensity 8% (vel=50)
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At Turbulence Intensity 10% (vel=50)
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Fig 17.5

Fig 17 Graphs of Static Pressure vs. Length of Diffuser with

various values of Turbulence Intensity (Inlet Vel =50m/s)
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At Turbulence Intensity 2% (vel=75)
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At Turbulence Intensity 4% (vel=75)
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At Turbulence Intensity 6% (vel=75)
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Fig 18.3

At Turbulence Intensity 8% (vel=75)
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At Turbulence 10% (vel=75)
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Fig 18 Graphs of Static Pressure vs. Length of Diffuser with

Various values of Turbulence Intensity (Inlet Vel =75m/s)
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At Turbulence Intensity 4% (vel=25)
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At Turbulence Intensity 6% (vel=25)
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Fig 19.3
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At Turbulence 8% (vel=25)
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At Turbulence Intensity 10% (vel=25)
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Fig 19. Graphs of Velocity Profile at various surfaces from inlet to outlet at

Various values of Turbulence Intensity (Inlet Vel =25m/s)
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At Turbulence Intensity 2% (vel=50)
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At Turbulence Intensity 4% (vel=50)
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At Turbulence Intensity 6% (vel=50)
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At Turbulence Intensity 8% (vel=50)
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At Turbulence Intensity 10% (vel=50)
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Fig 20. Graphs of Velocity Profile at various surfaces from inlet to outlet at

Various values of Turbulence Intensity (Inlet Vel =50m/s)
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At Turbulence Intensity 4% (vel=75)
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At Turbulence Intensity 6% (vel=75)
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At Turbulence Intensity 8% (vel=75)
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At Turbulence Intensity 10% (vel=75)

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

Y/Ym

U/Um

x=.2052

x=.2604

x=.3156

x=.3708

Outlet

Fig 21.5

Fig 21. Graphs of Velocity Profile at various surfaces from inlet to outlet at

Various values of Turbulence Intensity (Inlet Vel =75m/s)
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At inlet velocity 25 m/s
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Fig 22. Comparison of Velocity Profile at outlet on various values of

Turbulence Intensity (Inlet Vel =25m/s)
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Inlet velocity at turbulence intensity 8%
