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NOMENCLATURE

- Combustion chamber cross-sectional area

- Downstream nozzle area

- k- model constants

- Combustion chamber diameter

- Inlet nozzle diameter

- Kinetic energy of turbulence

Contraction nozzle downstream distance

- Length scale

- Inlet nozzle radius = d/2

- Swirl number

time-mean velocity (in x-,r-,8 directions)

Axial, radial azimuthal cylinderical polar coordinates

- Downstream distance from domain inlet

- Turbulence energy dissipation rate

- Swirl vane angle with respect to facility axis (except in
Chapter II1)

- Turbulent viscosity

- Time-mean density

Stream function

- Vorticity

- Kinematic viscosity
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Subscripts
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- Station maximum value

Value at inlet to flowfield
- Relating to axial direction
- Relating to swirl direction
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Superscripts

(), - Time-mean average
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CHAPTER I
INTRODUCTION

1.1 Turbulent Swirlting Flow and Its Observed
Physical Features

Turbulent swirling flows are of considerable practical importance.
In heat generators, the designers of combustion chambers and industrial
furnaces generate swirl to assist in the stabilization of the flame and
to promote rapid mixing. In heat transfer devices, the swirling flow is
utilized to increase the rate of heat transfer. And in nature, swirl
creates a drag force by causing trailing vortices which occur when the
separated flow over the aircraft wings rolls up into vortex cores at the
wing tips. The swirl can be imparted to the flow by different means.
The physical geometry and aerodynamic purpose are the main factors which
Tead to the ﬁethod of imposing swirl on flowfields, adjustable vane
swirlers, rotating the inner or the outer cylinders of annular flows,
tangential inlet jets, and other techniques. The degree of swirl
usually is characterized by the swirl number S, which is a nondimen-
sional number representing axial flux of swirl momentum divided by axial
flux of axial momentum times equivalent nozzle radius. It is described
at length in References 1 through 3 and in Section 8.2.2.2 of Chapter 8.

Swirling flows have been classified by King et al. (4) according to

the wall boundary conditions as follows:



1. Unconfined swirling flows where the wall effects are
negligible.

2. Confined swirling flows in short, large-diameter chambers where
side wall effects strongly interact with the swirl to produce signifi-
cant secondary flows.

3. Confined swirling flows in tubes where circumferential wall
effects interact strongly with. the swirl flow.

The time-mean and the turbulence characteristics of swirling flow
are generally affected by the wall boundary. A swirling flow in a
stationary duct or annulus possesses the characteristics of a vortex
motion with axial motion along the duct or annulus. The swirl motion
decays, and the flow characteristics approach those of a pure axial
flow. The axial and swirling velocities of swirling flow in an annulus
with the inner cylinder rotated, develop with distance along the annulus
and become fully developed at certain lengths (5).

Vortex breakdown has been observed in the swirling flows through
nozzles and diffusers, and in combustion chambers. The occurrence and
place of vortex breakdown depend on a balance between the magnitude of
the swirl, the external pressure gradient, aﬁd the degree of divergence
of the flow. The'greater the adverse pressure gradient, or the degree
of divergence, the lesser is the swirl that is needed for the vortex
core to breakdown, and the higher the swirl, the more the breakdown
moves up into position from downstream (6). A vortex core forms after
the occurence of the vortex breakdown phenomena and establishment of a
reverse flow zone. It processes about the axis of the flow on the
boundary between the zero velocity and the zero streamline. A variety

of forms of vortex breakdown and their characteristics has been recently



‘identified by Leibovich (7). Most recently, a book edited by Swift
et al. (8) has brought together recent developments in stu&ies of vortex
flows.

Experimental and numerical studies (2, 9-11) show that swirl has
effects on turbulent flows; jet growth, entrainment, and decay; and
flame size, shape, stability, and combustion intensity are affected hy
the degree of swirl imparted to the flow. It is found that the swir]ing'
jets spread more quickly and the mean velocity decays more rapidly than
in a nonswirling jet. In duct flows, at high swirl strength, back flow
can occur in the central region of the flow. The central back flow
plays an important role in flame stabilization by providing a hot flow
of recirculated combustion products and a reduced velocity region where
flame speed and flow velocity can be matched.

1.2 Practical Need and Method of Investigation
of Swirling Flows

Because of the inherent importance of swirling flows in many
engineering applications, their investigation has been the subject of
continued interest of many fluid mechanic researchers. The field of
turbomachinery is among the various implementations of the swirling
flow. The increased interest in high performance of this equipment u
produced the need to minimize the losses through the engine components.
Chief among these components are the combustors. Combustor losses are
mainly attributed to pressure drop, incomplete combustion and flame
stabilization problems. The most fruitful avenue of approach to
eliminate these losses is through understanding the phenomena which
generate them. This can be accomplished through accurate knowledge of

the characteristics of the combustor design parameters.



The understanding of the detailed nature of the behavior of the
swirling flows can be aided not only by experiments, but also by their
predictions. Early attempts to predict swirling flows with simple
boundary and geometric conditions, and with constant fluid properties
followed the integral approach, that is, velocity profiles were assumed
for the flow and the integral equations of motion were solved (12, 13).
Recently, a more general prediction method has been used. This solves
the motion governing differential equations rather than the integral
equations via mathematical models incorporating numerical finite differ-
ence computer codes. Improvement and use of these techniques will
significantly increase understanding and reduce the time and cost of
development.

The present study forms a theoretical part of a project on the
investigation of flowfields found in typical combustor geometries. The
partial differential equations of conservation of mass, momentum (in x,
r, and 6 directions), turbulence kinetic energy and its dissipation are
solved using an advanced version (14), called STARPIC, of the Imperial
College TEACH-T computer program (15). This code solves the correspond-
ing finite difference equations of the motion governing equations using
a semi-implicit line-by-line method for values at points of a variable
size rectangular grid, with variable under-relaxation. The turbulence
characteristics are described by a modified version of the k-e turbu-

lence model. This code will be described in more detail in Chapter 3.
1.3 The Present Study Objectives

The present study is directed towards an understanding of the aero-

dynamics of the flow occuring in an isothermal can-type combustor
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flowfield. To attain this goal of more accurate prediction of the
characteristics of the flowfield under consideration, the following
objectives are considered.

1. Evaluating the sensitivity of the predicted results to dif-
ferent inlet boundary condition types.

2. Investigate the effects of the degree of contraction of the
flow at the exit of the domain.

3. Develop an advanced version of the k-e turbulence model to more
accurately predict confined turbulent swirling recirculating flows.

4., Perform experimental tests as needed to verify the precision of
the theoretical developments.

The first of these is intended to demonstrate the need to use
realistic inlet boundary conditions in order to predict more correctly
the subsequent flowfield. The second objective increases the range of
application of the code by the inclusion of downstream contraction
nozzle effects. The development of a suitable advanced turbulence model
from detailed turbulence measurements is the subject of objective 3.

The resulting powerful model is to be expected to simulate the flowfield
more realistically, and predictions are made to demonstrate this.

From an economical point of view, it is necessary to use compu-
tational fluid dynamics procedures rather than experimental approaches
for a better definition and understanding of the flowfields in the
combustor. However, the most viable approach would be for a parallel,
interactive, theoretical and experimental program to be used. Thus, the
last objective of this study is to perform experimental tests as needed

to verify the precision of the theoretical developments.



1.4 OQutline of the Thesis

The first chapter of this nine-chapter thesis is the introduction.
Turbulent swirling flows and their observed physical features are
briefly described. This chapter highlights some of the practical needs
and methods of investigation of the swirling flows. Finally, the objec-
tives of the present study was stated and justified.

Chapter II presents the méthod of investigation of swirling flows.
Both numerical and experimental studies of other workers are explored.
The experimental study findings and the accuracy of the predictions of
those workers are discussed.

The flow governing equations, the grid system and the computational
techniques employed in computer code (STARPIC) of the present study are
presented in Chapter IIl. The boundary conditions imposed and the code
deck are also discussed in this chapter.

Chapter IV provides a brief description of the structure of turbu-
lent flows and the mathematical models which are expected to represent
the flow behavior. This chapter is concerned with the survey of the
contributions of many workers to the understanding of the characteris-
tics of turbulent flows, and with the turbulent flow structure and its
modeling approaches. Various turbulence models are discussed: Prandtl
mixing length, energy, one- and two-equation models, algebraic and
Reynold stress closures. Among the two-equation models, is the k-¢
turbulence model. This model is the subject of the following chapter.

The structure of the k-¢ turbulence model and method of evaluating
its constants are reported in Chapter V. This chapter exhibits the
previously proposed extensions of the k-¢ model and the limitation of

each extension. Chapter V provides the background for the extension of



the k-¢ model to applications in turbulent confined swirling flows, as
shown in Chapter VII.

Chapter VI, on the other hand, analyzes recent turbulence measure-
ments, provided by another worker, to investigate the flow boundary and
swirl strength effects on the characteristics of the turbulence param-
eters. Also this chapter provides useful information that helps in
extending the k-¢ model to the cited flow type.

A validation study of the previously proposed extension of the k-¢
turbulence model to swirling flow applications is conducted in Chapter
VII. As a consequence of this validation, two extensions to this model
are proposed: the first is accomplished by optimizing the model con-
stants according to the available data; the second provides an empirical
formulation for the k-¢ model constant Cu' The predictive capability of
both extensions are tested by comparing the results with measurements
obtained by other workers using a 5-hole pitot probe and a hot wire
anemometer.

Finally, Chapters VIII and IX are the closing chapters of this
effort. The former presents general predictions; the effects of imposed
boundaries and swirling flow strength on the flowfield characteristics
are all investigated at length. The boundary types include the inlet
flow profile specifications, and the expansion and the contraction
ratios at the inlet and at the exit of the flow domain, respectively.
The latter, Chapter IX, summarizes the main conclusions of the present
study.

There are also two appendices which provide the tables and figures

which are presented in this study.

-



CHAPTER 11
PREVIOUS STUDIES IN TURBULENT SWIRLING FLOW
2.1 Introduction

Numerous theoretical and experimental swirl flow combustion studies
currently exist. The former have been obtained through the use of math-
ematical modeling of the combustor flow domain; usually finite differ-
ence techniques are employed in such modeling processes. Several text
books (16, 17, 18), recent papers (11, 20-22) and more recently an
international conference (19) exemplify studies and give soluable
insight into our understanding of the swirl phenomenon. On the other
hand, the latter have been conducted using different measurement tech-
niques. Chief among these techniques are pitot probes, hot-wires and

laser anemometers.
2.2 Numerical Analysis of Swirling Flows

2.2.1 Numerical Techniques

The flow of an incompressible viscous fluid in two space dimensions
is most often treated by the stream function-vorticity y-w formulation.
However, the grid nonuniformalities and high swirl produce problems in
this technique (22). Also, the use of the stream function and vorticity
as the dependent variables causes complications and difficulties in

implementing the boundary conditions for closed systems. The advantage



of the stream function-vorticity technique in reducing the number of
partial differential equations may be outweighted by the above
difficulties.

To overcome the problems mentioned above in using ¢-0 formulation,
more recent emphasis is being placed on direct solution for primitive
variables p, u, v, and w instead of y-w. This is based on the numerical
solution of a finite difference representation of the Navier Stokes i
equations in primitive variable form.

Examples of the previous studies which have employed the afore-
mentioned techniques are summarized and displayed in Table I. The
essential differences between the various computer codes which were
employed in these studies, are the method of deriving the finite differ-
ence equation for the set of governing equations, which were selected to
simulate the physical process, and the location of variables in the grid

system,

2.2.2 Accuracy of the Predictions

The capability of current computational fluid dynamic codes has
been evaluated by many workers. Most recently, Sturgess (40) evaluated
the physical modeling embodied in such codes. Such evaluation was
achieved by a detailed comparison against related experimental data. It‘f
has been demonstrated that qualitatively correct predictions have been
obtained for a variety of complex flows. Absolute accuracy has not yet
been demonstrated. The discrepancy may be attributed to the physical

model and numerical methods employed. Following are samples of the

recent validation work found in the literature.
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Hendricks and Brighton (41) investigated mixing of a turbulent jet
with a coaxial slower-moving secondary stream in a constant diameter
tube. The analysis involved a numerical solution of the governing flow
equations which were simplified by the Prandtl boundary layer assump-
tions. The effective viscosity was calculated from a modified version
of the two-equation turbulence model. They found that the predicted
centerline velocity lags the experimental data by about one pipe radius
while the maximum pressure point is arrived at about three radii too
soon. However, the value of thepredicted maximum wall pressure is in
excellent agreement with the data. Also, it was found that the predic-
tions of swirling flow were more accurate than of nonswirling ones.
Generally, good agreement between the calculated results and the corre-
sponding experimental data was obtained.

Predictions of isothermal and reacting flows in two dimensional
combustor geometries were reported by Jones and McGuirk (42). Turbulent
transport was approximated via a variable density form of the k-¢
turbulence model. Their predictions for a two dimensional gaseous-
fueled combustor indicated that the physical models used were capable of
calculating the flow pattern and heat release fairly well.

An evaluation of currently available turbulence and combustion
models as applied in gas turbine-like flows was performed by Syed and
Sturgess (43). They used the k-¢ model and the eddy breakup model in
their predictions. They found that the turbulence model predicted mean
flow quantities to an accuracy of about 85 percent in regions of para-
bolic flow and qualitatively well-predicted in elleptic flow regions.
The size and strength of the recirculation zone were underpredicted by

about 20 percent.
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Morse (44) conducted theoretical and experimental work in order to
evaluate the performance of turbulence models as applied ;6 turbulent
swirling flow. Performances of mean flow closures (Reynolds stresses
components are assumed to be locally determined) and Reynold stresses
closure (Reynolds stresses are obtained from transport equations) were
discussed in detail. He reported that the difference between the rate
of spread of a round jet and a plane jet issuing into stagnant surround-
ings cannot be predicted using mean flow closures. In addition, these
models fail to reflect the experimentaly observed increase in spreading
rate with swirl number. Also, he concluded that the Reynolds stresses
model failed to bring good agreement for corresponding plane and
axisymetric shear flows.

A numerical simulation of the isothermal flow in a diffusion-flame
research combustor was carried out by Sturgess and Syed (45). An
axisymetric finite difference solution of the time-averaged, steady-
state, elliptic form of the Reynolds equations was used with closure
provided by a two-equation turbulence model. This simulation gave
acceptable agreement with experimental data in many respects, except the
prediction of the recovery rate of a central near-wake region. The
authors provided detailed explanation of the source of the discrepancy.

Generally, the findings of these studies show that turbulence
modeling and numerical errors are not great enough to allow false con-
clusions to be drawn about the main physical characteristics of the
flow. Also, it should be mentioned here that turbulent swirling flows
are complex, and the level of accuracy and reliability of the predicted

results strongly depend on the complexity of the flow.
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2.3 Experimental Investigation of Swirling Flows

2.3.1 Measurement Techniques

Experimental observations of swirling flows have been made for a
number of years. Their preliminary approach was by means of a pitot-
static probe which consists of an open-ended tube placed to face the
direction of the flow, together with another open-ended piece of tube
placed at right angles to the direction of flow. Later, more elaborate
equipment was used to measure the magnitude and direction of fluid
velocity. This instrument is the 5-hole gitot probe. As more detailed
flow characteristics were needed, the hot-wire anemometer was used.
Very recently, Perry (46) described this tool in detail, in terms of a
variety of constructions of hot wire applications and theories.
Finally, the advent of a laser doppler velocimeter (LDV) has had a
significant impact on data acquisition in complex flow under the combus-
tion environment. Table II displays a collection of the previous

studies which employed the aforementioned measurement techniques.

2.3.2 Experimental Study Findings

The relevance of the swirling flows to the aircraft industry has
encouraged many researchers to study its characteristics. Mostly, the
findings of these studies have been used for the evaluation of the
capability of current computational fluid dynamics codes for use as
a design and analysis tool in gas turbine combustor development.

The following selected studies are provided to exemplify such

investigations.
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Murakami et al. (47) performed an experimental investigation of
swirling flows in cylindrical ducts. Two different types of swirl
flows, namely a forced and a free vortex type, were introduced in the
test section. The former was introduced by an axial flow type impeller
located in the swirl chamber, and the latter was developed by a radial
guide vane swirler. It was found that the cited swirling flow shows
three kinds of flow patterns in its course of decay: forced-free vortex
type, transitional type, and forced vortex type. Also, it was found
that the swirl strength decreases exponentially along the pipe axis and
its decrement varies with the change of the flow pattern.

Swirling f]owslin stationary channels were investigated by
Sukhovich (34). A stream of air was supplied to the working zone by a
nozzle of area 0.7 times the channel area. The secondary, swirling flow
was imparted to the flow through an annular gap, formed by the outer
surface of the nozzle and the inner surface of the working tube. His
analysis of the experimental data showed that the axial and tangential
stresses are anistropic and the turbulent viscosities depend on the
swirl strength and coordinants. Also, he found that at high gradient of
annular velocity and Richardson number, the turbulent viscosity for the
tangential component of momentum is Tlower than the corresponding one for
axial component of momentum.

Measurements in a model combustor composed of two confined coaxial
swirling jets under noncombustion conditions were reported by Vu and
Gauldin (38). Swirl for the inner jet was generated by a small axial
flow swirl generator with fixed vanes, and that for the outer jet was
imposed on the flow by adjustable vanes. Detailed time-mean and

fluctuating flow measurements were obtained for coswirl and counterswirl
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.

conditions with a directional pitot probe and hot-wire anemometer. It
was noticed that the outer swirl has a strong effect on the formation of
a recirculation zone and on mixing characteristics in the inner jet
shear layer. Also, they found that high levels of turbulent fluctua-
tions and large dissipation rates characterize the central flow region
for both coswirl and counterswirl conditions, while the outer flow
regions exhibit relatively low turbulence levels.

Confined turbulent swirling flow data obtained from a single hot-
wire using the six-orientation techniques was reported by Jackson and
Lilley (10). Swirl was imparted to the incoming flow by means of a
variable angle flat vane swirler (3). The effects of swirl strength and
degree of contraction of the flow at the exit of the flow domain were
carefully examined. The effect of swirl on the time mean velocity field
was found to shorten the corner recirculation zone length and to
generate the existance of a central recirculation zone, which is
followed by a processing vortex core region. The central recirculation
zone was reduced and the turbulence levels and shear stresses were found
to increase by introducing a nozzle of area reduction ratio of 4 located

2 chamber diameters downstream of the flowfield.
2.4 Summary of the Chapter

The material which is presented in this chapter exhibits the most
relevant work to the subject of confined turbulent swirling flows. It
provides valuable insight into the directions to be taken in the inves-
tigation of such flows, and affords an up-to-date data base to help in
validating and improving of the physical models and numerical

techniques.



CHAPTER III
THE STARPIC COMPUTER CODE
3.1 Introduction

In recent years, there has been considerable progress in the com-
bustor flowfield predictions using finite-difference numerical proce-
dures. Several fluid flow computational techniques have been employed
to improve the flowfield simulation and turbulence modeling. These
techniques included method of approach, grid system, numerical stability
and many others.

The computer program STARPIC (acronym for Swirling Turbulent
Axisymetric Recirculating flow in Practical Isothermal Combustor geome-
tries) is among the previous codes which are displayed in Table I. Most
recently, the code has been expanded to include reacting flows (29, 48).
The isothermal version of this code has been selected to be employed in
the theoretical aspects of the present investigations. This selection
was made because $TARPIC is the best code yet available for predicting
isothermal flowfields in axisymetric combustor geometries. This code is
an advanced version of the TEACH computer code (15). A complete
description of the finally developed computer program, with a full
explanation of the equations, source terms, revised cell volumes for
axial and radial velocities, constants occurring and techniques for
handling turbulent swirling flow near curved boundaries, is available

(14). Therefore, it will be described only briefly in the following

15
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sections, so that it will be available whenever is needed to refer to

it.
3.2 Flow Equations and Grid System

The geometry under consideration and the corresponding experimental
and solution domains are shown in Figures 1 and 2, respectively. It can
be easily foreseen that recirculation zones will exist within the solu-
tion domain and as a consequence, the governing equations are elliptic.
The set of axisymetric governing equations may be compactly represented

in the following appropriate form:
%7 (pup - Ty 3 —7) 37 [ove - r 3.0

where ¢ is any of the flow variables (u, v,...etc). Ty is the corre-
sponding effective exchange coefficient and Si is a source term. This

equation may formally be integrated, over a typical cell, to yield:
Jlous - T r, 3§l ¢ o \Tove - T, 32dA = of v sPay

where N, S, E, W and P refer to north, south, east, and west of the cell
and the reference Tocation in the cell, and A and V are the area of the
cell boundary and the cell volume, respectively. If the variables are
assumed to be Tinear inside the cell, the above equation can be

rewritten as:
3 3¢ ) a¢

3¢] A

- [ove - Ty 31 S

= [s + sﬁ] x V

where Tgo Sg , and Si are tabulated for each ¢ in Table III. The left-

hand side of this equation represents the total transport across the
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cell boundaries by convection and diffusion. This resultant difference

equation has the following form (49):

(AP } SP) % * ﬁ Antn * 5,

where: 1 denotes summation over neighboring nodes of a typical grid
node P; Rn are influence coefficients; and Ap = % An . The pressure is
obtained by combining the continuity and momentu; equations in the
manner explained by Caretto et al. (50).

The flow domain is overlaid with a grid whose nodes are formed by
the intersections of arbitrarily spaced coordinate lines. as shown in
Figure 3. The u and v velocities, shown as arrows in the diagram, are
Tocated mid-way between the grid intersections. A1l other variables are
located at the grid nodes. This staggered-grid system was originated by
Harlow and Welch (51) and was earlier adopted by Patankar and Spalding
(52) and many others. This grid arrangement has two special merits:
first it places u and v velocities between the pressure that drives
them, and it is easy to calculate the pressure gradients that effect
them; and second, these velocities are directly available for the
calculations of the convective fluxes across the boundaries of the
control volumes surrounding the grid nodes (20). It should be noted

that the axial velocity reference location is (I,J) even though it

actually represents the velocity positioned at (I-1/2,J)
3.3 Computational Techniques

Solution of the system of finite difference transport equations
with appropriate boundary conditions is achieved by means of an ftera-

tion procedure. Firstly an initial or intermediate value of the
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pressure field is used to solve for an intermediate velocity field.
Then, continuity is enforced, by solving the equations for pressure
change and thereby determining the required adjustments to the pres-
sures. Corrections to the pressure and velocity field are applied and
the equations for the remaining variables are then solved in turn. The
iteration is terminated when the correct solution satisfies the
difference equations within a certain percentage of a global measure,
such as the total mean flow rate or inlet momentum, depending on the
variable in question (0.9 percent or less has been adopted for this
study).

The value of ¢ at each grid node is related to its neighbors via

b b b b
op = Ay oyt Ag by + [AD o + AL 4+ ST]

where N, S, E, and W are neighboring locations of P, the A's are
coefficients combining the convection and diffusion effects of the flow
and §% incorporates any existing source terms, which are calculated from
the geometry, properties and dependent variables of the previous itera-
tions. Convective and diffusive fluxes are determined from a hybrid
difference scheme. Thus diffusion is neglected when the flow is highly
convective and “"upward difference" formulas are employed to express the
differentials. On the other hand, when the diffusion is comparable with
convection, the former is taken into account by employing a central
difference numerical scheme. With the aid of a tri-diagonal algorithms
and with the assumption that the quantity in brackets is known, all ¢P's
may be calculated along any grid line. In this manner, one can traverse
along all the lines in a vertical direction sequentially from left to

right of the integration domain.
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In order to avoid numerical instabilities, under-relaxation has

been employed, that is

¢ = f¢J + (l'f)cbj_l

where f is the under-relaxation factor 0 < f < 1 and f equals 1 when
applied to the pressure field, ¢ is the resultant value obtained from
the present iteration cycle ?j and the previous iteration cycle values
$j-1- The optimum value of this factor depends on the geometry and the

boundary conditions under consideration.
3.4 Boundary Conditions

At the inlet plane, all variables are given definite fixed values.
The axial and radial velocity profiles can be flat or an experimental
distribution. The swirl velocity profile can be assumed to be that of
solid body rotation or any specific distribution. The swirl number and
the velocity profile types are the important features of the inlet

velocity profiles. The value of k is assumed to be:

) 2. 2. 2

where i is the grid Tocation across the inlet, while ¢ is calculated

from:

_ 2
Wy T Cu P k™ /e

After u, is estimated by mixing length theory as shown below:

u = k372/(0.008R)
1'

where R is the combustion chamber radius.
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Near the wall boundaries, tangential velocities are connected with
their zero wall values by way of the tangential shear stress wall
functions, and the normal velocities are given zero normal gradients.
The € values are fixed using the length scale near the wall and the
current value of k. The k and pressure are given zero normal gradients
everywhere except at the inlet.

At the center line, the axial velocity and energy dissipation rate
gradients, and the radial velocity are set equal to zero, while the
swirl velocity is assumed to be that of the solid body rotation. The
axial velocities at the outlet are deduced from their upstream values by
adding a fixed amount which ensures overall mass conservation. The
radial velocities are assumed to be zero while the other variables are
assigned zero gradients.

Since tﬁe flowfield boundaries are positioned midway between grid
points, they coincide with normal velocities. This simplifies the
insertion of specific boundary conditions by controlling the value of
the coupling coefficients and the false source term. This will be clear
if the difference equation is rewritten as:

ﬁ an(¢P B ¢n) = Sphp *+ S,

n=N,S, E, and W

which implies that if any link, say ag is broken and Sp is set equal to
zero, then S, represents the resulting flux of the neighbors. On the
other hand, if the right hand side of the above equation is set equal to
zero on the given boundary by using a false source term, then ¢P equals

the specified boundary value.
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3.5 Code Deck Descriptions

STARPIC has thirteen routines in addition to the main code. A
detailed description of these routines is available (14). Here a brief
summary of the main features of each code are given.

The main routine specifies the grid size and coordinates in addi-
tion to the values of the field parameters at the inlet plane. The
present study added a section thch automatically generates a stepped
grid for simulation of the exit nozzle. Once the grid size and coordi-
nates and the domain boundaries are specified, subroutine INIT is called
to set values of numerous geometric quantites concerned with the grid
structure, and to initialize most variables to zero or other reference
values. Also, the main code controls the flow to the other routines for
each iteration as shown in Figure 4. After convergence is obtained, the
final results are printed out and/or stored on magnetic tapes or disks.

Subroutines CALCU, CALCV, CALCP, CALCW, CALCTE and CALCED are
called in sequence for each iteration to update the axial and radial
velocity fields, pressure, swirl velocity, kinetic energy and energy
dissipation fields, respectively. Each of these routines calls PROMOD
to modify the finite difference equation coefficients or other variables
near walls or other boundaries where particular conditions apply. Once
the call returns from PROMOD, routine LISOLV is called to update a
particular variable over the entire flowfield by applying a TDMA tech-
nique to all the lines in the r-direction sequentially from left to
right of the integration domain. Finally, fluid properties are updated
by calling PROP, and the totals of the absolute residuals are calcu-

lated. This cycle is repeated until convergence is achieved.
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3.6 Closure

This chapter has presented the numerical techniques and solution
procedure incorporated in the STARPIC computer program by which the
governing difference equations of the flowfield are solved. The tech-
niques employed are general and flexible and may be applied to calculate
various flow situations governed by different boundary conditions.
Prediction of a turbulent recifculating swirling flow using this code

will be accomplished in Chapter VIII of this study.



CHAPTER 1V
TURBULENCE MODELING OF TURBULENT FLOWS
4.1, Introduction

Most flows occuring in nature and in engineering applications are
turbulent. Among those which an engineer commonly considers are: those
which are unconfined by walls, such as the smoke plume from an indus-
trial stack; flows near one wall, such as that in the vicinity of a
turbine blade and an aircraft wings; and those which are confined duct
flows. Those flows are characterized by high levels of fluctuating
vorticity.

There are many books which approach turbulence in descriptive and
experimental ways. Among the older texts is Townsend's book (53), which
analyzes a wealth of experimental information with deep physical
insight. Tenneks and Lumley (54) described a wide variety of fluid
phenomena and the basic tools of turbulence theories, while Launder and
Spalding (55) have provided in their book the main concepts of turbu-
lence modeling and have shown what progress had been made and what
problems remained. Finally, Wolfgang, and Bradshaw et al. (56, 57)
provided two recent books which present a lecture series on prediction
methods and turbulence modeling of turbulent flows.

At the same time, many papers have given a considerable contribu-
tion to turbulent flow understanding. Launder and Spalding (58)

reviewed the problem of making numerical predictions of turbulent flow.

23
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A turbulence model that permits predictions of both near wall and free
shear flow was developed and evaluated by experimental data, while
Saffman (59) eliminated some uncertainty regarding boundary conditions
imposed at or near a solid boundary from turbulence model equations.
Launder et al. (60) gave particular attention to the approximation of
the pressure-strain correlations, and presented numerical.solutions of
the model equations for a selection of strained homogeneous flow and for
two-dimensional inhomogeneous shear flows. Finally, a phenomenological
theory of turbulence was given by Golowin (61). For further reading

see, for example, References (62) through (70).
4.2 Turbulent Flow Structure

Turbulent flow of an incompressible fluid may be considered as a
super position of eddies of different scales. The motion of large
eddies which obtain energy from the mean flow is unstable and results in
smaller eddies which in turn feed even smaller ones. In other words,
the energy cascades from eddies of low frequency to those of high
frequency. This process continues until the kinetic energy of turbu-
lence dissipates (viscous dissipation). If there is no continuous
external source of energy, the turbulence will decay. However, the
interaction between the turbulent stresses and the velocity gradient in
the mean flow prevents the turbulence from decaying by supplying the
energy through the frequency spectrum. This process is termed
'production' and the ratio of the production of energy to its viscous
dissipation is a measure of the state of equilibrium of the flow.

The eddy size at a given location in the flowfield is determined

mainly by the flow domain and the flow local viscosity. For
g
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sufficiently large Reynolds numbers, the small scale turbulence fluctua-
tions are expected to be statistically isotropic (the sfatistical
properties of the turbulence have no preference for direction) and to
exhibit a universal scale similarity in their spectral behavior. How-.
ever, in the near wall region where the local Reynolds number decreases,
the fine scale turbulence is no longer isotropic, regardless of how
large the global Reynolds number becomes (71). The flow is not turbu-
lent but viscous within the smallest eddies, and molecular effects are
dominant (44). The gradient of the small scale eddies plays a dominant

role in problems of heat and mass transfer by turbulence (72).
4.3 Turbulence Modeling Approach

From the discussion of the previous section, it can be concluded
that the turbulent flow consists of large scale phenomena and small
scale ones, and the characteristics of these scales are different.
Therefore, it is very difficult to simulate them by the same approach.
Large eddy simulation methods have been found useful in the study of
large scale phenomence (73-76), and the small scale ones have been
investigated by means of turbulent closure models (55, 77, 78). The
former is a method midway between exact simulation and time-averaged
modeled computation, which computes the large eddies explicitly and
models only the small ones. Detailed descriptions of this method is
beyond the scope of this study. The latter approach will be presented
briefly in the next paragraphs.

The most widely used turbulence closure models today are the eddy

viscosity models and the Reynolds stress model. The first approach is
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based on the eddy viscosityjconcept, which relates the Reynold stresses

to the mean velocity gradient via:

o —rT au. u .
0 _ i J 2
where 61j is the kronecker delta, k is the kinetic energy of tubulence
-rT
(defined as 1/2u1.uj ) and uy is turbulent viscosity. !

The forms of this equation appropriate to an axisymetric flow are
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From inspection of these equations, it is evident that for fully
developed flow ( v and-%% = ) the normal stress components are equal,

but in reality, the anisotropy is most pronounced. However, this defect
is not too serious because the normal stress term is generally of minor
importance in the Navier-Stokes equations for simple flows (e.g. thin
shear layer flow). Also, the eddy viscosity concept breaks down in flow
regions where the shear stresses and velocity gradient have opposite

signs. Once again, this defect has little influence on the overall
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predictions because regions with negative eddy viscosity (mathemati-
cally) are in most cases small (71). Another observation is that zero

velocity gradient provides zero shear stress, however, in flows where

the asymmetry is pronounced, the positions of zero shear stresses and

zero velocity gradient do not coincide (79). Generally, there is a
1imit to the applicability of models of this type, but the seriousness
of their inherent defects will vary from one flow case to another.

In the second approach (Reynolds stress model), individual turbu-
lent stresses are represented by partial differential equations which
may be derived from the Navier-Stokes equations. It should be noted
that these equations contain correlations of one degree higher order
correlations (e.g. ;:;; contains';:zgaz ) and other unknown functions of
the velocity and pressure correlations as described in the next section.
In order that these equations may be solved, all such correlations have
to be modeled in terms of variables which are known or determinant, and
the accuracy of the turbulence model is strongly related to this model-
ing process. Thus a model of this type requires a large number of
equations to be solved, which makes the model costly and difficult to
use.

Generally, the following steps are taken for the construction of a
turbulence model (80):

1. A set of properties that is sufficient to characterize the
turbulent motion is chosen.

2. A set of algebraic or differential equations which govern the

distribution of these properties throughout the flowfield is derived.
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3. Constants or functions which are used to model some of the
parameters are deduced from experimental data or from more fundamental
theories.

The universality of a turbulence model is controlled by the number
of constants that need to be adjusted and by the number of differential
equations that need to be solved. The greater the number of differen-
tial equations and the lesser the number of constants that the model
employs, the greater is the universality of the model. However, this
increases the complexity of the computational problem and complicates
the procedures of optimizing the set of constants. Complete universal-

ity will never be achieved (80).

4.4 A Brief Review of Turbulence Models

A number of turbulence models have been proposed over the past few
years. These models consists of either zero, one or multi-equations
which when solved with the time-mean flow equations allow calculation of
the turbulence properties and simulate the behavior of real fluids.
Generally, most of the suggested models concentrate on the approximation
of the Reynolds stress tensor which appears in the time-averaged Navier-
Stokes equations. A brief description of selected zero, one, two and
multi-equation turbulence models is presented in the following sub-

sections.

4,4,1 Prandtl Mixing Length Model

Flows in a turbulent boundary layer are usually analyzed in terms
of the Prandtl hypothesis, which relates the eddy viscosity directly to

the local velocity gradient via:



29

du. Jdu; 172
? ) 5
axi BXJ.

The axisymetric form of this equation may be written as:
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where ¢, is the mixing length which has to be prescribed empirically.
The mixing length is usually expressed as a fraction of the width of the
shear layer or mixing layer, and then generally assumed constant across
the layer in regions remote from walls. The major shortcoming of this
model is that it makes no allowance for diffusion and convective trans-

port of turbulent viscosity.

4.4,2 Energy Model [Prandtl's 1945 Model]

In order to eliminate the aforementioned shortcoming of the mixing
length hypothesis, the eddy viscosity is expressed in terms of the

length scale and the kinetic energy of turbulence k via:
_ 1/2
My = Cupk L (4.4)

where Cu is an empirical constant and ¢ is a length scale of turbulence
which is proportional to the size of the energy-containing eddies.
Again, the length scale is a function of the flow geometry. The kinetic
enerqgy of turbulence is determined from the solution of a differential
equation which expresses its transport. This model, with Cu as a fixed

empirical constant, is applicable only to flows or flow regions where
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the local Reynolds numnber is sufficiently high (78). Hence, References
(82-84) proposed low Reynolds number versions of the model by adding an
exact viscous diffusion term to the k-equation and by replacing some of
the model constants with functions of the turbulent Reynolds number.
However, these new modifications have failed to predict strongly accele-
rating boundary layers. Generally, this model works well only in rela-

tive simple flows.

4.4.3 Two-Equation Models of Turbulence

These models employ the same formula for turbulent viscosity which
was described in the previous model. However, in these models both the
turbulence kinetic energy and the length scale are determined by solving
their transport equations. Since the k field may be obtained from the
solution of the k-equation, any combination of Z = k™" is possible to
provide a mixing length field without solution of its transport equa-
tion. Different combinations of m and n values give different models;

examples of this:

1 gives k-w model

n=-2 and m

n=-1 and m= 3/2 gives k-e model

The latter gives the most widely adapted variable which is the dissipa-
tion rate e(= k3/2/%). Both the dependence of the k-equation on e and
the relative simplicity of deriving the e-equation have provided this
parameter many advantages over the other combinations of n and m.
Launder and Spalding (55) described the various two-equation models at

length in terms of their derivations, applications and limitations. The
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k-e model is the subject of the next chapter, however, discussion of the

other two-equation turbulence models is beyond the scope of this study.

4.4,4 Stress-Equation Models

The models discussed so far lack the ability to account for the
transport of the individual stresses. This is because they assume that
the local state of turbulence can be characterized by one velocity scale
Jrjji and that the individual stresses can be related to this scale.

In order to account properly for the transport of the individual
stresses, models were developed which employ transport equations for

=TT

”iuj . These models are often called second-order-closure schemes.

The Reynolds stress transport equations for a fluid of uniform

density p and with diminished buoyance effects may be expressed in this

form:
N - du.P  Ju.P
3 _ 3y T 1 j i
U 3 Uity T Do i e G e
——T JU s e au1 p aui auj
lojue 7%, * uitkan, 345 Gt axy) (4.8)
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2y —r
X, X
or in words:
Convection transport = -[diffusion transport]

- [stress production] + [pressure strain]
- viscous dissipation

15
2 .
Summation over the three equations for the normal stresses u, provides

the equation for the turbulent kinetic energy k. The right hand side

of Equation (4.5) contains a number of correlations of turbulent
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quantities. These correlations must be prescribed before the above
equation is employed in a model of turbulence motion. Usually, the
diffusion, pressure-strain and dissipation terms are approximated by
models relating them to the Reynolds stresses, the mean velocity field
and the length scale. Below are some approximation techniques which
have been accepted by many workers for the turbulence quantities:

1. For isotropic flow, the dissipation term can be approximated by
2/3 ¢ 843 where §; is as described in Equation (4.1) and ¢ is the
turbulence dissipation.

2. The divergence of the fluctuating velocity transport equations
derives the Poission's equation for pressure, which can be used to
eliminate the pressure-strain term (for example in Reference 60).

3. References (60), (79) and (85) suggested different models for
the diffusion term.

Further details on the precise forms of the above turbulence
quantities modeling is available in Reference (86).

Taking into consideration the above approximations, a variety of
models have been proposed (60, 87-89). A relatively simple model which
was proposed by Launder and his co-workers (60, 89) is displayed here

with the same previous assumptions.

S g By T s
k axk S axk € mKk axm ik exk 'k axk

convective transport = diffusive transport - stress production

e T2 2, oy .2, 4 (4.6)
- Cp g (uguy - 3 855K) = Cp Py -3 845P) - 3¢ &y

pressure strain viscous dissipation
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where Cg, C; and Cy are constants that need to be prescribed. P
I
the stress production of component ui”j defined in Equation (4.5) and P

1J 1S

is the stress production of the kinetic energy as defined in the
transport equation of k. As mentioned in the previous section, these
models consist of a large number of differential equations whose

solution is costly. Hence the use of such models is limited.

4.4.5 Algebraic Stress Models

An algebraic stress model is a simplified version of the Reynolds
stress model. It has been derived by simplifying the differential
transport equations such that they reduce to algebraic expressions which
are easy to solve, but still retain most of their basic features. The
differential equations are converted into algebraic expressions by elim-
inating the gradients of the dependent variables which appear in the
transport equations. The resulting general equation which corresponds
to Equation (4.5) is:

T k

_ 2
uiuj = m [-3- G'ij {C2P + e(Cl-l)} + P'ij (1-C2)] (4.7)

where P and Pij are as defined in Equation (4.6). The background to two
equations is described at length elsewhere (86, 90). Application of a
variety of these models has been reported in References (78), (91), and

(92).
4.5 Summary

The present chapter provides a brief description of the structure

of turbulent flows and the mathematical models which are expected to
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represent the flow behavior. The first three sections consist of a
survey of the contributions of many workers to the understanding of the
characteristics of the turbulent flows, and with the turbulent flow
structure and its modeling approaches. Various turbulence models are
discussed in the fourth section. The Prandtl mixing length model was
presented to demonstrate the non-equation models, and the energy model
represents the one-equation models. The k-e turbulence model is among
the two-equation models which are recommended for many flows. As the
flow becomes more complex, a higher order model is required, thus the

Reynolds stresses model and algebraic stress model were presented.



CHAPTER V
THE k- TURBULENCE MODEL AND RECENT EXTENSIONS
5.1 The k-e Turbulence Model

The k- model has been used by many workers (2, 43, 55, 93-95) to
provide realistic predictions of the velocity fields and the turbulence
parameters. This model involves two transport equations for turbulence
characteristics. One of these equations governs the distribution
throughout the field of the turbulence energy k, which measures the
local kinetic energy of the fluctuating motion; the other governs the
turbulence energy dissipation rate e. The k equation can be obtained

T T

from the exact transport equation of the Reynolds stresses u; “j by

summation over the three equations for the normal stresses. The result-

ing equations for the axisymmetric cylindrical flows are as shown below:

ok ok _ 19 e 3kq . 3 e ok
R T LA TR Y Cr o ar] MY” EE; ax) *6 - pe
(5.1)
€ oe _ 13 Mo 3¢ 3 e 3e
PUSK TPV e Trar o ard tax I ax] * O G ek
2
-Czpe/k

The values usually adapted for the empirical constants Cy, Cp, oy and o,

are those quoted in Reference 55; they are listed in Table IV. The

generation term is:
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where u, is the sum of turbulent and laminar viscosities. Knowledge of
k and € allows the length scale % and turbulent viscosity Hy to be

determined from which the turbulent shear stresses can be evaluated via:

u = C, 0 Ko/e (5.2)
and Equation 4.2.

To account for the wall effect in the near-wall regions, equations
are introduced to link velocities, k and € on the wall to those in the
near-wall region. These equations, called "wall functions", are intro-
duced and used in finite difference calculations at near-wall points.
They occur in the momentum equations and k-generation terms, and their
implementation is discussed elsewhere (55) together with appropriate
near-wall e specification. The main assumptions considered in these
formulations are:

1. Convection and diffusion of turbulence kinetic energy are
nearly negligible.

2., Eddy viscosity is isotropic.

3. The sublayer extends up to a value of wall function parameter
yt equal to 11.63.

4, The length scale is proportional to the normal distance from

the wall.
5.2 The k-¢ Empirical Constants

References (79) and (96) discussed in some detail the basis for
choosing the k-e constants. Therefore, it may suffice to mention here

that C, is fixed by the requirement that in a constant stress layer
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production and dissipation of € are balanced [Tw/(pk) = Cul/zj, Cy is
determined by reference to the decay of grid turbulence, and €y is
chosen so that the von Karman constant equals 0.42. The 'Schmidt'
numbers o) and o, are fixed by computer optimization in Reference
(97). The main assumptions considered in determining the k-¢ constants
are: the flow is not far from equilibrium so that the convection and
diffusion are small compared to production and dissipation terms; and
the turbulent Reynolds number is high. These assumptions have led to
the nonuniversality of the model constants; even in certain fairly
simple flows, some constants require different values. Usually, the
extension of the model applicability is achieved by, algebraic
formulation of Cp and Cu to account for a specified flow case. These

formulations will be discussed later.
5.3 Shortcomings of the k-e Model

The width of applicability of this model was tested earlier by
Reference (59), who considered nine substantially different'kinds of
turbulent flow. The model demonstrated the capability of prediction of
both near-wall and free shear flow phenomena without adjustments to
constants or functions. However, in some flow cases this model has some
shortcomings, a brief summary of which is provided below.

Habib and Whitelaw (35) found that the velocity minimum and maximum
on the centerline for confined swirling flows with coaxial jets are not
correctly predicted. However, the measured values of* the two components
of the rms value of the velocity fluctuation and the kinetic energy are
in excellent agreement with the predicted values. This led to their

support of Gibson (91) that the assumption of a constant value of Cu is
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inappropriate in curved flows and they remark, that empirical adjust-
ments to constants may produce better results.

Syed and Sturgess (98) predicted the rms value of axial velocity
fluctuation, turbulence parameters, velocity profiles and turbulence
shear stresses for coaxial jets in confined sudden expansion flows. A
maximum error of about 27 percent was obtained in the rms values. The
maximum discrepancy in the predicted velocity profiles was found at the
centerline. The maximum level of turbulent shear stress was predicted
as occurring at a lesser radius than was measured. This led to-the
conclusion that the dissipation rate is not represented correctly and/or
the convection of shear stress is not negligible and its value is not
based mainly on the local properties.

Measured and predicted streamline contours, velocity and turbulence
intensity profiles for isothermal flow in axisymmetric models of
combustor geometries were compared by Whitelaw and Green (99). It was
seen that the turbulence modeling errors are prevalent in regions of
recirculation, flow development, and in the near-wall region.

The finding of Sturgess and Syed (45) for isothermal flow in widely
spaced coaxial jet, diffusion-flame combustors was that the transport of
turbulent stress is involved in producing the local centerline axial
velocity peak. This peak cannot be predicted by the eddy-viscosity
model because the turbulence characteristics are derived from the
velocity profiles and eddy viscosity. Such models are incapable of
calculating the correct flow characteristics in regions of negligible
velocity gradient, particularly if transport of turbulent shear stress

of a sign opposite to that appropriate for the local velocity gradient
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is significant. Therefore, Reference (45) recommended to take into

account the transport of turbulent shear stress.
5.4 Previous Proposed Extensions

The above mentioned problems have commanded considerable attention
from many investigators. Most of the investigators have agreed that
some of the model shortcomings can be eliminated by algebraic formula-
tion of C, and G- Usually, these corrections are expected either to
account for low Reynolds number or streamline curvature effects, or
both.

Early, Jones and Launder (97) added a new term,

akl/?
Yy

2

-2 u )

to the k-equation to represent the energy dissipation rate at the wall.
Also, another term,
2
2w oy (3—%)
ay
was added to the e-equation in order for the peak level of the turbulent

kinetic energy to agree with experimental data. Both Cy and C, were

modeled to account for low Reynolds number effect via:

Cu = 0.09 exp [-2.5/(1 + Rt/SO)]

(5.3)

C, = 2.0 [1.0 - 0.3 exp (—Ri)]

2

where Ry = p k2/(en).
This model was tested by Jones and Launder (100) as applied to

isothermal low Reynolds number pipe flow, and wall boundary layer with
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streamwise pressure gradient and wall injection. The model predictions
were not completely in accord with the experimental data.

Launder et al. (101) incorporated the streamline curvature effects
on the turbulence structure in the k-e¢ model. The direct effect of
curvature in the model is limited to a single empirical coefficient
whose magnitude is directly proportional to a Richardson number based on
a time scale of the energy-containing eddies. For boundary layer flow

types, the proposed Cy formulation is:
€, = G (1 - 0.2 R].) (5.4)

{
where C2 is the C2 value before the correction, and the Richardson

number is defined as:

R=“2“<r) (5.5)
i 2 :?'§F W .

where w is the swirl velocity. The model was applied to a variety of
boundary layer flows developing over curved and spinning surfaces;
satisfactory agreement with experiments was obtained. On the other
hand, Reference (102) solved Reynolds equations using the k-¢ mode] in
the separated flow region, and both the k-¢ model and the k-e-u'v'
models in the region downstream of the separation. He showed that in
the redevelopment region the three-equation turbulence model does not
offer worthwhile advantages over the two-equation k-¢ model,

Ljuboza and Rodi (103) replaced the empirical constant Cy by a
function which was derived by reducing a model from the Reynolds stress
transport equations to algebraic expression by introducing simplifying

assumptions about the convection and diffusion terms. Good results were
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obtained when this model was applied to a wall jet in stagnant surround-
ings, or in a moving stream.
Hanjalic and Launder (104) introduced into the e-equation a term

proportional to

where €45k stands for the third-order alternating tensor. For thin
shear flows this term reduced to k (%%52 . This correction is expected
to promote a higher rate of dissipation for irrotational strains as
opposed to for rotational strains. Indeed, they found that this minor
modification brought substantial improvement to the prediction of
boundary layers in an adverse pressure gradient.

The streamline curvature correction proposed by Reference (77) was
derived from the Reynolds-stress equations, as described by Reference
(91). Also, they adapted a modification which accounts for the prefer-
ential influence of normal stresses and the dissipation of turbulent
energy; this modification was originally proposed by Reference (105) for
strong accelerated flows. This correction has led to greatly improved
agreement with experimental data when applied to the recirculating flow
in an annulus, and a plane twin-parallel jet in still air.

Karasu (5) used the turbulent viscosity ug, which is calculated
from the k-¢ model, in the solution of the axial and radial moments of

swirling pipe flow. The tangential eddy viscosity Hpgy Was employed in

the solution of the tangential momentum; the expression used is given by

= p K2P2|P Wy (5.6)

Mo ar T
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where « is a constant considered to be 0.042 and v is the Taminar
viscosity. His prediction for pipe swirling flow that exhibits combined
vortex were generally comparable with the experimental data. However,
the prediction of the axial velocity at the initial location of pipe
flow that exhibits solid body rotation was poorly compared with the
measurements.

Finally, good agreement with experimental data was obtained (106)
when a modified k-¢ model was applied to fully developed pipe flow. The
modified version can be used without introducing the empirical wall

function formulas.
5.5 Closure

A brief description of shortcomings and recommended corrections to
the standard two-equation k-e turbulence model suggested by previous
investigators are presented. It has been found that the model predic-
tive éapability can be increased by a simple empirical modification of
the model governing equations and this modification works only well for
the flow under consideration. Thus the universality of the model has

never been obtained.



CHAPTER VI

TURBULENCE PARAMETERS DEDUCTION FROM SWIRLING
CONFINED FLOW MEASUREMENTS

6.1 Introduction

Specification of the turbulent stresses is required in order to
solve the Reynolds equations for time-mean velocities. This is usually
obtained via the turbulent viscosity uy. Chapter V exhibits some simple
models for the specification of u;, especially in boundary Tayer flows,
however, these models are not useful for recirculating flows.

Currently, two-equation models are popular in these circumstances. The
present work emphasizes the k-e version of the two-equation models in
the context of swirling recirculating flows. As mentioned earlier, this
model solves differential equations for the turbulence energy, k, and
the turbulence dissipation, €. From these the turbulent viscosity can
be specified.

From the above introduction, it is foreseen that the precision of
the predictions strongly depends on the accuracy of the turbulent
viscosity values. The evaluation of a turbulence model and hence the g
values can be performed through the use of analytical inverse methods

which are described in the next section.

43
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6.2 Analytic Inverse Methods

Evaluation of the accuracy of a turbulence model may be obtained by
comparing the calculated time-mean values and turbulence parameters with
experimental data. Alternatively, Equation (4.2) may be used to make
deductions directly from experimental data. Velocity gradients are cal-
culated from experimental time-mean velocities using a suitable finite
difference technique. Once the velocity gradients are obtained the
turbulent viscosity components can be calculated via Equation (4.2).
Implementing the Prandtl mixing length model, the mixing length Lq can
be deduced from Equation (4.3) where Equation (4.2) provides the value
of u.y. The other length scale calculation follows from replacing uy by
By in Equation (4.4) and setting CLl to its conventional value of 0.09.
Resulting length scale values are presented in Section 6.3. ,

In using Equations (4.2) and (4.3), lack of detailed axial time-
mean velocity gradients has led to these terms being dropped. In non-
swirling and moderately swirling flows, they are usually small, except
near recirculation zones. At high swirl, the central recirculation zone
develops and this simplification cannot faithfully be invoked (107).
However, it will be only in quite small regions of the flow that errors

of any significant magnitude might occur.
6.3 Findings and Discussion

The present chapter was initiated to analyze the fluctuating and
time-mean turbulence data presented in Reference (10). The data are for
nonswirling and swirling flows in an axisymmetric test section with
expansion ratio D/d = 2, which may be equipped with a contraction nozzle

of area ratio 4 located at L/D = 2, The swirl is imparted to the flow



S

Egs

45

by means of an adjustable-angle vane swirler (3). The Boussinesq's eddy
viscosity was used, as explained in the previous section, to calculate
turbulent viscosity component from each measured Reynolds stress and its
corresponding time-mean velocity gradient term. Also, from this mean
component of turbulent viscosity the length scale of energy containing
eddies was obtained using the measured kinetic energy of turbulence with

the parameter Cu given its standard value.

6.3.1 Assumptions and Parameters Normalizations

Based on the available data, curves are usually fitted to the
spatial distribution of measured time-mean values before further analyt-
ical manipulation. However, in case of complex flows, it is very
difficult, or it may be impossible, to find a general correlation of the
data along the flowfield. Therefore, the data were hand smoothed and
then the values are read in from the corrected curves. The data consid-
ered were for swirl vane angles of 0, 45 and 70 degrees. The radial
velocity gradients were determined analytically from the corrected data.
The axial velocity gradients were ignored because their values were
unavailable and are expected to be considerably less than the radial
gradient values in most flow situations studied here.

The turbulent viscosity was normalized with respect to the swirler
inlet uniform axial velocity u, (deduced independently from a measure-
ment upstream of the swirler), fluid density and combustor diameter.

The turbulence kinetic energy was normalized with respect to uoz. The
length scale and mixing length were nondimensionalized with respect to
the combustor diameter. The normalized values of the viscosity in the

r-x plane u.,, the Jength scale and the kinetic energy are displayed in
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Tables V through X. Also, the other viscosity components are tabulated

as a fraction of u., values (°ij = “rx/“ij) and displayed among these
tables. The tabluated u., and length scale were computer plotted and

are shown in Figures 5 through 10.

6.3.2 Effects of Swirl on Turbulence Parameters

The swirl vane angles ¢ considered in this study are 0 (swirler
removed), 45, and 70 degrees. Part (a) of Figures 5 through 7 displays
the nondimensionalized turbulent viscosity u,, and part (b) shows the
normalized length scale £ as defined in Equation (4.4) for ¢ = 0, 45,
and 70 degrees, respectively. Also, the corresponding values of these
parameters are displayed in parts (a) and (b) of Tables V through X,
respectively. It should be noted that the allowed maximum range of the
values plotted in Figures 5 through 7 was 2, and the data beyond this
range was assigned the range maximum values. The actual values of the
affected points can be found in Tables V through VII. Parts (c) through
(f) of these tables exhibit the other turbulence parameters such as
turbulence energy k and other turbulent viscosity components.

The ., profiles shown in part (a) of Figures 5 through 7 reveal
that the up, values marginally increase as the swirl strength increases
from zero to a moderate value and sharply increase beyond this range.
Comparison of these figures with the mean velocity plots presented in
Reference (10) indicates that the peak of u., may or may not coincide
with the peak of the velocity gradients. Inspection of part (b) of
Figures 5 through 7 shows that the normalized length scale profiles are
almost similar to the corresponding u., profiles for each swirl case and.

thérefore, the swirl dependency of length scale is revealed. Parts (a)
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and (b) of Tables V through VII tabulated the plotted values of the
normalized turbulence viscosity and the length scale, respectively.

Part (c) of Tables V through VII displays the mixing length values
obtained from Equation (4.3), with the axial velocity gradients ignored,
using the curve fitted data of Reference (10). Comparison between these
tables reveals that the mixing length values are slightly higher for
swirl vane angle ¢ for 45 degrees than for ¢ = 0 or 70 degrees. How-
ever, the presented values for ¢ = 0 degrees are smaller than the corre-
sponding ones for 70 degrees. It is expected that these findings are
due to the effect of swirling motion of the flow on the eddy size
distribution.

Part (d) of Tables V through VII contrasts the kinetic energy of
turbulence distributions as the swirl strength increases. The tables
show that results for moderate swirl are slightly higher than the corre-
sponding ones for nonswirling flow. The most dramatic effect of swirl
is seen at high swirl values. The turbulence energy maximum values
occur in regions of recirculation and regions of high stress.

The degree of nonisotropy has increased in magnitude, consistent
with the increase in swirl strength throughout the entire flowfield, as
can be seen from part (e) of Tables V through VII. Also, it can be
noticed that the turbulent viscosity in the rx-plane may be higher or
Tower than its corresponding value in the other planes depending on the
location of the point in the flowfield.

Generally, the effect of increase of swirl strength is the consid-
erable increase in all the turbulence parameters considered--that is,
increase in rx-viscosity, kinetic energy of turbulence, length scales,

and degrees of nonisotropy. The peak location of these parameters
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depends on the parameter under consideration. Overall, the swirl
produces a large-scale effect on the turbulence parameters and, there-
fore, its effects should be considered in the turbulence modeling.

6.3.3 Effects of Strong Contraction Nozzle
on Tubulence Parameters

Comparison of results of the previous sub-section with the corre-
sponding ones of Abujelala et 51. (108) shows that the general results
which were obtained from the corrected curves are similar to those
obtained directly from the scattered data. Therefore, a decision was
made to employ the measured values in the calculations involved in this
sub-section. The normalized turbulent viscosity in the rx-plane and the
length scale for swirl vane angles of 0, 45 and 70 degrees, and with a
strong contraction nozzle of area ratio 4 located at L/D = 2 are
presented in parts (a) and (b) of Figures 8 through 10, respectively.
The nozzle diameter is half the combustor diameter. Some of the plotted
points were assigned the maximum values allowed if the normalized values
were larger than 2. Actual values are included in the corresponding
tables. The effect of the contraction nozzle on turbulence parameters
was tabulated and is presented in Tables VIII through X. The construc-
tion of these tables is similar to Tables V through VII.

Comparison between Figures 8 through 10 and Figures 5 through 7
reveals that the nozzle tends to increase the u., and ¢ values in the
shear layers and to decrease them elsewhere. It is suggested that fhis
is because of the high velocity gradients which are generated by accel-
erating the flow near the centerline. The similarity between the pro-

files shown in parts (a) and (b) of Figures 8 through 10 was unaffected
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by the presence of the nozzle. The data of these figures were obtained
from parts (a) and (b) of Tables VIII through X.

Parts (c) through (g) of Tables VIII through X show that the con-
traction nozzle generally changes the turbulence characteristics. This
effect increases as the swirl strength increases. Parts (c) and (d) of
these tables reveal that the nozzle tends to increase the mixing length
and the kinetic energy in the region of recirculation, and to reduce
their values near the wall. This is because the presence of a contrac-
tion nozzle accelerates the flow near the centerline and decelerates it
close to the wall. Parts (e), (f) and (g) of Tables VIII through X show
a high degree of nonisotropy due to the presence of the nozzle. This is
expected because of the streamline curvature effects which increase as
the contraction increases. Summarizing, the presence of a strong con-
traction nozzle change the turbulence characteristics dramatically, and

its presence should be taken into consideration in turbulence modeling.
6.4 Closure

The data of confined swirling flow obtained from a hot-wire using
the six-orientation technique were numerically analyzed. The effects of
swirl strength and a strong contraction nozzle on the turbulence param-
eters were evaluated. It was found that with the swirl strength and the
contraction have strong effects on the turbulence parameters.

Generally, the most dramatic effect of the increase of swirl is the
considerable increase in all the parameters considered. The presence of
a strong contraction nozzle tends to increase the parameter values in
regions of acceleration where large radial velocity gradients occur and

to reduce them in the deceleration region near the outer boundary.



CHAPTER VII

EXTENSION OF THE k-e¢ TO CONFINED SWIRLING
RECIRCULATING FLOWS

7.1 Introduction

Turbulent swirling recirculating flows are used in many practical
situations. They provide the fundamentals of physical processes occurr-
ing in aircraft combustors and in industrial furnaces. These types of
flow are characterized by strong streamline curvature, complex eddy
structures and high turbulence intensities. The practical need for
computation of this category of flows has encouraged many workers to
attempt to develop turbulence models that can provide accurate informa-
tion about such flows. However, most of these attempts have provided
models that are only applicable for a certain flow, and these models
must be modified to accommodate flows of greater complexity.

The different models may conventionally be distinguished by the
number of turbulence properties which appear as dependent variables of
the differential equations, as described in Chapter IV. The most widely
used model is the k-e turbulence model which was briefly described in
Chapter V. This model showed shortcomings as applied to turbulent
recirculating confined swirling flow (2): it provides inaccurate predic-
tions for the size and strength of the recirculation zones. It is
expected that the turbulence model over-predicts the dissipation of the

kinetic energy of the flow, therefore, the centrifugal forces produce a
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shorter central recirculation core than the measurements show. Hence,
in order to extend the k-e¢ model to confined swirling flows, some
corrections concerning the e-equation have to be made. The general
approach, as shown in Chapter V, is to consider the streamline curvature
effects through the modeling of the constant C,. This follows in the
next section.

7.2 Previously Proposed Extension and
Its Invalidity

Reynolds (109) defined the Richardson number for swirling flows as:

P
R 2 :—za—F (rw) -
. = 7.1
1 gll'j‘)z * [r gf‘ (¥)12

An extensive preliminary study was conducted to evaluate this equation
and Equation (5.5) as applied to turbulent swirling recirculating flows.
The distribution of predicted C, and mean velocity values using the two
expressions for the Richardson number along with Equation (5.4) were
compared and the results show that Equation (7.1) provides better
predictions than Equation (5.5). Therefore Equation (7.1) along with
Equation (5.4) was selected for the evaluation of the inclusion of the
streamline curvature effects through modeling Co.

Equation (5.4) with the Richardson number as defined by Equation
(7.1) was added to the e-equation of the k-e, and the flowfield for
swirl vane angles of 45 and 70 degrees was predicted using STARPIC
computer code which is described in Chapter IV. The value of Cp was not
allowed to be less than 0.1 and not greater than 2.4, with Cu and the
other model constants assigned the conventional values. The distribu-

tion of Cy values over the flowfield is displayed in Tables XI and
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XII. Table XI displays a moderate swirl strength flowfield (¢ = 45
degrees), and Table XII exhibits the flowfield for a stronger swirl
strength (¢ = 70 degrees); the Co values not included in the above
mentioned range have been replaced by a (-) sign. The corresponding
velocity profiles for ¢ = 45 and 70 degrees are displayed in Figures 11
and 12, respectively. Inspection of the predicted data associated with
these figures reveals that the corrected e-equation under-predicted the
dissipation of the flow energy. The dominant centrifugal forces drive
the flow off the centerline. Similar results were obtained for the ¢ =

70 degrees.
7.3 Parameter Optimization From Time-Mean Data

It is clear from the previous section that the variation of the C,
parameter given in Equation (5.4) does not enhance the predictions of
turbulent swirling recirculating flows, and it was decided to optimize
the k-¢ model constants for the flow under consideration. It was
mentioned in Section 5.2 that only oy and o, were fixed by computer
optimization. However, because of lack of the necessary experimental
data, Cu and Co were also optimized in this study. The constant o was
dropped from the optimization because of the feeling that the k-equation
produces sufficient accuracy in determining the k-values. An effective
optimization code is the Hill Algorithm. Kuester (110) described this
method at length, in terms of its mathematical formulation and practical
applications. It need be described only briefly here. Therefore, it is
described only briefly in this section.

The optimization procedure is based on the direct search method

proposed by References (111) and (112). This method has proven
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effective in solving some problems where the variables are constrained.
The procedure requires a starting point that satisfies the constraints
and does not lie in the boundary zones. The effect of a small stepping
in the first variable on the objective function is evaluated. If an
improvement in the objective function were obtained without violating
the boundary zones or constraints, the step size is reduced, and the
dirgction of movement is reversed. The next variable is in turn stepped
by a small distance parallel to the axis. The same acceleration or
deceleration and reversal procedure is followed for all variables in
consecutive repetitive sequences until the convergence criteria is
satisfied.

The parameters Cu’ Cy, and o, were optimized by minimizing the
maximum absolute discrepancy between predicted axial and swirl velocity
and the corresponding experimental values. These experimental values
were obtained using a five-hole pitot probe (9). The optimum constants
were obtained by an iterative computer procedure; the velocity fields,
after the iteration 1limit was exceeded, were compared with the experi-
ments. Because of the rather large computing tiwe that would have been
required if the iteration was continued until the convergence criterion
was fully achieved, only 80 iterations were performed during each opti-
mization qycfe, with current flowfield values taken as initial values
for the next optimization cycle in each case. The k-e& constants optimum
values obtained after 20 optimization cycles were found to be only
marginally dependent on swirl strength. The values obtained for this
wide range of swirl strengths (¢ = 45 to 70 degrees) are displayed in
Table XIII. It should be noted that these values are not as good as the

Table IV values in the prediction of nonswirling flows.
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7.4 Cu Formulation From Detailed Turbulence Data

The analysis of the detailed turbulence measurement of (10) pre-
sented in Chapter VI are being employed here to provide the background
for producing an empirical formulation for the k-¢ C, parameter.
Insepction of the normalized rx-viscosity w,, and length scale %, shown
in Figures 5 through 10 of tha§ chapter reveals a strong similarity

between the radial profiles. That is
ut/(ouoD)
is almost proportional to &/D. Since
- 172
My = Cupk 2
or equivalently
- 172
we/(pugd) = (¢ k7 %u ) (e /)
it follows that
1/2
Cuk /u0
is approximately constant throughout the flowfield. That is:

- 1/2
Cu = Auo/k (7.2)

where A is a constant independent of spatial position in the flow.
Using an optimization procedure similar to that described in Section
7.3, optimal values of A, Cp and o, have been deduced for the present

situation: It was found that
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A = 0.0083
Cpr = 1,804 (7.3)
o, = 1.455

The flowfields for inlet swirl vane angles of ¢ = 45 and 70 degrees
have been predicted using the C, variation as given by Equation (7.2),
with the optimized values of Equation (7.3) used in this and other
equations occurring in the simﬁ]ation. Parts (a) and (b) of Table XIV
exhibit the values of predicted k and Cu obtained in this manner for
corresponding inlet swirl are angles of ¢ = 45 and 70 degrees, respec-
tively. Values vary throughout the flow domain. The predictions using
the aforementioned C, variation are validated in the following sections.

7.5 Predictive quqbility of Cu Formulation vs.
Optimized Parameters

The time-mean flowfields corresponding to the swirl vane angle
¢ = 45 and 70 degrees, which were obtained by two different approaches,
are compared in this section. Parts (a) of Tables XV and XVI display
the predicted flowfield using the C, formulation for ¢ = 45 and 70
degrees, while parts (b) of these tables exhibit the predicted flowfield
using the optimum k-e¢ model constants for the same above swirl
strengths.

Generally, the comparison between Tables XV and XVI reveals that
both methods provide very close predictions. However, the predicted
centerline velocity values of parts (a) of these tables reduced
considerably as compared with the parts (b) values, and became close to

the experimental values as will be seen in the next section. Thus the
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C, formulation predictions are superior over the ones of the optimum

values in the region of recirculation.
7.6 Validity of Standard k-e Model and Cu Formulation

7.6.1 Time-Mean Axial and Swirl Velocities

The predicted velocity profiles for swirl vane angles of 45 and 70
degrees using the Cu formulatioﬁ of Equation (7.2) are compared with the
five-hole probe (9) and hot-wire (10) measured data, as can be seen in
Figures 13 and 14, respectively. Inspection of these figures reveals
that very good agreement between the predicted results and the experi-
mental data has been achieved. Note that the measured inlet profiles
are plotted at the x/D = 0 location; in fact these are actually the
values measured immediately downstream of the swirler, at the location
x/D = -0.11. It is convenient to retain these values on the profile
plots in the prediction study, although clearly results at the x/D = 0
location are then not only directly comparable with the inlet station
data of References (9 and 10), which are taken precisely at x/D = 0.
These comments apply also to other plots given in the thesis. The
discrepancies in the centerline velocity values at the peak of the
central recirculation core are expected due to the assumption of
axisymmetry at that location.

Figures 15 and 16 exhibit predictions similar to Figures 13 and 14,
except the standard k-¢ model was used in these predictions. Inspection
of these figures reveals that inaccurate predictions for the size and
strength of the recirculation zone were obtained by using the standard
k-¢ model. The inaccuracy of the standard model can be easily seen by

comparing the measurements of Yoon and Lilley (9), and Jackson and



57

Lilley (19) for swirl vane angles of 45 and 70 degrees as shown in
Figures 13 and 14 against the corresponding predicted velocity profiles
displayed in Figures 15 and 16, respectively. However, as mentioned in
the previous paragraph, the predicted results using the C, formulation
has shown very good agreement with experimental data. Thus it is clear
that the Cu formulation has provided superior results over the standard
k-e model.

7.6.2 Zero Velocity Envelope and Time-Mean
Centerline Velocity

Figures 17 and 18 show a comparison of the predicted central recir-
culation zone boundary using the standard k-e model and its modified
version (variable Cu) with corresponding data (9, 10) for swirl vane
angles of 45 and 70 degrees. The predicted central recirculation zone
envelope using Cu variation is in very good agreement with the data,
with a small discrepancy near the peak of the recirculation zone core.
However, using the standard model produces a less realistic shorter
central recirculation zone.

Predicted centerline velocity longitudinal variation using the
aforementioned methods as compared with the measurements of References
(9) and (10) is shown in Figures 19 and 20 for the same previous swirl
strengths., Notice that the negative values are slightly over-predicted
in absolute magnitude--a trend which was also found by others (35, 98)

as reported in Chapter V.

7.6.3 Turbulence Parameters

The predicted kinetic energy, k and its dissipation rate, e using

the standard and the modified version of the k-e¢ model are compared with
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the corresponding hot-wire data for swirl vane angles 45 and 70 degrees
as shown in Figures 21 and 22, respectively. Both versions of the k-¢
model have provided qualitatively good predictions. The modified model
shows closer predicted values of k and € to the experimental data
(especially within the recirculation zone and far downstream of the

inlet domain, respectively) than the standard model.

7.6.4 Summary

In summary, the Cu variation has provided better predictions of the
time-mean and the turbulence parameters than the standard model. Also,
the size of the recirculation zone, especially for swirling flow and the
centerline velocity are quantitively very well predicted by using the
proposed C, formulation as described in Section 7.4 of this chapter.

7.7 Valida@ioq of the Proposed C, Formulation
for Nonswirling and Pipe Flow Applications

It was mentioned earlier, Section 7.4, that the C, formula was
obtained via a simple optimization procedure. The optimum values were
obtained by minimizing the difference between the predicted and measured
axial and swirl velocity values for the flowfield of swirl vane angle =
45 degrees. The validity of the proposed formulation as applied to a
higher swirl strength flow field (70 degrees) has been shown in the
previous section. Two more test cases are being conducted in this
section to show the generality of this model. A nonswirling flow
through a circular duct with expansion ratio d/D = 2 and a swirling
flowfield with d/D = 1 (pipe flow) are considered for this test.

Figures 23 through 25 give the comparison between the predicted

time-mean velocity fields and the corresponding measurements. Predicted
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axial velocity profiles for nonswirling flow are compared with the
experimental data of Yoon and Lilley (9), as seen in Figure 23. Figures
24 and 25 exhibit the comparison between the predicted axial and swirl
velocity profiles and the measurements of Jackson and Lilley (10) for
swirl vane angles 45 and 70 degree fields, respectively. An examination
of these figures reveals that the predictions are in very good accord
with experimental data, particularly when the experimental scatter is
borne in mind. This finding along with the previous section conclusion
lead to the generality of the proposed Cu formula for applications to a

circular duct flow with and without abrupt expansion.
7.8 Closure

An evaluation of the standard k-e model and its previously-
available extensions as applied to turbulent recirculating confined
swirling flow has been presented. Neither the standard model nor its
extensions show effective capability for predicting turbulent recircu-
lating swirling flows. Recent experimental data on swirling confined
flows, obtained with a five-hole pitot probe and a six-orientation hot-
wire probe, are used to obtain optimum values of the turbulence param-
eters Cy, C» and o, and a special Cu formulation for swirling flows,
respectively. General predictions of moderately and strongly swirling
flows with these techniques are more accurate than the predictions with
the standard or previous simple extensions of the k-e turbulence
model. The predicted centerline velocity using the Cu formulation has
been found superior to the corresponding velocity given by the optimum
values. The application of the C, formula to nonswirling flow and pipe

flow has shown the generality of this model.



CHAPTER VIII

GENERAL PREDICTIONS FOR CONFINED TURBULENT
SWIRLING FLOW

8.1 Scope and Method of Approach

This chapter first discusses predictions which deal with the flow
through the inlet swirler with vane angles set to ¢ = 45 and 70
degrees. Various types of inlet profiles assumptions are considered and
the similarity and differences in the ensuing flowfield predictions are
noted. Predictions are then exhibited for a range of swirl strengths
correspond to ¢ = 0, 45 and 70 degrees using measured inlet axial,
radial and swirl velocity profiles in each case. Downstream nozzle
contraction ratio and inlet’ domain expansion ratio effects are inves-
tigated. The ensuing flowfields are characterized via velocity profiles
and streamline patterns, and illustrate the large scale effects of inlet
swirl, expansion ratio and outlet nozzle on flowfields.

The prediction procedure starts with the solution of partial
differential equations of conservation of mass, momentum in x, r, and 6
directions, turbulent kinetic energy and its dissipation rate, which
govern two-dimensional axisymmetric steady flow via the STARPIC computer
program. the solution techniques which have been implemented in this
computer program are described at length in Chapter IV. All the results
to be given in Sections 2 through 6 of the present chapter are obtained

via the Cu formulation model as described in the previous chapter, see

60



61

Section 7.4. Similar predictions using the standard k-e model are pre-
sented for flowfields with D/d = 2, 1.5 and 1. The former was obtained
earlier (2) and shows the same general trends for the effects of swirl
and downstream contraction nozzle on the flowfield, it is not shown
here. The predictions of the other two flowfields are discussed in
Section 8.6. This chapter emphasizes the more advantageous Cu
formulation model, which gives a more accurate simulation of the
flowfield.

The code is operated in the manner described in Chapter IV, with
the desired parameters being computed to convergence with a 23 x 21
nonuniform grid covering a flow domain of length 4 times the combustor
chamber diameter for sequential swirl vane angles of 0, 45, and 70
degrees.

The open ended flowfield with expansion ratios of 1.5 and 1 are
covered by 23 x 15 and 23 x 9 nonuniform grid systems, respectively. It
should be noted that the refinement of the grid was necessary only for
highly and moderately expanding flow. The downstream contraction nozzle
was simulated by the way of a stairstep approach that represents a 45
degree slope; it is accommodated at L/D = 2 by way of two steps, six
cells each, in the radial direction. Even this relatively coarse
subdivision enables useful predictions to be obtained.

8.2 Effects of Convergence Criterion and Inlet
Boundaries on the Prediction Accuracy

The nature of the confined swirling flows produce the need for an
iterative procedure for the solution of the flow governing differential
equations, thus the accuracy of the final results depends on the con-

vergence criterion considered. It is obvious that the smaller its value
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the more accurate predictions are obtained. Also, the accuracy of the
prediction of the cited flow depends on the boundary conditions applied
around the flow domain. Therefore, it is important to define adequately
the boundary conditions, especially at the inlet to the flow domain.

The effects of inlet turbulence energy (and hence the effect of dissipa-
tion rate), inlet velocity profiles and degree of convergence are

evaluated in this study.

8.2.1 Effect of Refinement of Convergence Criterion

In order to find the most economical convergence criterion that
provides acceptably accurate predictions, a study was conducted to eval-
uate its effect on the predicted values. Two convergence criterion were
selected: in the former, all the normalized residual source sums for
each variable were required to be less than 0.009; and in the latter
were required to be less than 0.004. Results of the evaluation are
displayed in Table XV, XVI, and XVIII.

Parts (a) and (b) of Table XVII display the residual source sums
for a moderate convergence criterion and a more stringent one, respec-
tively. The flowfield axial and swirl velocity distributions, after
achieving the displayed values, are exhibited in part (a) of Tables XV,
XVI, and XVIII. The former shows the flowfield predictions using part
(a) of Table XVII while the Tatter was obtained from part (b) of the
same table. Inspection of these tables reveals that the corresponding
predicted values of the two tables are very close. The average devia-
tions observed in the axial velocity field values for swirl vane angles
45 and 70 degrees are approximately 1.0 percent and 1.5 percent,

respectively. These values sharply reduce as the location moves far
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from the centerline of the flowfield. The maximum deviation was noticed
to be about 3 percent in the centerline velocity values which are
Tocated very far downstream of the inlet domain. The tangential
velocit§ Qaﬁues show a maximum deviation of less than 1 percent over the
entire flowfield.

Examination of the data presented in Tables XV (described in
Section 7.5) and XVII has led to the conclusion that the predicted
values using part (b) of Table XVII values show no preference over the
correspondings which were obtained from part (a) of Table XVII.

However, the former prediction method requires a computer time more than
1.5 times that of the latter one. Therefore, to reduce the expense of
the computer time, the convergence criterion = 0,009 was selected for

all further predictions.

8.2.2 Effect of Inlet Boundary Specifications

8.2.2.1 Effect of Inlet Kinetic Energy Profiles. To investigate -

the effect of the inlet kinetic energy k profiles on the predicted
values, three types of specification of k were considered:
1. Inlet k is assumed to be a constant obtained from the average

inlet axial velocity:
k = 0.03 uy,0? (8.1)

2. Inlet k is allowed to vary with radius and is a function of

‘local inlet time-mean axial velocity at each radial location

k = 0.03 u,’ (8.2)
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3. Inlet k is allowed to vary with radius and is a function of

local inlet total time-mean velocity at each radial location

k = 0.03 (ug2 + vy2 + w

0% + W) (8.3)

The factor 0.03 in these equations is the recommended constant given an
inlet relative turbulence intensity of 0.245. Predictions using these
three inlet k assumptions with realistic inlet velocity values (measured
u, v, and w velocities are given in part (a) of Tables VX and XVI, and
in Tables XIX and XX. Parts (a) and (b) of Tables XIX and XX display
the predicted axial and swirl velocities for swirl vane angles 45 and 70
degrees, respectively. These tables illustrate that there is little
change in velocity predictions with changes in the inlet k
specification. The third expression for the inlet k looks like the most
realistic one, therefore, it has been chosen for all further

predictions.

8.2.2.2 Effect of Inlet Velocity Profiles. Numerical predictions

of confined turbulent swirling flows are presented using various inlet
velocity starting conditions for the case of swirl vane angles equal to
45 and 70 degrees. In all cases considered, the inlet kinetic energy of
turbulence k is specified as in the third case of the previous sub-
section, that is the total local time-mean velocity magnitude has been
used in specifying k at any radial position across the inlet domain.

The inlet dissipation rate is specified as in a generally accepted way
(14, 58). The validity of the flowfield predictions resulting from the
choice of inlet profiles is assessed by comparing the predicted velocity

profiles with corresponding experimental velocity profiles (10, 37).
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Four possible specifications of the inlet velocities are
considered:
Case 1. Flat inlet axial and swirl velocities with radial velocity

zero are assumed. that is, both u and w are constant valued:

u, = constant
Wy = Ug tan ¢
where ¢ is the swirl vane ang]é.
Case 2. As Case 1, except that the inlet swirl velocity profile is

assumed to be that of solid body rotation:

Ug = constant

Wo = Wp g o r/R

where Yo is the maximum orifice values of w which occurs at the outer
edge r = R of the inlet. The value of ¥m.o is so chosen as to maintain
the swirl number S' the same as Case 1 for similarity purposes is now

described. Defining

_ 0
S = 5472 (8.4)
X
where
Ge = [ (ouw + pu'w')r2 dr (8.5)
0

is the axial flux of swirl momentum, including the x-6 direction turbu-

lent shear stress term
6, = (ou? + (p-p,)) rdr (8.6)
0

is the axial flow of axial momentum including the x direction turbulent

normal stress term and a pressure term,

oo
i
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One useful deduction is possible when solid body rotation plug flow
is assumed at the nozzle. That is, axial velocity u is a constant flow
profile and swirl velocity w increases from 0 (at r = 0) to ¥m,o (at r =
d/2), the outer wall of the nozzle. Then local static pressure p and

local swirl velocity w are related via

1 22 :
P-p,=-7eW -w ) ‘

where

Po = Static absolute pressure at r = d/2 at the inlet station,
x/0 = 0.

If the pressure contribution to Gy is retained in the form of a
w2/2 term, but the turbulent stress terms are omitted, the analysis

leads immediately to

)3

o

8 - %'p Uy Wpo (d/2
6, =% 0 uy (4/2)° (1 - (6/2)°)

where G = Wmo/Uo represents the ratio of maximum velocities measured at

the exit plane. Thus the swirl strength can be inferred from

5= —BE (8.7)
1 - (6/2)

if pressure is included in the G, definition, and
S' = 6/2 (8.8)

if pressure is omitted in Gy. Both S and S' are called swirl numbers,
but a given velocity distribution gives different S and S' values. The
theoretical S vs. G seems to be valid only for low swirl strengths with

S < 0.2, see Refs. 1 and 113, For higher degrees of swirl, however, the
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axial velocity distributions deviates from plug flow considerably - the
major portion of the flow leaves the orifice near the outer edge (1, 3,
11, 113, and 114). Then measured S values (including pressure contri-
bution) are higher (114) than measured G values would suggest via Eq.
(8.7). In many practical experiments, S' values are calculated and
quoted based on experimental swirler exit velocity profiles only, with
the pressure contribution omitted, see for example, Ref. 115 Pressure
variations still exist, although quoted S' values do not make use of
these values. Under these circumstances, for a vane swirler with swirl

vane angle ¢, it can be shown (116) approximately that

1 - (d,/d)°

S! =-% tan ¢ (8.9)

1- (d,/d)°
with plug flow solid body rotation exit velocity profiles. Table XXI
reveals how ¢, S' and G are related under such conditions for the swirl
vane angles of special interest.

In this study, the swirl velocity is deduced in the manner
[6 ~S' ~ G], with appropriate radial gradients being automatically set
up in the computer program. Notice that a gross error would be made if
Eq. (8.7) were to be used to set up the inlet velocities [¢ ~ S ~ G],
since Eq. (8.9) is valid for S' values, not S values. In fact, corres-
ponding G values would be much lower than those of Table I, with G
asympotically approaching 2 and ¢ and S tend to 90 degrees and =,
respectively.

Case 3. Measured inlet axial and swirl velocities are used (28)

with radial velocity assumed to be zero.
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Case 4. Measured inlet axial, radial and swirl velocity values are
used, taking data from recent hot wire data in close vicinity of the
swirler exit.

Consider first the flowfield resulting when the inlet swirl vane
angle is 45 degrees. Figures 26a through 29a show 6fedicted velocity
profiles at various downstream axial stations, obtained when the inlet
velocity profiles are specified by Cases 1 through 4 respectively.
Inspection of these figures is quite revealing and may be assessed in
the Tlight of pitot probe and hot wire experimental data (9, 10).

Cases 1 and 2 for swirl vane angle ¢ = 45 degrees covered in
Figures 26a and 27a give central recirculation zones terminating at
about X/D = 2,0, with the first case having a wider and slightly longer
zone. The central recirculation zones extend beyond 2.5 chamber
diameters downstream of the inlet domain for the Cases 3 and 4, for the
same swirl strength as can be seen in Figures 28a and 29a. Case 3 shows
a thicker boundary layer at the wall than case 4. [Initial spreading
rates vary considerably: only in Cases 3 and 4 does the central recir-
culation zone begin immediately on entry to the larger chamber, with
Case 4 spreading most rapidly in the initial region. Cases 1 and 2 do
not possess enough centrifugal effect because of their unrealistic inlet
swirl velocity profiles. Also, Cases 1 through 3 do not have a radial
component of velocity to encourage inlet radial spreading of the stream-
lines, These inlet flow ideas may be confirmed by observing the size of
the corner recirculation zone. Cases 2 and 4 exhibit shorter corner
zones, with only Case 4 also possessing the correct central activity
near the inlet -- rapid spreading with a central recirculation flow

beginning immediately. Comparison of the predictions with the
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experimental data (9, 10) as shown in Figure 13 clearly indicates that
the inlet conditions of Case 4 are superior in allowing realistic flow-
field predictions.

Figures 26b through 29b correspond to Figures 26a through 29a but
with the swirl vane angle increased to 70 degrees. Now the strong
centrifugal forces present in the incoming flow play their.part.
Initial spreading rates are very high with no corner recirculation zones
in all cases, except that of Case 3 seen in Figure 28b. All central
recirculation zones begin immediately at the inlet and are much wider
and longer than those with ¢ = 45 degrees. Cases 1 and 2 predicted the
centerline velocity more closely to the experimental data than Cases 3
and 4, However, the swirl velocity profiles are better predicted in
Cases 3 and 4 than the other cases.

A general deduction may be made from Figures 26 through 29 when
compared with the experimental data (9, 10). Results demonstrate that
the type of inlet velocity profiles shows a clearer effect on the pre-
dictions of the 45 degree swirl vane angle flowfield than the corres-
ponding one of 70 degrees. Also, it shows that realistic predictions
are forthcoming only from the inclusion of the most accurate axial,
radial and swirl velocity profiles as inlet conditions. Similar
conclusions were reported by Abujelala and Lilley (2) using the STARPIC

computer program along with the standard k-e turbulence model.
8.3 General Predictions for Flowfield with D/d = 2

The effects of swirl strength and downstream contraction nozzle are
discussed in this section. In discussing the effects of swirl strength,

the velocity field predictions for swirl vane angles of 0, 45, and 70



70

degrees, using measured swirler exit u, v and w velocity profiles in
each case, are considered. Two ratios are employed in the investigation
of the influence of downstream contraction nozzle. As mentioned
earlier, the predictions are obtained via the STARPIC computer code
along with the modified k-¢ model; the model parameter Cu formulation is

described in Section 7.4.

8.3.1 Effects of Swirl Strength

The effects of swirl strength on the flow pattern are firstly
investigated via a flow visualization technique, which uses neutrally-
buoyant helium-filled soap bubbles, as shown in Figure 30. This figure
shows the swirl effects qualitatively. To obtain quantitative values,
predictions were made for different swirl strengths. The velocity field
predictions for swirl vane angles 0, 45, and 70 degrees are displayed in
Figure 23 and parts (a) and (b) of Figure 29, respectively. The corres-
ponding three-dimensional representations are given in Figure 31. Here
the ordinate of normalized axial velocity is shown impressively as a
function of normalized flowfield position. The flow is from right to
left, with the sizes and shapes of corner and central recirculation
zones being clearly evident, along with the axial and swirl velocity
magnitudes.

The predicted effects of swirl shown in Figures 23 and 29 confirm
in general the well-known ideas about swirl effects on axisymmetric
turbulent confined jet flows (115). Under nonswirling conditions a

large corner recirculation zone exists which extends approximately to

x/D = 2.3 for the expansion geometry D/d = 2 and to x/D = 1.25 for

D/d = 1.43, see Refs. (93) and (117). Both these results are consistent
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with an attachment point about 8 step heights downstream of the expan-
sion plane, as found by other researchers (9, 20, 26). The centerline
axial velocity changes gradually from its inlet value as downstream
development occurs. However, as the degree of inlet swirl is increased
to 45 degrees, axial velocity profiles change dramatically. Near the
inlet a central toroidal recirculation zone appears and the corner
recirculation zone shortens considerably. Under strong swirl condition
of equal to 70 degrees, a much wider central recirculation region is
established. It promotes a very large forward velocity near the
confining walls rather than a corner recirculation region,

Generally, the following results can be drawn from Figures 23 and
29:

1. The higher the swirl strength, the higher the centrifugal
force, hence the larger the central recirculation zone core diameter;

2. The stronger the swirl strength, the longer the central zone
extends downstream;

3. The corner recirculation zone size reduces sharply as swirl

strength increases.

8.3.2 Effects of Downstream Contraction Nozzle

This section discusses the prediction of the flowfields with a
downstream contraction nozzle located at L/D =1 and 2 for nonswirling,
moderate and strong swirl strengths, which correspond to swirl vane
angles ¢ = 0, 45, and 70 degrees, respectively. Two nozzles of area
ratio 2 (weak) and 4 (strong) are being used. The weaker one has its
upstream face contoured in a quarter circle; the stronger one has its

upstream face in a 45 degree slope. These are typical of exit nozzle
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for ramjet and gas turbine combustors, respectively, and shown
schematically in Figure 2.

! The nozzle area ratio and location effects on the predicted flow-
field, using the STARPIC'computer code with the standard k-¢ model, were
discussed at length by Abujelala and Lilley (2). They reported that the
weak nozzle produces minor effects on the predicted flowfield, espe-
cially at low swirl strengths and at high L/D value. The finding.can be
seen in Figure 30, which displays the flowfield photographically.
Therefore, only the strong nozzle effects are explored numerically in
the present study, with the nozzle located at axial stations L/D = 1 and
2 downstream of the domain inlet.

Under nonswirling conditions, the blockage effects are minimal at
either nozzle location -- the central forward flow is accelerated and
the large corner recirculation remains. Under intermediate and strong
swirl conditions, however, the effects of the 4 to 1 area reduction are
dramatic at either nozzle location. The corner recirculation zone is
encouraged to occur. This is expected due to the grid size near the
nozzle wall; the nozzle should accelerate the flow. The central recir-
culation zone is removed, particularly for the moderate swirl strength,
and a small annular recirculation zone is formed for the strong swirl
strength flowfield, as also found experimentally (9, 10), and
numerically (48). These effects are seen in parts (a) through (c) of
Figures 32 (with L/D = 1) and 33 (with L/D = 2) for swirl vane angles
¢ = 0, 45, and 70 degrees, respectively. These figures show axial and
swirl velocity profiles and may be compared with the earlier Figures 23
and 29 which were for the open-ended flowfield. The strong contractions

also result in very large swirl velocity magnitudes and gradients in
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central core regions, which prevail throughout the flow domain for both
moderate and strong swirl strengths.

Genéra]]y, the predicted nozzle effects on the flowfield character-
istics are in good agreement with the experimental data (9, 10), except
the values just upstream of the nozzle obstacle; the predictions show a
small corner recirculation zone. However, the experimental data display
an accelerated flow near the wall. It is expected that better predic-
tions will be obtained if the grid size is further refined, especially
near the nozzle location.

8.4 General Predictions for Flowfield
with D/d = 1.5

8.4.1 Effects of Swirl Strength

The time-mean axial and swirl velocity profiles were predicted for
nonswirling, moderate and strong swirl flows which correspond to swirl
vane angles of 0, 45 and 70 degrees, respectively, as shown in parts
(a), (b) and (c) of Figure 34. Inspection of this figure reveals that
the size of the corner recirculation zone reduces and the central recir-
culation zone builds up as swirl strength increases. These observations
are in accord with the results in Section 8.3.1. The predicted axial
and swirl velocity values are higher than the corresponding ones for the

flowfield with D/d = 2 as a result of the flow area reduction.,

8.4,2 Effects of Downstream Contraction Nozzle

In these particular predictions, a contraction nozzle of area ratio
4 is located only at L/D = 2 downstream of the inlet domain, since

inspection of Figures 32 and 33 shows that the nozzle produces
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comparable effects at either one or two diameters downstream of the
inlet. The predicted axial and swirl velocity profiles for swirl vane
angles of 0, 45 and 70 degrees are displayed in parts (a), (b) and (c)
of Figure 35, respectively.

Comparison of the predicted velocity profiles displayed in Figure
33 and the corresponding ones of Figure 35 reveals that the presence of
the nozzle produces effects similar to those reported in Section
8.3.1. However, the absolute velocity magnitudes are higher. The small
central recirculation zone which appears in Figure 33c is not seen in
part (c) of Figure 35, for the case of ¢ = 70 degrees.

8.5 General Predictions for Flowfield
with D/d = 1

8.5.1 Effects of Swirl Strength

The previous sections describe a flowfield with an abrupt expan-
sion. That flowfield has been found to be characterized by a complex
flow with recirculation zones. This section discusses a flowfield that
is found in a circular cross-sectioned duct flow without inlet expan-
sion. The predicted results are computer plotted and displayed in
Figure 36, Three swirl strengths vary from zero to strong swirl as
described in Section 8.3.1 are shown in parts (a), (b) and (c) of this
figure. Figure 36 shows no corner recirculation zone for nonswirling
and moderately swirling flows. However, the strongly swirling flow
(¢ = 70) shows a very small central recirculation zone close to the
domain inlet. This is expected due to the balance between the kinetic
energy of the flow and the centrifugal force at low and moderate swirl

strengths. The aforementioned observations, extracted from Figure 36,
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are in accord with expectations. Vortex breakdown may occur only in

high swirling flows (6).

8.5.2 Effects of Downstream Contraction Nozzle

The predictions presented in this section are similar to the ones
of Section 8.3.1 and 8.4.1, except that there is no flow expansion in
the present case, and more uniform flow approaches the nozzle. The
predicted profiles for time-mean axial and swirl velocity for swirl vane
angles of 0, 45 and 70 degrees are disp]ayed‘in Figure 37. Inspection
of this figure reveals that the general effects of the presence of the
nozzle are again expected. The flow accelerates as the nozzle is
approached. The central recirculation zone disappears, even at the
highest swirl strength considered.

8.6 General Predictions with Standard
k- Model

Previous predictions shown so far have been obtained with the Cu
formulation model and general flow trends exhibited. How do these
predictions compare with standard k-¢ model predictions? It is inter-
esting to see and compare the possibilities. Indeed, for the D/d = 2
case, predictions were given in Ref. (2) for the open-ended flow and the
flow with a strong nozzle at L/D = 2. These may be compared with
Figures 29 and 33, respectively, of the present study. Corresponding
results for D/d = 1.5 are given in Figures 38 and 39, and these may be
compared with Figures 34 and 35. similar results for D/d = 1 are given

in Figures 40 and 41 and these may be compared with Figures 36 and 37.
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8.7 Summary and Discussion

8.7.1 Effects of Expansion Ratio and Swirl Strength

Sections 8.3.1 and 8.6 have shown that the expansion ratio can
considerably affect the aerodynamics, flame shape, heat transfer and
stability limits, especially at high expansion ratio and high swirl
strength. However, a few studies of the effect of levels of expansion
upon confined swirling and nonswirling jets have been found in the
literature. The reattachment point (the point at which the dividing
streamline strikes to the wall) has been found of particular interest in
studying the effects of expansion on nonswirling flow, and thus expan-
sion effects on the axial extent of the flow separation regions (118-
121).

In this study three expansion ratios are considered: 2, 1.5, and
1. Computer plots of predicted streamline patterns using the Cu formu-
lation model for each expansion ratio for 0, 45 and 70 degrees of swirl
respectively, are displayed in Figures 42 through 44. Part (a) of these
figures rébresenp flowfield patterns for nonswirling flow, and parts (b)
and (c) show the streamline plot for ¢ = 45 and 70 degrees,
respectively.

Comparison between part (a) of Figure 42 through Fiqure 44 reveals
that the length of the corner recirculation zone (CRZ) increases aimost
linearly with expansion ratio. These figures show that the CRZ extends
to about 3, 2 and 0 times the combustion chamber diameter for D/d = 2,
1.5 and 1, respectively. These results are in accord with the finding
of Beck and Roschke (118), who reported that the reattachment length

should increase linearly with both Reynolds number and the dimensionless
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geometric ratio of step height and inlet nozzle diameter. In addition,
the maximum reattachment length and the Reynolds number at which this

occurs, depends on the type of inlet velocity profiles and on the flow

geometry (119).

Parts (b) and (c) of Figures 42 through 44 show effects of the
expansion ratio and swirl strengths on the width and length of the
central recirculation zone. It is clear from inspection of these
figures that the expansion ratio alters the streamline patterns of the
flowfield. In the case of 45 degrees swirl, it seems that as the
expansion ratio decreases, the beginning of the central recirculation
zone moves further downstream of the inlet to the flow domain; as the
expansion ratio approaches one, no recirculation zone occurs in the flow
domain. However, the effects of reducing the expansion ratio on a ¢ =
70 degree flowfield are seen to be that the central recirculation zone
sharply reduces in size, becoming very small as the expansion ratio

reduces to the nonexpanded case.

8.7.2 Superiority of the Cu Formulation Model

Comparison of general time-mean velocity experimental data of Refs.
(9, 10, 122), obtained using a five-hole pitot probe and hot-wire,
indicate that the predictions using the proposed Cy formulation are
superior to these using the standard k-¢ model. This is especially true
regarding the central recirculation core diameter and length, and magni-
tudes of axial and swirl velocities. Figures 13, 14, 23 through 25, 45
and 46, give predictions with the C formulation model and compare them
with experimental data. The agreement is generally very good and better

!

than would be seen were the standard k-e predictions used instead.
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8.8 Closure

A numerical prediction using the k-e turbulence model, with Cu
formulation obtained from recent experimental data, and different inlet
flow boundary condition assumptions has been applied to a confined
swirling flow. Inlet flow boundary conditions have been demonstrated to
be extremely important in simulating a flowfield via numerical calcula-
tions. Predictions with eithef flat inlet profiles, solid body rotation
or zero radial velocity are inappropriate.

Predictions are given for a full range of swirl strengths using
measured inlet axial, and swirl velocity profiles. The predicted
velocity profiles illustrate the large-scale effects of inlet swirl on
flowfields. Predictions are included for the effects of the presence of
a strong downstream contraction nozzle and the expansion ratio on the
flowfield. It appears that a strong nozzle has pronounced effects on
swirl flow cases, with discouragement of central recirculation zones,
and forward flow in highly swirled vortex core regions further (
downstream. The egpansion ratio value has large-scale effects on the

size and location of the recirculation zones.
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CHAPTER IX
CONCLUSIONS AND RECOMMENDATIONS
9.1 Conclusions

Upon the completion of this numerical study for the two-dimensional
axisymmetric confined turbulent swirling flow, the following conclusions
were reached:

1. 1Inlet flow boundary conditions have been demonstrated to be
extremely important in simulating a flowfield via numerical calcula-
tions. Prediction with either flat inlet profiles, solid body rotation
or zero radial velocity are inappropriate.

2. The presence of a downstream contraction nozzle has shown
considerable effects on the flowfield characteristics. It appears that
a weak nozzle has only a minor effect on the flow. In the swirl flow
cases, a weak nozzle leads to the discouragement of central recircu-
lation zones with stronger vortex cores downstream possessing negative
axial velocities. A stronger nozzle has more pronounced effects on
swirl flow cases, and forward flow in highly swirled vortex core regions
further downstream.

3. The degree of swirl strength and the expansion ratio have
strong effects on the characteristics of confined turbulent swirling
flow. In a nonswirling flow, a large corner recirculation zone exists
in the flowfield with an expansion ratio greater than 1. However, as

the degree of inlet swirl increases, the size of the zone decreases and

79



80

a central recirculation zone appears near the inlet. Generally, the
size of the central zone increases with swirl strength and expansion
ratio.

4. Neither the standard k-c¢ model nor its previous extensions show
effective capability of predicting confined turbulent swirling flows.
However, either deduced optimum values of three parameters in the model
or the emperical C, formulation obtained via careful analysis of the
available turbulence data can provide more acceptable accuracy in the

prediction of these swirling flows.
9.2 Recommendations

Turbulence modeling has taken the attention of many investigators
over the years. The complexity of the subject has limited the use of
proposed models to the flow cases that they were derived for. The range
of the applicability of these models can be extended through simple
modifications to their parameters. This study exemplifies the extension
of the k-¢ model to confined turbulent swirling flows.

In derivation of the proposed Cu formulation, the time-mean
velocity axial gradients were ignored because of lack of detailed data.
As mentioned in Cﬁapter VI, this assumption may lead to false conclu-
sions in regions of high recirculation. Therefore, it is advised to
evaluate the effects of inclusion of the velocity axial gradients on the
proposed model assumptions. Also, this evaluation can be obtained
through a careful measurement of the length scale. Finally, near wall

turbulence data are needed to examine the model performance close to the

wall.,
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TABLE 1

PREVIOUS NUMERICAL STUDIES OF SWIRLING FLOW

Ref/Year Flow Type Method of Prediction Main Parameters Discussed
23/1975 Axisymetric incompressible 2-D ¢, w Flame circulation, effect of inner and
turbulent swirling flow. k, € outer swirl, axial velocity ratio and
Reynolds number on recirculation zone.
24/1976 Recirculating swirling turbulent 2-D ¢, w Disc torque and stream function,
flow in rotating disc systems. k, e tangential velocity contours and
turbulence parameters.
22/1976 Inert and reacting recirculating 2-D p, u, v Effect of swirl number and vane angles
flow with strong swirl in an k, & on flowfield.
axisymetric combustor.
25/1978 Advanced combustion systems of 3-D p, u, v, Prediction of stream flame, velocity,
reverse flow annular configuration. w, k-¢ fuel air ratio and temperature
profiles.
26/1979 Axisymetric prechamber dump 2-D p, u, v Expansion ratio, swirler dimension and
combustor k-€ double concentric reverse swiler
27/1979 Three-dimensional, swirling 3-D, p, u, v Velocity, temperature and Nusselt
recirculating turbulent flow k- and 2 number distributions.
inside can combustors.
28/1981 Turbulent swirling flow in 2-D p, u, v Recirculation zones characteristics
axisymetric combustor geometries. k-€ and velocity profiles.
29/1983 Axisymetric turbulent reacting 2-D p, u, v Velocity and temperature profiles,
and nonreacting swirling flows. k-€, Two-step and carbon monoxide and nitrogen oxide
global reaction distributions.

26



TABLE II

PREVIOUS EXPERIMENTAL STUDIES OF SWIRLING FLOW

Ref/Year Flow Type Method of Measurement Main Parameters Evaluated

30/1962 Reacting and nonreacting flow in Water coled three- Mean velocity profiles, recircu-
an aircraft and an industrial dimensional pitot lating boundaries and turbulence
type combustor. probe contours.

31/1967 Free and enclosed swirling jets Pitot probe Swirler efficiency, velocity
from vane swirlers. profiles and recirculation zone

size.

32/1974 Turbulent swirled flow in a ‘ Hot-wire anemometer Effect of swirl intensity on
cylindrical tube. and pressure probe velocity profiles and on

distribution of the eddy stress
tensors.

33/1976 Initial mixing region of Laser velocimeter Axial and tangential mean velocity
confined turbulent diffusion profiles, rms and probability
flame burner. density distribution of velocity

fluctuations.

34/1978 Swirled turbulent flow in Pressure probes Stresses tensors and turbulent
cylindrical channels, viscosities and effect of

centrifugal forces on the momentum
transport in the flow.

35/1980 Confined coaxial jets with Pressure probes, Influence of confinement and swirl
and without swirl. hot-wire and laser on the flow and mean velocity

dopples anemometer measurements.

36/1981 Coaxial jets discharging into Laser doppler Mean and fluctuating velocity and

a large axisymetric duct.

velocimeter

concentration distributions.
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37/1982

38/1982

39/1982

Confined swirling recirculating
flow in axisymetric combustor
geometrics.

Coaxial jet mixing in a pipe
under coswirl and counterswirl
conditions.

Confined jet with and without
swirl,

TABLE II (Continued)

5-Hole pitot probe

Pitot probe and
hot-wire anemomenter.

Six-orientation
hot-wire

Effects of swirl strength and end
boundary on the main velocity
profiles.

Mean velocity profiles and recircu-
lation zone.

Mean and fluctuating velocity
profiles.
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TABLE III

THE TORM OF THE COMPONENTIS OF
THE LINEARIZED SOURCE
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4 Y
5 T - ) ?
5 Sp /Vol Su /Vol.
1 0 0 0
u ’ 0 st .2
ax
2,
v 1 -2 2 sV 42 _ 2P
r2 r or
ovw W
W u 0 - - r2 3 (ru)
k u/o -CcC pzk/u G
k u'D
€ u/cE - Czoe/k ClCuGok/u
In this table certain quantities are defined as follows:
w_ 8 3w, 1. 3, &
S° = 90X G Sx) + r dr (ru X )
v _ 3 3,13 3
S = % (u Br) t 3 (ru or )
Ju 2 v 2 v 2 ou oV 2
= — —_— — + (— + —
6 = w20 +GH + DY+ G
2 2
3 W ow
— — + so—
rirs Gy + G ]
where g = u and Vol. stands for the cell control volume.
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TABLE IV

THE k-e EMPIRICAL CONSTANTS
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TURBULENCE PARAMETERS FOR SWIRL VANE ANGLE ¢ = O DEGREES

TABLE V

Q0000000000000 000O0

(8) upy/(p ug D) x 100

X/0

R/0O 0.0 0.3 1.0 .8 2.0 25
.425 0.058 0.104 0.208 0.470 0.038 0 042
. 400 0.104 0.234 0.153 0.853 0.108 0 104
.375 0.083 0.417 0.079 0.102 0.512 O 184
.350 0.273 0.209 0.061 0.075 0.492 0.321%
.325 0.720 0.048 0.07S 0.105 0.423 0.646
.300 0.189 0.033 0.132 0.173 0 455 0 543
.275 0 306 0 069 0.190 0.329 0.456 0 512
. 250 0.021 0.086 0.143 0 279 0.743 0.463
225 0.003 0.026 0.112 0.287 0.576 0.557
.200 0.063 0.023 0.112 0.273 O 688 0.680
175 0.008 0.129 0.077 0.183 1.500 0.514
150 0.025 0.450 0.066 0.158 1.199 0.599
. 125 0.017 0.500 0.121 0.115 1.275 1.433
. 100 0.025 0.087 2.900 0.120 0.833 2.190
.075 0.017 0.038 0.400 0.156 1.906 1.738
.050 0.025 0.029 0.550 0.203 2.134 1.488
.025 0.005 0.050 0.082 0.326 1.528 1.620
. 000 0.003 0.128 0.048 0.323 7.725 2.206
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TABLE V (Continued)

x/D
R/0 0.0 0.5 1.0 1.8 2.0 28
0.425 0.202 0.366 0.277 0.471 0.043 0.054
0.400 0.309 0.582 0.170 0.884 0.107 0.110
0.375 0.193 0.655 0.084 0. 107 0.446 0.167
0.350 0.619 0.329 0.060 0.076 0.391 0.273
0.325 1.393 0.059 0.059 0.t07 0.310 0.507
0.300 0.372 0.039 0.095 0.170 0.310 0.398
0.275 0.610 0.177 0.126 0.294 0.295 0.353
0.250 0.039 0.071% 0.093 0.239 0.455 0.299
0.225 0,014 0.023 0.077 0.249 0.339 Q.346
0.200 0.347 0.047 0.084 0.2414 (.391 0.411
0.175 0.046 0.261 0.075 0.164 .828 0.301
0. 150 0.139 1.118 0.118 0.437 0.644 0.3414
0.128 0.107 1.242 0.246 0.093 0.668 0.806
0.100 0.160 0.281 7.205 0.092 0.427 1.217
0.075 0.107 0.123 0.994 0.113 0.964 0.944
0.050 0.160 0.092 1.933 0.135 1.060 0.797
0.025 0.039 0.143 0.289 0.194 0.752 0.860
0.000 0.022 0.347 0.169 0.161 A.774 1.145
(b) ¢/D
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TABLE V (Continued)

xX/0
R/0 00 0.5 1.0 .8 2.0 25
0.425 0 044 0.047 0.093 0.108 0.011 0.013
0.400 0 074 0.086 0.045 0.169 0.023 0.023
0.375 0.045 0.132 0.018 0.0148 0.088 0.033
0.350 0 079 0.05%6 0.011 0.0t ¢ 0.077 0.049
0.325 0.424 0.011 0.011 0.015 0.058 0.082
0.300 0.t16 0.007 0.017 0.021 0.059 0.063
0.275 0.130 0.009 0.023 0.03t 0.056 0.056
0.250 0.003 0.011 0.0t7 0.030 0.084 0.050
0.225 0.001% 0.006 0.014 0.035 0.062 0.059
0.200 0.056 0.008 0.016 0.035 0.071 0.0714
0.175 0.026 0.044 0.016 0.025% 0. 146 0.053
0.150 0.079 0.179 0.022 0.024 0.111% 0.061
0.125 0.083 0.224 0.048 0.023 0.112 0. 126
0.100 0.079 0.074 1.204 0.028 0.070 0.148
0.075 0.053 0.034 0.200 0.039 0.152 0.119
0.050 0.079 0.026 0.303 0.052 0.161 0.108
0.025 0 016 0.050 O 049 0.081 0.110 0.122
0.000 0.009 0.125 0 030 0.079 0.525 0.180
(c) 2,/
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TABLE V (Continued)

] x/D
R/D 00 0.5 1.0 1.5 2.0 2.5
0.425 0.001 0.001 0.007 0.012 0.010 0.008
0.400 0.001 0.002 0.010 0.012 0.012 0.011
0 378 0.002 0.00% 0.0141 0.011 0.016 0.015
0.350 0.002 0.005 0.013 0.012 0.019 0.017
0.325 0 003 0.008 0 020 0.012 0.023 0.020
0.300 0.003 0.012 0 024 0.013 0.027 0.023
0.27% 0.003 0.002 0.028 0.015 0.030 0.026
0.250 0.004 0.048 0.029 0.017 0.033 0.030
0.225 0.000 0.016 0.026 0.016 0.036 0.032
0.200 0.000 0.003 0.022 0.016 0.038 0.034
0.17s 0.000 0.003 0.013 0.015 0.041 0.036
0.150 0.000 0.002 0.004 0.017 0.043 0.038
0.125 0.000 0.002 0.003 0.019 0.045 0.039
0. 100 0 000 0.001 0.002 0.021 0.047 0.040
0.075 0.000 0.001 0.002 0.023 0.048 0.042
0.050 0.000 0.001 0.001 0.028 0.050 0.043
0.025 0.000 0.002 0.001 0.035 0.051 0.044
0.000 0.000 0.002 0 001 0.050 0.052 0.046
2
(d) k/ug
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TABLE VI

TURBULENCE PARAMETERS FOR SWIRL VANE ANGLE ¢ = 45 DEGREES

(@) wpy/(p ug D) x 100

x/0
R/0 0.0 0.% 1.0 .8 2.0 2.5
0.425 0.000 0.167 0.247 0.781 0.493 0.917
0.400 0.486 0.227 0.239 t.071 0.568 1.250
0.375 1.164 0.581 0.246 0.898 0.819 3.750
0.350 0.577 0.091 0.246 0.523 0.405 3.133
0.325 0.337 0.174 0.217 0.590 0.906 1 000
0.300 0. 117 0.270 0.237 1.176 0.750 0.548
0.275 0.125 0.110 0.337 0.781 7.900 0.446
0.250 0.0t3 0.219 0.266 0.580 0.800 0.268
0.225 0.018 0.403 0.230 0.860 1.750 0.192
0.200 0. 145 0.388 0.921 0.739 1.964 0.136
0.175 0.106 0.472 0.465 0.875 1.200 0.104
0. 150 0.083 0.983 0.430 0.029 0.208 0.103
0.125 0.071 2.575 0.500 0.370 0.116 0.097
0. 100 0.045 1.596 0.744 0.015 0.061 0.089
0.075 0.047 2.250 1.094 0.288 0.066 0.084
0.050 0.102 2.068 1.950 0.319 0.142 0. 108
0.025 0.376 11.875 0.048 0.588 0.218 0.180
0.000 O 425 1.042 0.038 0.846 0.446 O 183
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TABLE VI (Continued)

X/D
R/0 0.0 0.3 1.0 1.8 2.0 2.9
0.42% 0.000 0.066 0.158 0.734 0.707 1.217
0.400 0.493 0.087 0.158 1.006 0.815 1.964
0.37S 1.233 0.213 0.170 0.875 1.287 6.588
0.350 0.641 0.034 0.176 0.510 0.581 5.505%
0.325% 0.374 0.077 0.163 0.599 1.299 {1.571
0.300 0.124 0.134 0.187 1.193 0.996 0.860
0.27% 0.127 0.060 0.272 0.761 10.492 0.701
0.250 0.012 0.138 0.220 0.566 0.994 0.421%
0.225 0.016 0.283 0. 196 0.808 2.050 0.275%
0.200 0.104 0.291 0.785 0.694 2.081% O {180
0.175 0.05%9 0.391% 0.408 0.853 4.333 0.149
0.150 0.044 0.838 0.377 0.028 0.244 0.148
0.125 0.039 2.262 0.439 0.348 0.144 Q.128
0. 100 0.028 1.360 0.675 0.014 0.071 0.110
0.075% 0.035 1.917 0.992 0.271 0.070 O 089
0.050 0.100 1.762 1.7143 0.3114 0.144 0.109
0.025 0.440 9.835 0.041 0.5873 Qg.213 0.t73
0.000 0.528 0.863 0.032 0.858 0.392 0. 148
(b) 2/0

201



TABLE VI (Contfnued)

x/0
R/D 00 0.% 1.0 1.8 2.0 2.9
0.425 0.000 0.03¢6 0.028 0.121 0.083 0.235
0.400 0.076 0.044 0.029 o 121 0. 108 0.181
0.375 0.122 0.035 0.030 0.110 0. 160 0.310
0.350 0.092 0.007 0.032 0.076 0.084 0.282
0.325 0.057 0.016 0.03t% 0.090 0.139 0. 146
0.300 0.024 0.029 0.034 0. 1814 0.152 0.099
0.275 0.019 0.013 0.050 0.104 0 632 O 083
0. 250 0.002 0.028 0.040 0.088 0.190 0.053
0.228 0.003 0.055 0.047 0.122 0.349 0.043
0.200 0.015 0.057 O 087 0. 106 0.242 0 034
0.175 0.009 0.072 0.087 0.110 0.142 0.027
0. 150 0.007 0.117 0.0714 0.004 0.037 0 027
0.125 0.008 0.186 0.079 0.050 0.020 0.024
0.100 0.007 0. 144 0.081 0.003 0.0114 0 021
0.075 0.008 0.117 0.077 0.038 0.013 0.017
0.050 0 021 ©.099 0.107 0.042 0.0249 0.019
0.025 0.067 0.333 0.019 0.062 0.041 0.026
0.000 0.069 0.142 0.018 0.084 0.107 0.027
(c) 24/
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TABLE VI (Continued)

X/0

R/0 0.0 0.9 1.0 1.8 2.0 29
0.425 0.013 0.079 0.030 0.014 0.006 0.007
0.400 0.012 0.085 0.028 0.014 0.006 0.005
0.375 0.011 0.092 0.026 0.013 0.005 0.004
0.350 0.010 0.089 0.024 0.013 0.006 0.004
0.325% 0.010 0.064 0.022 0.012 0.006 0.005
0.300 0.011 0.050 0.020 0.012 0.007 0.00%
0.275 0.012 0.041 0.019 0.013 0.007 0.005
0.250 0.014 0.031 0.018 0.013 0.008 0.005
0.228 0.017 0.025 0.0t7 0.014 0.009 O 006
0.200 0.024 0.022 0.017 0.014 0.011 0.007
0.175 0.040 0.018 0O 016 0.013 0.010 O 006
0.150 0.044 0.017 0.016 0.013 0.009 0.006
0.125 0.040 0.016 Q0.0t6 Q.04 0O 008 0 007
0.100 0.032 0.017 0.015 0.014 0.009 0.008
0.075% 0.022 . 0.017 0.015 0.014 0.011% O Ot
0.050 0.013 0.017 0.016 0.013 0.012 0.012
0.025 0.008 0.018 0.017 0.013 0.013 0.015
0.000 0.008 0.018 0.017 0.012 0.016 0.019

(d) k/uo2
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TABLE VI (Continued)

x/D
R/D 0.0 0.5 1.0 1.5 2.0 2.8
0.425 0.000 0.030 0.136 0.324 0.890 2.200
0.400 2.995 0.060 0.313 4,385 2,153 6.375
0.375 7.548 0.320 0.565 4.123 3.410 28.751
0.350 3.297 0.118 0.518 2.223 2.663 28. 107
0.325 2.1497 0.257 0.402 1.849 7.1014 9.485
0.300 0.586 0.008 0.688 4.849 5.338 4.929
0.275 1.03% 0.242 1.256 4.839 52.241 3.823
0.250 0.198 0.958 0. 186 3.217 4.876 2 813
0.225 0.222 1.8146 0.816 4.747 8.848 2.149
0.200 0.470 1.8014 7.912 3.663 8.525 1.796
0.175 0.318 1.668 2.470 3.860 4.476 1.830
0.150 0.646 2.504 1.739 0. 108 0.992 1.58%
0.125 0.682 5.430 2.207 1.348 0.831¢ 1.258
0.100 0.230 4.371 2.994 0.057 0.499 1.060
0.075 0.011 1.286 2.199 0.888 0.526 0.797
0.050 0.301 2.734 7.039 1.808 1.476 0.974
0.025 §5.716 8.989 0.367 7.376 6.400 3.018
0.000 0.000 0.000 0.000 0.000 0.000 0.000
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TABLE VII

TURBULENCE PARAMETERS FOR SWIRL VANE ANGLE ¢ = 70 DEGREES

(a) wpy/(p uy D) x 100

X/0
R/0 0.0 0.5 1.0 1.8 2.0 2.8
0.425 1.563 0.625 2.500 3.773 5.250 0.919
0.400 1.154 0.693 3.041 1.092 6.667 0.829
0.375 0.762 0.860 2.391 0.455 0.425 0.625
0.350 0.602 0.400 2.951 0.208 0.248 0.374
0.325 0.795 0.338 2.161 0.063 0.334 0.312
0.300 5.000 0.355 1.589 0.069 0.571 0.822
0.275 0.088 0.735 1.071 0.159 0.607 1.406
0.250 0.115 1.250 0.463 0.267 0.675 0.188
0.225 4.568 2.981 0.346 0.279 0.456 0.256
0.200 0.062 1.765 0.260 0.298 0.271 0.337
0.175 0.055 1.447 0.261 0.210 0.283 0.286
0.150 0.094 9.125 0.356 0.139 0.426 0.421
0.125 0.336 0.795 0.609 0.127 0.633 0.494
0.100 0.583 0.404 1.243 0.417 0.677 0.461
0.075 0.234 0.446 43.751% 16.950 1.067 0.859
0.050 0.187 0.694 1.87% 3.214 12.500 1.550
0.025 0.148 1.667 1.058 1.765 1.953 1.089
0.000 0.100 4.812 0 966 0.852 0.962 0.833

901



TABLE WII (Continued)
X/

R/0 0.0 0.8 1.0 1.8 2.0 2.9
0.425 0.579 0.202 1.242 3.827 5.325 0.600
0.400 0.440 0.229 1.542 t.108 7.063 0.582
0.375 0.303 0.304 1.253 0.482 0.414 0.444
0.350 0.248 0.162 1.610 0.2114 0.202 0.246
0.325 0.334 0. 146 1.193 0.063 0.269 0. 196
0.300 2.130 0.157 0.864 0.064 0.460 0.507
0.275 0.035 0.365 0.561 0.135 0.503 0.926
0.250 0.024 0.624 0.240 0.224 0O 575 0.136
0.228 0.9836 1.528 0.182 0.249 0.400 0O 215
0.200 0.012 0.824 0. 140 0.282 0.242 0.300
0.178 0.013 0.746 0.145 0.198 0.257 0.251
0.150 0.038 4.834 0.206 0.120 0.363 0.330
0.125 0.147 0.426 0.362 0.100 0.464 0 340
0. 100 0.299 0.218 0.744 0.302 0.434 0.278
0.075 0.130 0.245 25.984 11.357 0.616 0O 450
0.050 o.111 0.391 1.083 1.966 6.547 0.734
0.025 0.090 0.976 0.599 0.980 0.980 0.471%
0.000 0.054 2.966 0.537 0.413 0.440 0.338

(b) 2/D
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TABLE VII (Continued)

x/0
R/D 0.0 0.5 1.0 .8 2.0 2.%
0.425 0.085 0.025 0. 141 0.208 0.236 0 071
0.400 0.056 0.029 0.148 0.081 0.204 0.059
0.375 0.040 0.037 0.115 0.052 0.050 0.052
0.350 0.038 0.028 0.115 0.036 0.031 0.042
0.325 0.044 0.026 0.109 0.018 0.03S 0.038
0.300 0.112 0.029 0.099 0.017 0.051 0.060
0.275 0.005 0.053 0.073 0.027 0.050 O 090
0.250 0.005 0.083 0.043 0.033 0.055% 0.029
0.225 0.137 0.161 0.036 0.032 0.044 0.035
0.200 0.004 0.210 0.028 0.037 0.028 0.039
0.17%5 0.004 0.100 0.02% 0.025 0.027 0.030
0. 150 0.007 0.183 0.028 0 019 0.032 0.035
0.125 0.022 0.043 0.037 0.016 0.036 0 033
0. 100 0.033 0.027 0.051 0.028 0.035 0 028
0.075 0.026 0.026 0.247 0.179 0.041 0 037
0.050 0.025 0.03t 0.052 0.072 0.130 0.048
0.02% 0 0214 0.051 0.047 0.052 0.058 0.041
0.000 0.018 0.090 0.045 0.038 0.050 0.037

(€) 2,/

801



TABLE VII (Continued)

x/0
R/0 0.0 0.5 1.0 .8 2.0 2.5
0.425 0.090 0.118 0.050 0.012 0.012 0.029
0.400 0.085 0.113 0.048 0.012 0.011 0.025
0.375 0.078 0.099 0.045 0.011 0.013 0.025
0.350 0.073 0.075 0.041% 0.012 0.019 0.028
0.325 0.070 0.066 0.041 0.012 0.019 0.032
0.300 0.068 0.063 0.042 0.014 0.019 0.032
0.275 0.077 0.050 0.045 0.017 0.018 0.028
0.250 0.286 0.048 0.046 0.017 0.017 0.023
0.225 0.294 0.047 0.045 0.016 0.016 0.017
0.200 0.335 0.045 0.043 0.014 0.016 0.016
0.1785 0.218 0.045 0.040 0.014 0.015 0.016
0. 150 0.075 0.044 0.037 0.016 0.017 0 020
0.128 0.064 0.043 0.035 0.020 0.023 0.026
0.100 0.047 0.043 0.034 0.023 0.030 0.034
0.075 0.040 0.041 0.035 0.027 0.037 0.045
0.0%50 0.035 0.039 0.037 0.033 0.045 0.055
0.025 0.033 0.036 0.038 0.040 0.049 0 066
0.000 0.042 0.032 0 040 0.052 0.059 0.075
(d) k/uy?

60T



TABLE VII (Continued)

X/0
R/OD 0.0 0.8 1.0 .8 2.0 2.5
0.425 0.396 0.590 2.040 5.704 11. 168 0 527
0.400 4.287 0.577 8 425 4.562 40.801 3 895
0.375 3.760 1.028 8.114 1.813 2.258 1.857
0.350 3.032 0.774 13.381 0.813 1.266 0.893
0.325 3.897 0.799 9.910 0.282 1.827 0.900
0.300 20.393 1.009 6.958 0.370 2.929 3.032
0.275 0.227 2.671 4.684 1.011 3.331 5.702
0.250 0. 154 4.875 1.558 1.915 4,499 0.947
0.225 3.141% 12.169 1.096 2.518 3.917 1.3%56
0.200 0.036 7.168 0.858 2.446 2.547 1.782
0.175 0. 180 4.877 0.791 1.196 2.118 1.594
0. 150 0.226 26.829 0.831 0.638 2.332 1.772
0.1286 0.324 1.806 1.652 0.428 1.791 1.402
0.100 0.682 0.779 4.333 1.135% 1.614 0.550
0.078 0.756 0.946 85.480 62.387 1.714 0.830
0.050 1.660 2.045 5.751 15.665 13.690 1.599
0.025 1.342 17.261 10.372 16.961 9.376 2.635
0.000 0.000 0.000 0.000 0.000 0.000 0.000
(e) o

011



TABLE VIII

TURBULENCE PARAMETERS FOR SWIRL VANE ANGLE ¢ = O DEGREES
WITH STRONG CONTRACTION NOZZLE AT L/D = 2

X/0
R/D 0.0 0.5 1.0 t.8 2.0
0.400 9.999 0.120 0.069 0.106 0.080
0.375 0.032 0.237 0.038 0.004 0.180
0.350 3.056 3.081% 0.033 0.111 0.412
0.325 9.999 0.039 0.112 0.195 .0. 154
0.300 0.041 0.018 0.159 0.234 0.204
0.275 0.000 0.036 0. 168 0.243 0.231
0.250 0.001 0.065 0.202 0.172 0.253
0.225 0.000 0.048 0.098 0.186 0.200
0.200 0.015 0.035 0.108 0.154 0.336
0.175 0.009 0.043 0.027 0.185 0.386
0.150 0.028 0.032 0.062 0. 142 0.264
0.125 0.0i48 0.043 0.045 0.543 0.297
0.100 0.010 12.483 0.110 0.123 0.275
0.075 0.005 0.012 2.273 0.213 0.275
0.050 0.004 0.080 8.330 0.214 0.586
0.025 0.002 0.036 0.061 0.928 0.547
0.000 0.002 0.005 0.025 0.521¢ 0.33%

(a) wpy/(p ug D) x 100

111



TABLE VIII (Continued)

xX/0
R/D 0.0 0.5 1.0 1.8 2.0
0.400 9.999 0.260 0.080 0.109 0.081¢
0.375 0.115 0.531 0.038 0.003 0.158
0.350 10.734 5.501 0.031 0.097 .0.323
0.325 9.999 0.053 0.091 0.161 0.123
0.300 0.134 0.021 0.127 0.170 0.152
0.275 0.000 0.032 0.110 0.163 0.160
0.250 0.005 0.050 0.133 0.103 0.154
0.225 0.002 0.042 0.074 o.1114 0.123
0.200 0.074 0.052 0.081 0.094 0.223
0.175 0.069 0.132 0.035 0.117 0.223
0.150 0.1514 0.124 0.1144 0.114 0.192
0.125 0.095 0.233 0.109 0.573 0.209
0.100 0.062 84.529 0.303 0.068 0.221
0.078 0.043 0.093 7.499 0.296 0.237
0.0%0 0.024 0.465 29.021 0.325 0.584
0.025 0.014 0.294 0.216 1.780 0.592
0.000 0.019 0.035% 0.089 1.071 0.403
(b) ¢/D

¢l



TABLE VIII (Continued)

X/D _.

R/D 0.0 0.8 1.0 1.8 2.0
0.400 9.999 0.04% 0.020 0.023 0.024
0.375 0.038 0.070 0.008 0.005 0.034
0.350 0.315 0.191 0.008 0.020 0.040
0.325 9.999 0.008 0.019 0.030 . 0 023
0.300 0.048 0.005 0.021 0.027 0.029
0.215% 0.000 0.007 0.021 0.026 0.030
0.250 0.00} 0.008 0.021 0.020 0.027
0.225 0.000 0.008 0.014 0.019 0 023
0.200 0.014 0.009 0.016 0.01%8 0.034
0.175 0.008 0.014 0.009 0.022 0.031
0.150 0.014 0.012 0.013 0.021 0.026
0.125 0.011 0.014 0.013 0.044 0.030
0. 100 0.007 0.199 0.020 0.024 0.027
0.078 0.005 0.008% 0.080 0.024 O 026
0.050 0.004 0.013 0.125 0.021 0.029
0.025 0.002 0.005 0.008 0.027 0.020
0 000 0.003 0.006 0.022 0.062 0.052

(c) 2,/

€l



TABLE VIII (Continued)

X/0
R/0 0.0 0.% 1.0 1.8 2.0
0.400 9.999 0.003 0.009 0.012 0.012
0.375 0.00t 0.002 0.013 0.018 0.016
0.350 0.001 0.004 0.014 0.016 0.020
0.325 9.999 0.007 0.019 0.018 0.018
0.300 0.001 0.010 0.019 0.023 0.022
0.27% 0.001 0.015 0.028 0.027 0.026
0.250 0.001 0.021 0.029 0.034 0.033
0.225 0.000 0.016 0.022 0.035 0.033
0.200 0.000 0.005 0.021 0.033 0.028
0.175 0.000 0.001 0.007 0.031 0.037
0.150 0.000 0.001 0.004 0.019 0.023
0.125 0.000 Q.000 0.002 0.011 0.025
0.100 0.000 0.000 0.002 0.041 0.019
0.07% 0.000 0.000 0.00t 0.006 0.017
0.050 0.000 0.000 0.001 0.005% 0.012
0.025 0.000 0.000 0.001 0.003 0.011
0.000 0.000 0.000 0.00% 0.003 0.009
2
(d) k/ug

281



TABLE VIII (Continued)

X/0
R/D 0.0 0.5 1.0 1.8 2.0

0.400 9.999 2.131 0.247 0.629 0.016
0.375 0.125 0.215 0.126 0.008 0.331
0.350 6.231 48.069 0.000 0.037 2.426
0.325 9.999 0.053 0.433 0.001 0.082
0.300 0.394 0.117 3.815 0.159 0.032
0.275 0.000 0.081 0.065 0.217 0.022
0.250 0.016 0.105 0.273 0.071 0.084
0.225 0.005 0.018 0.048 0.100 0.040
0.200 0.256 0.026 0.094 0.011 0.017
0.175 0.157 0.048 0.185 0.076 0.001
0.150 0.152 0.283 0.229 0.006 0.373
0.125 0.260 3.254 0.478 0.000 0.251
0. 100 0.290 330.426 0.583 0.004 0.120
0.075 0.10% 0.068 21.971 0.110 0.119
0.050 1.240 3.058 69.654 0.375 2.087
0.025 0.080 4.901 1.136 5.176 1.582
0.000 0.000 0.000 0.000 0.000 0.000

(e) g

S11




TABLE VIII (Continued)
xX/0
R/D 0.0 0.5 1.0 1.8 2.0
0.400 9.999 0.543 0.512 0.300 0.141
0.375 0.255 1.283 0.206 0.005 0.141
0.350 46.462 16.068 0.016 0.098 1.022
0.325 9.999 0.818 0.108 0.127 0.527
0.300 0.062 0.343 0.264 0.523 0.282
0.275 0.000 0.1914 0.198 0. 144 0.101
0.250 0.273 0.233 0.303 0.069 0.006
0.225 0.080 0.012 0.157 0.292 0,165
0.200 0.107 0.052 0.156 0.0414 0.344
0.175 12.424 0.940 0.057 0.362 0.918
0.150 1.624 12.445 1.131 0.100 0.332
0.125 1.069 3.695 2.483 0.329 0.635
0.100 1.438 1291.282 2.068 0.043 0.080
0.075 1.463 2.265 15.651 26,269 0.336
0.050 0.338 1.703 14,748 5.251 2.142
0.025 0. t47 4.714 2.003 37.71718 1.263
0.000 10.252 6.411% 1.578 6.645 0.988
(f) o

rr

911



TABLE VIII (Continued)

X/0
R/D 0.0 0.8 1.0 1.8 2.0
0.400 9.9989 0.975 0.576 3.249 0.224
0.375 0.213 2.839 0.114 0.023 0.631
0.350 1.580 41.433 0.108 0.640 0.805
0.325 g9.999 1.945 0.217 3.039 5.688
0.300 0. 142 0.260 0.551 0.925 - 1.759
0.275 0.000 0.289 0.555% 0.978 1.788
0.250 0.009 0.432 0.899 0.475 2.002
0.225 0.026 0.435 0.839 0.482 0.606
0.200 0.593 0.936 0.446 0.753 1.095
0.175 1.802 $.073 23.214 0.623 1.229
0.150 1.365 3.269 4.808 f.142 2.5t0
0.125 1.26% 11.678 2.929 6.612 i1.487
0.100 1.647 10852.516 g.157 0.186 3.843
0.075 2.896 17.053 390. 155 6.592 4.299
0.050 0.992 39.315 2208.476 © 9.236 221.103
0.025 1.004 155.020 33.729 226. 107 249 102
0.000 0.000 0.000 0.000 0.000 0.000
(g) o949

LTT



TABLE IX

TURBULENCE PARAMETERS FOR SWIRL VANE ANGLE ¢ = 45 DEGREES
WITH STRONG CONTRACTION NOZZLE AT L/D = 2

X/0
R/D 0.0 0.5 1.0 1.5 2.0
0.425 9.999 0.297 9.999 g9.999 9.999
0.400 0.229 0.421 0.814 0.224 0.272
0.375 0.375 0.330 0.605 0.282 0.112
0.350 0.410 0.208 0.434 0.585 0.065
0.325 0.000 0.096 0.689 0.340 0.046
0.300 0.156 0.352 1.043 0.316 0.091
0.275% 0.016 0.493 1.064 0.287 0.048
0.250 0.069 0.605 1.709 0.431 0.077
0.225 0. 146 4.568 7.686 0.304 0.0836
0.200 0.190 0.730 1.5239 0.616 0.103
0.175 0.058 1.287 0.792 0.338 0.125
0.150 0.052 0.319 0.527 0.344 0.094
0.125 0.000 0.541 0.347 0.188 0.137
0.100 0.561 0.060 0.244 0.167 0.083
0.075 9.999 0.132 0.270 0.206 0.121
0.050 1.063 0.191 0.386 0.364 0.218
0.025 2.064 0.530 0.305 2.822 2.267
0.000 1.208 0.629 2.654 1.298 1.190

(@) wpe/(p u, D) x 100

811



TABLE IX (Continued)

x/0
R/0 0.0 0.5 1.0 1.5 2.0
0.425 O. 1114
0.400 0. 147 0. 158 0.499 0.245 0.406
Q0.375 0.240 0.128 0.372 0.307 0.169
0.350 0.273 0.083 0.276 0.58§ _0.096
0.325 0.000 0.046 0.453 0.343 0.066
0.300 0. 103 0. 187 0.684 0.300 0.122
0.275 0.010 0.275 0.70t 0.293 0..059
0.250 0.023 0.354 1.138 0.420 0.097
0.225 0.081 2.751% 5.024 0.280 0.113
0.200 0.125 0.427 0.934 0.529 0.128
0.175 0.021 0.720 0.452 0.290 0.121¢
0.150 0.028 0.167 0.279 0.238 0.092
0.125 0.000 0.271 0.177 0.126 0.118
0. 100 0.368 0.028 0. 106 0.099 0.069
0.07S 0.058 0.105 0.114 0.079
0.050 0.553 0.084 0.136 0.156 0. 104
0.025 0.998 0.230 Q. 101% 1.099 0.768
0.000 0.573 0.252 0.900 0.522 0.400
(b) /D

611



TABLE IX (Continued)

X/0
R/D 0.0 0.5 1.0 1.8 2.0
0.425 0.021 - -
0.400 0.026 0.028 0.055 0.046 0.040
0.375 0.027 0.023 0.052 0.048 0.023
0.350 0.041 0.016 0.043 0.023 0.016
0.325 0.000 0.012 0.059 0.018 -0 013
0.300 0 o110 0.014 0.069 0.035 0.009
0.275 0.002 0.018 0.074 0.032 0 006
0.250 0.005 0.047 0.085 0.040 0.016
0.2295 0.012 0.135 0.154 0.032 0 0Oft6
0.200 0.015 0.043 0 070 0.041 0.016
0.175 0.004 0.057 0.042 0.028 0.016
0. 150 0 004 0.028 0.028 0.026 0.013
0.125 0.000 0.031 0.021 0.016 0.013
0. 100 0.039 0.008 0.015 0.014 0.010
0.075 0.0114 0.013 0.012 0.0t
0.050 0.038 0.011 0.013 0.013 0.011
0.025 0.042 0.015 0.009 0.029 0.028
0.000 0.070 0.030 0 097 0.038 0.022
(c) 2p/

0¢1



TABLE IX (Continued)

X/0
R/D 0.0 0.5 1.0 I8 2.0
0.425 0.088 .
0. 400 0.030 0.087 0.033 0.010 0 006
0.375 0.030 0.082 0.033 0.010 0.005
0.350 0.028 0.077 0.030 0.011 . 0.006
0.325 0.020 0.053 0.0289 0.012 0.006
0.300 0.028 0.044 0.028 0.014 0.007
0.275 0.032 0.040 0.028 0.012 0.008
0.250 0. 105 0.036 0.028 0.013 0.008
0.225 0.040 0.034 0.029 0.015 0.009
0.200 0.028 0.036 0.033 0.017 0.008
0.175 0.097 0.038 0.038 0.017 0.01}
0. 150 0.044 0.045 0.044 0.026 0.013
0.125 0.029% 0.049 0.047 0.028 0.017
0. 100 0.029 0.057 0.065 0.035 0.018
0.075 0.064 0.082 0.040 0.030
0.050 0.046 0.064 0.100 0.067 0.054
0.025 0.053 0.066 0.113 0.08 0. 108
0.000 0.055 0.077 0.107 0.076 0.109
(d) k/”o2

12t




TABLE IX (Continued)

x/0
R/D 0.0 0.5 1.0 1.5 2.0

0.42% 0.613 .

0.400 0.397 0.249 0.052 0.961 1.419
0.375 1.322 0.066 2.017 1.536 2.145
0.350 1.638 0.525 1.184 $.052 t.1989
0.325 0.000 0.400 1.937 3.695 1.376
0.300 0.412 0.929 5.672 3.866 2.546
0.275 0. 165 1.112 5.840 3.73% 1.177
0.250 0.612 1.796 8.877 6.015 2,268
0.225 2.227 14.873 50.120 $5.041% J 612
0.200 0.768 3.287 10.551 8.585 3.702
0.175 0.570 7.811 5.295% 6.749 4,206
0. 150 0.611 2.050 3.645 3.067 2.533
0.125 0.000 2.708 2.296 2.909 4.141
0.100 1.444 0.195 1.755 1.842 1.462
0.075 0.296 0.735 0.838 2.196
0.050 4.498 0.407 0.106 0.386 2.071
0.025 2.104 0.465 0.151 1.478 4.600
0.000 0.000 0.000 0.000 0.000 0.000

(e) ore

¢ll



TABLE IX (Continued)

X/0
R/0 0.0 0.5 1.0 1.5 2.0

0.425 0.290

0.400 0.442 0.003 7.433 0.203 2.198
0.375 2.9385 0.030 1.810 0.639 0.807
0.350 0.666 0.002 4.992 65.494 0.386
0.325 0.000 0.269 0.238 21.297 0.234
0.300 8.384 6.732 1.483 1.896 3.701
0.275 0.409 10.650 21.094 8.758 1.705
0.250 0.000 0.694 13.052 4.078 0.286
0.225 2.495 13.620 16.730 3.365 0.510
0.200 1.370 $.823 2.970 10. 108 2.276
0.175 0.1214 0.990 7.713 4.520 0.550
0.150 0.377 0.445 5.200 2,71t 1.000
0.125 0.000 3.255 4.778 2.321 6.085
0. 100 0.425 0.847 1.387 1.398 2.805
0.075% 0.739 1.0114 1.657 0.157
0.0%0 0.288 0. 184 1.257 0.267 0.227
0.025 0.425 0.1114 0.007 1.451% 6.592
0.000 1.385 1.315 3.397 3.976 8.215

(f) O

€cl




TABLE IX (Continued)

X/0
R/D 0.0 0.5 1.0 1.8 2.0

0.425 1.056

0.400 0.970 0.625 4.142 3.878 2.075
0.375 1.791 0.533 2.832 7.901 1.278
0.350 1.566 0.282 2.311 13.709 0.603
G.325 0.000 0.172 4.848 74.522 0.530
0.300 0.284 0.578 8.715 6.648 0.835
0.275 0.016 0.859 4.935 5.205 0.334
0.250 0.332 1.464 6.270 4.447 1.260
0.225 3.400 15.801 24.725 3.786 1.618
0.200 2.162 3.147 4.314 9.056 2.980
0.175 0.686 4,692 2.746 4.605 7.144
0.150 1.176 1.166 1.884 3.293 10 §75
0.125 0.000 2.897 2.180 128.524 7.718
0.100 3.321 0.576 10.285 6.433 4,422
0.075 2.186 4.726 14.118 2.86%
0.050 7.802 6.509 10.535 6.212 23.943
0.025 3.732 170.080 26.051 925.650 1034.512
0.000 0.000 0.000 0.000 0.000 0.000

(9) ogq

vel1




TURBULENCE PARAMETERS FOR SWIRL VANE ANGLE ¢ = 70 DEGREES

TABLE X

WITH STRONG CONTRACTION NOZZLE AT L/D = 2

(a) wpy/(p uy D) x 100

x/D
R/0D 0.0 0.5 1.0 1.8 2.0

0.425 0.560 0.492 2.027
0.400 5.533 0.183 0.128 0.053 1.417
0.375 0.380 0.444 0.147 0.768
0.350 - 0.199 15.90t 0.188 0.130
0.925 1.878 0.947 0.995 0.134 0.914
0.300 0.150 0.163 0.426 0.632 0.177
0.275 0.030 2.039 0.130 0.333
0.250 0.160 0.080 10.206 0.609 0.174
0.225 1.516 0. 157 29.387 0.218 0.626
0.200 0.153 1.557 0.046 0.130 6.971
0.178 0.179 0.414 0.120 0.243 J.196
0. 150 0.022 0.265 0.102 0.524 3.727
0.125 0.265 0.034 0.173 0.727 20.399
0.100 0.636 0.089 0.683 6.190 17.081
0.075 0.473 0.509 11.625 1.600 0.666
0.050 0.321 3.683 8 836 1.779 1.239
0.025 0.389 5.461 6.023 0.930

0.000 0.306 1.124 O 656 0.204 8.834

621



TABLE X (Continued)
x/0
R/0 0.0 0.8 1.0 1.8 2.0

0.425 0.320 0.191 : 2.295
0.400 3.191 0.076 0.084 0.062 1.520
0.375 0.179 0.290 0.158 0.940
0.350 0.092 10.681 0.225 0.163
0.325 1.042 0.499 0.694 0.179 0 B64
0.300 0.076 0.199 0.320 0.762 0.174
0.275 0.016 1.184 : 0.176 0.260
0.250 0.033 0.105 7.698 0.575 0.148
0.225 0.387 0.186 23.045 0.244 0.394
0.200 0.041 0.811% 0.036 0.128 3.734
0.175 0.042 0.223 0.101 0.209 1.332
0.150 0.006 0.139 0.083 0.370 1 560
0.125 0.087 0.016 0.132 0.440 7.002
0.100 0.223 0.040 0.397 2.835% 4.752
0.075 0.164 0.193 5. 138 0.707 0.173
0.050 0.108 1.263 3.758 0.704 0.313
0.025 0.110 2.032 2.438 0.305 :

0.000 0.071 0.426 0.264 0.057 1.684

(b) =2/D

921



TABLE X (Continued)

x/0
R/D 0.0 0.5 t.0 1.9 2.0

0.425 0.038 0.029 N 0.076
0.400 0.117 0.019 0.024 0.004 0.0217
0.375 0.030 0.043 0.009 0.019
0.38%0 0.022 0.257 0.021 0.016
0.325 0.064 0.028 0.055 0.018 0.039
0.300 0.007 0.008 0.032 0.035 0.018
0.275 0.003 0.045 0.015 0.021¢
0.250 0.006 0.008 0.137 0.030 0.017
0.225 0.05t 0.009 0.195 0.022 0.038
0.200 0.007 0.026 0.010 0.016 0.125
0.175 0.007 0.022 0.016 0.018 0.076
0. 150 0.003 0.019 0.012 0.030 0.072
0.125 0.018 0.007 0.017 0.031% 0. 148
0.100 0.028 0.010 0.024 0.065 0.099
0.075 0.019 0.018 0.082 0.029 0.017
0.050 0.012 0.042 0.065 0.029 0.024
0.025 0.010 0.041% 0.049 0.016

0.000 0.012 0.025 0.019 0.012 0. 105

(c) &/

L2l



TABLE X (Continued)

X/0
R/D 0.0 0.8 1.0 1.8 20

0.425 0.038 0.082 0.010
0.400 0.037 0.071% 0.029 0.009 0.0t1
0.375 0.055 0.028 0.011 0.008
0.350 P 0.057 0.027 0.009 0.008
0.325 0.040 0.044 0.025% 0.007 0O 014
0.300 0.047 0.008 0.022 0.008 0.013
0.275 0.044 0.037 0.007 0 020
0.250 0.297 0.007 0.022 0.014 o 017
0.225 0.190 0.009 0.020 0.010 O 031
0.200 0.176 0.046 0.020 0.013 0.043
0.175 0.221 0.043 0.017 0.017 0.071
0.150 0.187 0.045 0.019 0.025 0.0714
0.125 0.114 0.054 0.021 0.034 0.102
0. 100 0. 10t 0.060 0.037 0.059 0.160
0.075 0.103 0.086 0.063 0.063 0. 184
0.050 0.108 0.105 0.070 0.079 0.193
0.025 0.153 0.089 0.075 0.114

0.000 0.230 0.086 0.076 0.157 0.340

(d) k/uy?
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TABLE X (Continued)

xX/0D
R/D 0.0 0.5 1.0 1.8 2.0

0.425 0. 136 0.640 . - 5.416
0.400 36.696 0.578 0.173 0.032 35.588
0.375 ) 0.899 2,224 3.843 23.618.
0.350 . 0.600 89.058 1.782 5.63%
0.325 14.824 6,956 7.446 5.300 22.153
0.300 1.159 3.203 5.184 13.683 5.863
0.275 0.198 13.998 6.725 6.568
0.250 0.629 3.869 245, 115 23.098 3.924
0.225 2.683 19.628 951 .871 7.210 6.639
0.200 0.228 49,839 0.968 3.192 $7.832
0.175 0.070 8.606 2.837 8.631% 21 744
0.150 0.033 4.295 4,013 9.512 20 289
0.12% 1.008 2.725 4,183 8.784 71.770
0.100 3.907 0.798 6.883 16.116 5.235
0.075 2.765 2.194 28.953 2.076 0.586
0.050 2.481% 10.20% 17 .453 5.924 2 039
0.025 2.820 8.428 27.849 5,731

0.000 0.000 0.000 0.000 0.000 0.000

(e) )
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TABLE X (Continued)

x/0
R/D 0.0 0.5 1.0 1.8 2.0
0.425 42.416 0.694 . 6.696
0.400 91.941 t.196 0.220 15.423 75 174
0.375 0.625 0.997 7.014 63.812
0.350 4.807 8.274 5.004 0.282
0.325 5.731 6.051 3.599 1.188 3.224
0.300 11.656 79.079 3.874 195.674 0.693
0.275 1.136 84.563 0.776 1.540
0.250 0.269 6.322 84.366 7.242 0.142
0.225 6.951 9.838 432.724 3.598 0.117
0.200 0.298 28.636 0.409 3.662 12.604
0.175 0.205 15.538 11.176 1.655 7.030
0.150 0.049 t.211 2.167 0.103 70.592
0.125 0.277 0. 151 0.453 0.907 8.095
0. 100 0.901 0.402 14.382 19.289 89.048
0.075 1.769 7.306 50.703 1.091 0.501
0.050 18.649 6.986 0.510 45.417 0.796
0.025 0.923 6.118 1.193 2.087 -
0.000 0.423 3.038 0.881 0.122 4.590
(f) o

0€1



TABLE X (Continued)

X/0
R/D 0.0 0.5 1.0 ‘.8 2.0

0.425 0.819 1.919 . ’ 92.350
0.400 0.394 0.351 15.466 2.047 10.536
0.375 0.466 8.069 1.273 14.077
0.3%0 0.367 859.259 41.959 0.000
0.325 6.700 1.660 10.551 1.202 ©7.380
0.300 0.425 1.0014 1.7814 9.983 1.760
0.275 0.054 6.330 ’ 0.665 2.157
0.250 0.258 0.541 115.123 29.299 2.819
0.225 J3.645 2.691 185.508 2.848 4.070
0.200 0.298 10.604 0.528 5.951 274.483
0.175 0.277 2.774 1.380 32.209 1358. 189
0.150 0.032 0.904 0.993 15.943 45.693
0.125 0.731 1.158 7.557 56.893 341.527
0.100 2.280 0.463 5.343 34,743 58.459
0.075 4.478 2.369 38.858 13.416 1.956
0.050 4.739 15.336 62.748 42,136 8.220
0.025 3.80t 108.669 95.133 27.708

0.000 0.000 0.000 0.000 0.000 0.000

(9) opg

1€1



DISTRIBUTION OF C, VALUES OVER THE FLOWFIELD OF ¢ = 45 DEGREES
USING EQS. (5.4) AND (7.1)

TABLE XI

x)D

/D 0.03 0.33 0.53 1.08 1.93 2.50
0.495 1.60 1.91 1.91 1.91 1.91 1.90
0.448 1.92 1.82 1.7 1.78 1.89 1.63
0.406 1.92 1.56 1.56 1.92 1.85 1.38
0.365 1.96 1.56 1.81 1.88 1.72 1.34
0.328 1.99 1.84 1.95 1.78 1.56 1.10
0.275 1.87 1.91 1.83 1.59 1.54 1.51
0.243 1.80 1.68 1.39 1.07 0.98 0.86
0.175 1.81 0.10 0.51 1.16 1.19 1.25
0.085 1.62 1.07 1.11 1.24 1.28 1.35
0.013 1.69 1.86 1.86 1.86 1.86 1.87

132
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TABLE XII
DISTRIBUTION OF C, VALUES OVER THE FLOWFIELD OF ¢ = 70 DEGREES
USING EQS. (5.4) AND (7.1)
x/D 0.03 0.33 0.53 1.08 1.93 2.50
r/D
0.495 1.84 1.91 1.91 1.91 1.90 1.90
0.448 1.90 1.88 1.88 1.86 1.74 1.44
0.406 1.91 1.90 1.89 1.78 1.58 1.08
0.365 1.90 1.88 1.86 1.68 1.48 1.19
0.328 1.94 1.57 1.59 1.31 1.01 0.74
0.275 1.89 1.33 1.44 1.46 1.45 1.54
0.243 1.49 0.3 0.30 0.57 0.72 0.94
0.175 1.81 0.83  0.88 1.16 1.26 1.29
0.085 -- -- -- 0.29 0.15 -
0.013 1.87 1.88 1.87 1.87 1.87 1.88
TABLE XIII

THE k-e¢ OPTIMUM CONSTANTS FOR SWIRLING FLOWS

0.125

1.44

1.5942

1.0

1.1949




PREDICTED NORMALIZED k and C, VALUES

TABLE XIV

USING EQ. (7.2)

x/D
R/D 0.0 0.5 1.0 1.8 2.0 2.5
0.495 0.000 0.001 0.001 0.001 0.001 0.001
0.447 0.000 0.010 0.006 0.009 0.0143 0.014
0.406 0.000 0.010 0.010 0.016 0.021 0 020
0.365 0.000 0.012 0.020 0.026 0.028 0.025
0.327 0.000 0.022 0.031 0.035 0.034 0.028
0.275 0.000 0.035 0.042 0.043 0.040 0.032
0.243 0.246 0.034 0.045 0.045 0.041 0.033
0.175 0.061 0.031 0.044 0.044 0.040 0.032
0.085 0.003 0.028 0.038 0.038 0.035 0.029
0.012 0.000 0.029 0.035 0.036 0.033 0.027

2

k/u,

xX/D
R/D 0.0 0.9 1.0 1.9 2.0 2.5
0.495 0.000 0.230 0.284 0.278 0.239 0.223
0.447 0.000 0.084 0.112 0.090 0.072 0.070
0.406 0.000 0.083 0.083 0.066 0.058 0.059
0.365 0.000 0.077 0.059 0.052 0.050 0.053
0.327 0.000 0.057 0.047 0.045 0.045 0.049
0.275 0.000 0.044 0.041 0.040 0.042 0.046
0.243 0.017 0.045 0.039 0.039 0.041 0.046
0.17% 0.034 0.047 0.040 0.040 0.042 0.046
0.085 0.155 0.049 0.043 0.043 0.044 0.049
0.012 0.389 0.049 0.044 0.044 0.046 0.050

C

(a) ¢ = 45 deg.
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TABLE XIV (Continued)

(b) ¢ = 70 deg.

X/D
R/D 0.0 0.5 1.0 .8 2.0 2.5

0.495% 0.000 0.004 0.003 0.004 0.004 0.00%
0.447 0.000 0.026 0.024 0.034 0.039 0.035%
0.406 0.000 0.031% 0.045 0.054 0.055% 0.046
0.365% 0.000 0.047 0.068 0.072 0.069 0.056
0.327 0.000 0.068 0.083 0.085 0.078 0.062
0.275 0.000 0.081 0.085 0.094 0.085 0.068
0.243 0.632 0.081 0.096 0.096 0.086 0.069
0.175 0.03t 0.078 0.0914 0.091 0.082 0.066
0.08S 0.012 0.0714 0.079 0.078 0.071 0.058
0.012 0.002 0.069 0.075 0.073 0.066 0.05%

k/u02

xX/D

R/D 0.0 0.5 1.0 1.8 2.0 2.5

0.495 0.000 0.125 0.148 0.139 0.126 0.124
0.447 0.000 0.052 0.054 0.045 0.042 0.045
0.406 0.000 0.048 0.039 0.036 0.036 0.039
0.365 0.000-- — . 0.038 _ _ 0.032 0.031 0.032 0.035
0.327 0.000 0.032 0.029 0.029 0.030 0.033
0.275 0.000 0.028 0.027 0.027 0.029 0.032
0.243 0.010 0.028 0.027 0.027 0.028 0.032
0.175 0.047 0.030 0.028 0.028 0.029 0.032
0.085 0.076 0.031% 0.030 0.030 0.031 0.035
0.012 0.183 0.032 0.030 0.031 0.032 0.03%

CD

GET



TABLE XV

PREDICTED AXIAL AND SWIRL VELOCITIES FOR SWIRL VANE ANGLE

¢ = 45 DEGREES

(a) Using Eq. (7.2)

X/0
R/D 0.0 0.5 1.0 1.5 2.0 2.9

0.495 0.000 0.598 0.448 0.383 0.351 0.327
0.447 0.000 0.618 0.486 0.412 0.371 0.341
0.406 0.000 0.560 0.449 0.388 0.355 0.326
0.365 0.000 0.416 0.363 0.339 0.319 0.298
0.327 0.000 0.199 0.263 0.276 0.271 0.261
0.275 0.000 -0.067 0.117 0.167 0.186 0.196
0.243 1.881 -0.168 0.025 0.094 0.128 0.152
0.175 0.924 -0.276 -0.150 -0.05% 0.008 0.062
0.085 0.13% -0.335 -0.303 -0.198 -0 111 -0.028
0.012 0.069 -0.347 ~0.346 ~0.242 -0.148 -0 057

u/ug

x/0

R/D 0.0 0.5 1.0 1.8 2.0 25
.0.495 0.000 0.519 0.513 0.528 0.584 0.649
0.447 0.000 0.543 0.565 0.594 0.638 0.682
0.406 0.000 0.553 0.594 0 628 0.655 0.675
0.365 0.000 0.578 0.647 0.668 a.670 0 66}
0.327 0.000 0.645 0.704 0.699 0.674 0 641
0.275 0.000 0.763 0.749 0.706 0.653 O 593
0.243 1.866 0.778 0.738 0.682 0.619 0.551
0.175 0.811 0.635 0.615 0.564 0.501 O 433
0.085 0. 191 0.316 0.326 Q.30 0.266 0 226
0.012 0.073 0.047 0.049 0.045 0.040 0O 034
w/ug

9¢l




TABLE VX (Continued)

xX/0
R/D 0.0 0.5 1.0 1.5 2.0 2.5
0.495 0.000 0.609 0.444 0.366 0.363 0.344
0.447 0.000 0.634 0.522 0.451 0.396 0.360
0.406 0.000 0.569 0.479 0.410 0.371 0.341
0.365 0.000 0.421 0.366 0.343 0.324 0.305
0.327 0.000 0.169 0.244 0.270 0.268 0.263
0.275 0.000 -0.082 0.096 0.153 0.175 0.190
0.243 1.881 -0.172 0.004 0.077 0.113 0.140
0.175 0.924 -0.281 -0.178 -0.083 -0.018 0.035
0.085 0.135 -0.347 -0.244 -0.249 -0. 160 -0.081
0.012 0.069 -0.361 -0.395 -0.306 -0.210 -0.122
u/u0
X/0
R/D 0.0 0.5 1.0 1.8 2.0 2.5
0.495 0.000 0.511 0.472 0.453
0.447 0.000 0.544 0.554 0.576 0.524 0.613
. 0.624 0.667
0.406 0.000 0.553 0.582 0.638
. 0.664 0.673
0.365 0.000 0.572 0.657 0.694
) 0.687 0.667
0.327 0.000 0.653 0 731 0.726
. 0.691 0.649
0.275 0.000 0.771 0.776 0.725 0.664 P
. . .602
0.243 1.866 0.785 0.757 0.695 0.627 0.559
0.175 0.811 0.631 0.620 0.569 )
: . 0.506 0.439
0.085 0.191 0.305 0.325 0.305 0.270 0.230
0.012 0.073 0.045 0.049 0.046 0.041 0.095
w/ug

(b) Using Table XIII

LET



PREDICTED AXIAL

TABLE XVI

AND SWIRL VELOCITIES FOR SWIRL VANE ANGLE

¢ = 70 DEGREES

x/0
R/D 0.0 0.5 1.0 1.8 2.0 2.8

0.498 0.000 0.833 0.605 0.463 0.398 0.370
0.447 0.000 0.741 0.581 0.468 0.413 0.379
0.406 0.000 0.549 0.465 0.413 0.378 0 346
0.365 0.000 0.297 0.323 0.330 0.316 0.293
0.327 0.000 0.076 0.190 0.236 0.242 0.231
0.275 0.000 -0.149 0.004 0.084 0.117 0.129
0.243 2.963 -0.261 -0.108 -0.015 0.034 0.062
0.175 0.403 -0.432 -0.315 -0.206 -0.133 -0.072
0.085 0.375 -0.555 -0.495 -0.385 -0.293 -0.200
0.012 -0.074 -0.585 -0.548 -0.439 -0.342 -0 240

u/u,

X/0

R/D 0.0 0.8 1.0 1.8 2.0 2.5

0.495 0.000 0.791 0.780 0.826 0.916 0.990
0.447 0.000 0.854 0.807 0.960 1.021 1.067
0.406 0.000 0.889 0.979 1.017 1.042 1 049
0.365 0 000 0.987 { 058 1.061 1.045 1 013
0.327 0.000 1.104 1.105 1.075 1.026 0.964
0.275 0.000 1.150 1.092 1.033 0.957 0.868
0.243 3.011 1.099 1.035 0.971 0.890 0 794
0.175 . 0.850 0.860 0.820 0.766 0.694 0.606
0.085 0.408 0.431 0.422 0.396 0.357 0.308
0.012 0. 186 0.064 0O 063 0.059 0.054 0 046

w/ug

(a) Using Eq. (7.2)

8€1



TABLE XVI (Continued)

X/D
R/0 0.0 0.5 1.0 1.8 2.0 2.5
0.495 0.000 0.816 0.570 0.433 0.384 0.368
0.447 0.000 0.712 0.538 0.440 0.397 0.374
0.406 0.000 0.523 0.442 0.396 0.364 0.338
0.365 0.000 0.293 0.324 0.325 0.308 0.286
0.327 0.000 0.098 0.210 0.242 0.240 0.226
0.275 0.000 -0.117 0.038 0.102 0.124 0.129
0.243 2.963 -0.230 -0.071 0.010 0.047 0.066
0.175 0.403 -0.413 -0.281 -0.174 -0.108 -0.058
0.085 0.375 -0.552 -0.474 -0.349 -0.257 -0.177
0.012 -0.074 -0.589 -0.528 -0.402 -0.303 -0 214
u/ug
X/0
R/D 0.0 0.8 1.0 1.5 2.0 2.5
0.495 0.000 0.809
0.447 0.000 0.871 0842 o83 0.963 1.014
0.406 0.000 0.911 1.002 1. 038 1.052 1.083
0.365 0.000 0.996 1.061 1.060 1o 1.053
0.327 0.000 1 088 ! 092 : : 1.005
: . 1.059 1.009
0.275 0.000 1.136 1.069 0.948
4 . 1.006 0.929
0.243 3.011 1. 0.845
0.175 0.850 0887 0808 0 343 0. aae 0.768
0.085 0.408 0.439 0.418 : : 0582
: : 0.385 0.342
0.012 . 0.294
0. 186 0.065 0 063 0.058 0.051 0.044
w/ug

(b) Using Table XIII

6€1
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TABLE XVII
NORMALIZED RESIDUAL SOURCE SUMS

$° UMON VMON WMON MASS
45 0.0090 0.0039 0.0086 0.0068
70 0.0075 0.0028 0.0087 0.0027

(a) Moderate Convergence Criteria

$° UMON VMON WMON MASS
45 0.0040 0.0016 0.0035 0.0034
70 0.0034 0.0010 0.0040 0.0006

(b) Fine Convergence Criteria



PREDICTED AXIAL AND SWIRL VELOCITIES USING FINE CONVERGENCE CRITERIA

TABLE XVIII

X/D
R/D 0.0 0.8 1.0 1.8 2.0 2.8

0.49% 0.000 0.599 0.448 0.382 0.350 0.325
0.447 0.000 0.618 0.486 0.411 0.370 0.339
0.406 0.000 0.558 0.447 0.387 0.354 0.325
0.365 0.000 0.414 0.361 0.338 0.318 0.298
0.327 0.000 0.196 0.261 0.275 0.271 0.261
0.275 0.000 -0.068 0.116 0.166 0.186 0.197
0.243 1.881 -0.169 0.024 0.093 0.128 0.153
0.175 0.924 -0.277 -0.151 -0.055 0.008 0.063
0.085 0.135 -0.335 -0.303 -0.198 -0. 111 -0.027
0.012 0.069 -0.347 -0.345 -0.242 -0. 448 -0.056

u/u,

xX/D

R/D 0.0 0.5 1.0 1.5 2.0 28

0.495 0.000 0.522 0.515 0.530 0.584 0.649
0.447 0.000 0.545 0.567 0.596 0.639 0 683
0.406 0.000 0.554 0.5396 0.629 0.656 0.675
0.365 0.000 0.579 0.648 0.669 0.670 0.662
0.327 0.000 0.646 0.704 0.699 0.675 0.642
0.275 0.000 0.762 0.749 0.707 0.654 0.596
0.243 1.866 0.7171 0.738 0.683 0.621 0.554
0.175 0.811 0.635 0.615 0.565 0.503 0 436
0.085 0.191 0.317 0.326 0.302 0.267 0.227
0.012 0.073 0.047 0.049 0.046 0.040 0 034

w/ug

(a) ¢ = 45 deg.
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TABLE XVIII (Continued)

X/0
R/D 0.0 0.8 1.0 1.8 2.0 2.9

0.495% 0.000 0.825 0.610 0.462 0.398 0.381
0.447 0.000 0.727 0.575 0.454 0.403% 0.387
0.406 0.000 0.527 0.438 0.396 0.367 0.34¢6
0.365 0.000 0.274 0.306 0.317 0.306 0.287
0.327 0.000 0.096 0.187 0.232 0.236 0.224
0.275 0.000 -0. 105 0.018 0.096 0.121 0.124
0.243 2.963 -0.221 . -0.087 0.006 0.045 0 059
0.175 0.403 -0.423 -0.295 -0.179 -0.113 -0.072
0.085% 0 375 -0.588 -0.504 -0.374 -0.281 -0.207
0.012 -0.074 -0.634 -0.574 ~-0.441 -0.339 -0.253

u/u0

X/D

R/D 0.0 0.5 1.0 1.8 2.0 2SS

0.495 0.000 0.786 0.746 0.853 0.963 1 002
0.447 0.000 0.857 0.944 1.003 1.063 1.093
0.406 0.000 0.899 1.031 1.055 1.071 1 069
0.365 0.000 1.040 1.092 1.080 1.056 1 020
0.327 0.000 t.142 1.112 1.072 1.020 0.960
0.275 0.000 1.158 1.073 1.011% 0.933 0.851
0.243 3.011 1.100 i1 012 O 944 0.859 o 771
0.175 0O 850 0.866 0.805 0.743 0.664 0O 582
0.085 0.408 0.440 0.420 0.387 0.342 0 294
0.012 0. 186 0.066 O 063 0.058 O 051 0O 044

w/ug

(b) ¢ = 70 deg.
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TABLE XIX

PREDICTED AXIAL AND SWIRL VELOCITIES USING EQ. (8.1)

x/0
R/0 0.0 0.8 1.0 1.% 2.0 2.5
0.495 0.000 0.590 0.439 0.575 0.342 O 319
0.447 0.000 0.606 0.468 0.397 0.360 0.333
0.406 0.000 0.548 0.430 0.376 0.345 0.320
0.365 0.000 0.407 0.354 0.331 0.312 0.294
0.327 0 000 0.207 0.266 0.275 0.269 0.260
0.275 0.000 -0.046 0.132 0.174 0O 190 O 199
0.243 1.881 -0. 151 0.045 0.106 0.136 0.158
0.175 0.924 -0.270 -0.129 -0.03% 0.025 0.074
0.085 0.13% -0.339 -0.288 -0.174 -0.087 -0.008
0.012 0.069 -0.35%5 -0.334 -0.217 -0.122 -0.036
u/ug
X/D
R/D 0.0 0.3 1.0 1.8 2.0 2.9
0.495 0.000 0.526 0.526 0.55¢% 0.606 0.663
0.447 0.000 0.547 0.576 0.609 0.652 0.692
0.406 0.000 0.557 0.606 0.636 0.661 0.679
0.365 0.000 0.585 0.652 0.668 0.669 0.661
0.327 0.000 0.645 0.700 0.682 0.668 0.638
0.275 0.000 0.753 0.736 0.693 0.643 0.588
0.243 1.866 0.774 0.724 0.669 0.609 0.546
0.175 0.811 0.646 0.609 0.5%4 0.492 0.427
0.08% 0.191 0.326 0.326 0.298 0.261 0.222
0.012 0.073 0.048 0.049 0.045% 0.039 0.033
w/u,

(a) ¢ = 45 deg.

vl



TABLE XIX (Continued)

X/D
R/D 0.0 0.8 1.0 1.8 2.0 2.5
0.495 0.000 0.838 0.608 0.467 0.402 0.3177
0.447 0.000 0.742 0.583 0.470 0.416 0.385
0.406 0.000 0.548 0.465 0.414 0.379 0.349
0.365 0.000 0.295 0.323 0.330 0.317 0.294
0.327 0.000  0.075 0.190 0.235 0.241 0.230
0.275 0.000 -0.150 0.004 0.082 0.114 0.125
0.243 2.963 -0.261 -0.110 -0.016 0.030 0.056
0.175 0.403 -0.432 -0.318 -0.210 -0.137 -0.078
0.085 0.375 -0.557 -0.489 -0.389 -0.295 -0.206
0.012 -0.074 -0.588 -0.552 -0.443 -0.344 -0.246
ufug
X/0
R/D 0.0 0.5 1.0 1.8 2.0 2's
0.495 0.000 0.798 0.785
0.447 0.000 0.857 0.911 8'322 ?'833 0 oee
0.406 0.000 0.890 0.982 1.020 1.044 1 o8
0.365 0.000 0.989 1.060 1.063 1.045 o
0.327 0.000 1.104 1.106 1.075 1o 1.014
g.gzg 0.000 1.148 1.080 1.030 0'833 8'322
i 2.011 1.096 1.03 ) : :
0.175 0.850 0.856 o 212 8 967 0.883 0.787
0.085 4 - 162 0.687 0.598
0085 8.'22 0.429 0.420 0.393 0.353 0.303
: : 0.064 0.063 0.059 0.053 0.045
w/ug

(b) ¢ = 70 deg.

A



PREDICTED AXIAL AND SWIRL VELOCITIES

TABLE XX

USING EQ. (8.2)

(a) ¢ = 45 deg.

X/0
R/0 0.0 0.5 1.0 t.5 2.0 2.8

0.495 0.000 0.825 0.596 0.457 0.397 0.37%
0.447 0.000 ‘0.732 0.572 0.463 0.412 0.382
0.406 0 000 0.544 0.460 0.411 0.376 0.346
0.365 0.000 0.299 0.325 0.330 0.316 0.291
0.327 0.000 0.084 0.197 0.238 0.241 0.228
0.275 0.000 -0.139 0.013 0.088 0.116 0.125
0.243 2.963 -0.252 -0. 100 -0.010 0.034 0.059
0.175 0.403 -0.429 -0.311 -0.203 -0.131 -0.073
0.085% 0.375 -0.558 -0.496 -0.383 ~0.288 -0.199
0.012 -0.074 -0.591 -0.551 -0.437 -0.336 -0.238

u/uo

X/0

R/0 0.0 0.5 1.0 1.8 2.0 2.9%

0.485% 0 000 0.801 0.791% 0.841 0.931 1.001
0.447 0.000 0.862 0.919 0.973 1.034 1.076
0.406 0.000 0.896 0.989 1.026 1.050 1.054
0.365 0.000 0.993 1.064 1.066 1.047 1.012
0.327 0.000 1.105 1.107 1.075 1.023 0.959
0.275 0.000 1.152 1.090 1.028 0.948 0.859
0.243 3.011 1.101 1.031 0.964 0.878 0.782
0.175 0.850 0.861 0.816 0.759 0.683 0.595
0.085 O 408 0.432 0.420 0.392 0.351 0.301%
0.012 0. 186 0.064 0.063 0.059 0.053 0 0458

w/u°

Syl



TABLE XX (Continued)

x/0
R/D 0.0 0.5 1.0 1.5 2.0 2.%

0.495 0.000 0.592 0.441 0.3717 0.345 0.1320
0.447 0.000 0.610 0.477 0.404 0.364 0.335
0.406 0.000 0.553 0.440 0.382 0.349 0.322
0.365 0.000 0.412 0.359 0.336 0.316 0.295
0.327 0.000 0.203 0.264 0.276 0.271 0.261
0.275 0.000 -0.058 0.124 0.171 0.189 0.199
0.243 1.881 -0.161 0.034 0. 100 0.133 0.157
0.175 0.924 -0.272 -0. 1414 -0.046 0.017 0.070
0.085 0.135 -0.333 -0.295 -0.188 -0.100 -0.017
0.012 0.069 -0.346 -0.339 -0.234 ~0.136 -0.044

u/ug

x/D

R/D 0.0 0.3 1.0 1.8 2.0 2.%

0.495% 0.000 0.525 0.520 0.538 0.594 0 657
0.447 0.000 0.547 0.571 0.602 0.645 0.689
0.406 0.000 0.556 0.601 0.633 0.660 0.680
0.365 0.000 0.583 0.651 0.670 0.672 0.665
0.327 0.000 0.646 0.704 0.698 0.675% 0.643
0.275 0.000 0.761 0.746 0.704 0.652 0.595
0.243 1.866 0.779 0.735 0.680 0.618 0.552
0.175 0.811 0.641 0.615 0.563 0.501 0.434
0.08% 0.1914 0.320 0.327 0.301 0.266 0.226
0.012 0.073 0.047 0.049 0.046 0.040 0.034

w/ug

(b) & = 70 deg.
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TABLE XXI

6, S' AND G CORRESPONDENCE FOR PLUG FLOW
SOLID BODY ROTATION SWIRLERS WITH

dy/d = 0.25
$ s G
0 0 0
38 0.547 1.094
45 0.700 1.400
60 1.212 2.425

70 1.923 3.846
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FIGURES
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Figure 1. Typical Axisymmetrical Gas Turbine Combustion Chamber

Source: Anon. The Jet Engine. 3rd ed. Pub. Ref.
T.S.D. 1302 Derby, England: Rolls Royce
Limited, 1969. ‘
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Figure 4. Flow Chart of the STARPIC Computer Code
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Figure 11. Predicted Velocity Profiles for Swirl Vane Angle ¢ = 45 deg.
Including Effect of Streamline Curvature
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Figure 12. Predicted Velocity Profiles for Swirl Vane Angle ¢ = 70 deg.

Including Effect of Streamline Curvature
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Figure 13. Predicted Velocity Profiles for Swirl Vane Angle ¢ = 45 deg.

Using Eq. (7.2) for C, Variation as Compared with
Experimental Data [ o --Ref. 9, & --Ref. 10]
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Figure 14,

Predicted Velocity Profiles for Swirl Vane Angle ¢ = 70 deg.
Using Eq. (7.2) for C, Variation as Compared with
Experimental Data [ @ --Ref. 9, o --Ref. 10]

291



.50
2

|

Figure 15.

Predicted Velocity Profiles for Swirl Vane Angle ¢ = 45 deg.
Using Standard k-¢ Model
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Figure 16. Predicted Velocity Profiles for Swirl Vane Angle ¢ = 70 deg.
Using Standard k-¢ Model
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Figure 17. Predicted and Measured Central Recirculation Zone
Envelope for Swirl Vane Angle ¢ = 45 deg.
[Predicted: —-Table IV; — Eq. (7.2); Measured:
o --Ref. 9; 2 --Ref. 10]
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Figure 18. Predicted and Measured Central Recirculation Zone
Envelope for Swirl Vane Angle ¢ = 70 degq.
[Predicted: ~-Table IV; — Eq. (7.2); Measured:
O --Ref. 9; & --Ref. 10]
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Figure 19. Predicted and Measured Centerline Velocity Longitudinal
Variation for Swirl Vane Angle ¢ = 45 deg.
[Predicted:— —Table IV;: — Eq. (7.2); Measured:
o --Ref. 9; & --Ref. 10]
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Variation for Swirl Vane Angle ¢ = 70 deg.
[Predicted: - —Table IV; — Eq. (7.2); Measured:

O --Ref. 9; & --Ref. 10]
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Figure 23. Predicted and Measured Velocity Profiles for Nonswirling
Flow [ 7 --Ref. 9]
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Figure 24. Predicted and Measured Velocity Profiles for Swirl Vane
Angle ¢ = 45 deg., D/d =1 [ & --Ref. 10]
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Figure 25.

Predicted and Measured Velocity Profiles for Swirl Vane
Angle ¢ = 70 deg., D/d =1 [ & --Ref. 10]
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Figure 26.

(a) ¢ = 45 deg.

Predicted Velocity Profiles Using Flat Inlet Swirl and
Axial Velocity Profiles
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(b) ¢ = 70 deg.

Figure 26 (Continued)
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Figure 27. Predicted Velocity Profiles Using Flat Inlet Axial and

Solid Body Rotation Swirl Velocity Profiles
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(b) ¢ = 70 deg.

Figure 27 (Continued)
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Figure 28. Predicted Velocity Profiles Using Measured Inlet Axial
and Swirl Velocity Profiles
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(b) ¢ =170 deg.

Figure 28 (Continued)
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Figure 29. Predicted Velocity Profiles Using Measured Inlet Axial,
Radial and Swirl Velocity Profiles
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(b) ¢ = 70 deq.

Figure 29 (Continued)
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Figure 30. Flow Visualization of Flowfield with D/d = 2, With and
Without Weak Nozzle
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(b) ¢ = 45 deg.

Figure 30 (Continued)
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. (c) ¢ = 70 deg.

Figure 30 (Continued)



185

| r

2.33
__LJ ®b
-0.2 o ) 0.18
4.2

1.12 49

2.36 -

() ¢ = 70 deg.

Figure 31. Three-Dimensional Representation of Axial

Velocity



u, >

0 05 1
(b)w/ u,

Figure 32.

(a) ¢ = 0 deg.

Predicted Velocity Profiles for Flowfield with D/d = 2
and Strong Nozzle at L/D =1
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(a) ¢ = 0 deg.

Figure 33. Predicted Velocity Profiles for Flowfield with D/d = 2
and Strong Nozzle at L/D = 2
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(b) ¢ = 45 deg.

Figure 33 (Continued)
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161



X D

/é)SO
T
025 \\\\h
0
u/u

o
.
0.25
UOC:-_——-—_—J\>| L \ , | I
O 05 1
w/u,

(a) ¢ = 0 degq.

Figure 34. Predicted Velocity Profiles for Flowfield with D/d = 1.5
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Figure 35. Predicted Velocity Profiles for Flowfield with D/d = 1.5
and Strong Nozzle at L/D = 2
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Figure 35 (Continued)
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Figure 35 (Continued)
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Figure 37 (Continued)
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Figure 38.

(a) ¢ = 0 deg.

(o)

Predicted Velocity Profiles for Flowfield with D/d = 1.5
Using Standard k-e Model
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(b) ¢ = 45 deg.

Figure 38 (Continued)
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Figure 39. Predicted Velocity Profiles for Flowfield with D/d = 1.5
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2 Using Standard k-e Model
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Figure 40. Predicted Velocity Profiles for Flowfield with D/d = 1
Using Standard k-¢ Model
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(c) ¢ = 70 deg.

Figure 40 (Continued)
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"Figure 41, Predicted Velocity Profiles for Flowfield with D/d =1

and Strong Nozzle at L/D = 2 Using Standard k-e Model
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Figure 42, Predicted Streamline Pattern for
Flowfield with D/d =
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Figure 46. Predicted and Measured Velocity Profiles for Flowfield
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Figure 46 (Continued)
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