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ABSTRACT

This thesis deals with the numerical study of coaxial turbulent

jets with sudden axisymmetric expansion, which has many practical‘

applications. The computer program used for this analysis

utilizes the k-¢ model. The governing equations are discretized
over the appropriate control volumes using the hybrid differencing

scheme and nonuniform staggered grid.

The capability of the model in predicting such complek flows having
recirculation, is tested by comparing with available experimental
data. It is shown that the model can predict complicated flows like
coaxial turbulent jet' with sudden expansion with reasonable
accuracy. The effect of changing the jét velocity ratio,
computational grid size, Reynolds number and expansion ratio on
~the flow field is aléo examined. It is observed that, by prope?
nondimensionalization, we can ﬁlot profiles from which the
required flow variables can be interpreted at different jet
velocity ratio and Reynolds number. Grid size of 46 x 34 node
pointé is adopted for the present computation. Computational time
is obserﬁed to increase as square of.the nodal points used in the
analysis and thus the minimum number of nodal pqints required for

attaining reasonably accurate results is necessary.
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CHAPTER — 1

AINTRODUCTITON Yy

1.1 Background

When a fluid flows from a region of high pressure to a region of
low pressure through some nozzle, it forms a jet. The jet may be,
(i) a Free jet, if it is allowed to expand freely in the low
pressure region, (ii) a wall jet, if it impinges on a wall, (iii)
a Confined jet, if it is allowed to exéand in a closed conduit on
the low pressure side. Although all these three types of jets have
many practical engineering applications, confined jets_are mainly
used in the combustion‘chambers of gas turbines, ramjets, and in
~industrial furnaces; and hence are receiving special attention in

the recent years.

When a confined jet is surrounded by anofher concentric circﬁlar
jet, it is called confined coaxial jet. In combustors, usually the
inlet flow comes as confined coaxial jets with fuel flowing as the
inner jet and air flowing as the outer annular jet. The incoming
coaxialljets which are normally turbulent in nature like other real_
flow, may again have sudden axisymmetric expansion in the
combustion chamber. Due to this sudden expansion, the turbulence
kinetic energy increases and the mixing rate is enhanced, which is
desired. Such a flow is shown in Fig. 1. The resulting flow-field

after expansion may include recirculation zones, due to which heat



and mass transfer increases several times than that for fully-

developed turbulent pipe flow at the same Reynolds number.

In the development of combustion chambers for gas turbines,
ramjets, and various industrial furnaces, aesigners usually depend
on experiments. But as a supplement to them, economical design and
operation can be greatly facilitated by the availabiiity of prior
predictions of the flowfield. These may be obtained by use of a
mathematical model incorporating a nhumerical finite difference
prediction procedure. A mathematical spiution of the flowfield of
interest should provide results nore cheaplﬁ, quickly and corfectly

than possible by experiments on real-life systems or models.
1.2 Motivation of the Present Investigation:

The mixing 6f nonreactingland reacting fluids is encountered in
many practical engineering'applications. One example is that of two
confined coaxial jets mixing in a chambér with sudaen axisymmetric
expansion. Mixing of confined coaxial jet with sudden axisymmetric
expansion may have numerous practical engineering applications,
e.g., in combustors of gas turbine engines, ramjet combustors, I.C.
engipes,.jet engines, boilers, etc. As stated above, the sudden-
expansion geometry produces mixing rates downstream rof the
expansion that are substantially higher than those that would be
obtained atlthe same Reynolds number in the entrance region of a

pipe. The elevated mixing rates are due to very high levels of

‘/"\A‘“‘.;
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turbulence kinetic energy generated by shearing as the core flow
issues into the iarqer pipe. Detail knowledge of the flow
properties are required before manufacturing equipment having these
types of flow. Experimental investigations are quite expensive.
Thié thesis, therefore, suggests numerical studies to investigate
the effects of the different flow 'parameters and to generate
information which will be helpful for production, in a  cost

effective way.

1.3 Literature Review:

1.3.1 History of Turbulence:

With more than a century of intensive research, turbulence remains
as the unsolved problem of classical physics. Although the Navier-
Stokeé equations govern the instantaneous turbulence fluid motion,
effort in direct simulation of turbulence has been limited to low
Reynolds number (Re < 5000) and to relatively simple pafallel
flows. As the Reynolds number of the flow increases, the range of
length and time scales required for solving the instantaneous
turbulent motions by direct simulation increases rapidly exceeding
the storage capacity of the largest computers in the foreseeable
future even for simple flows. On the other hand, most industrially
important flows are quite complex and requires only knowledge of
the averaged quantities. Thus, turbulence modeling remains as the

economically feasible approach for simulating mean flow fields in

industrial applications.



Extensive reviews of the historical and recent developments in
turbulence modeling were provided by Launder and Spalding [1972],
Lumley [1978, 1983], Donaldson [1972], Reynolds [1976], Bradshaw,

Cebeci and Whitelaw [1981], Rodi [1982] and Zeman [1981]. In this

section a brief review of the fundamental assumptions is given.

The existing turbulence models can be categorized in several ways.
The most common way is to classify them according to the number of
differential equations solved in addition to the mean flow
equations [Reynolds'1976j.~These classifications are: (i) =zero-
equation models, (ii)} one-equation models, (iii) two-equation

models and (iv} stress-transport models.

Historically, turbulence models were initiated by Boussinesq
[1877], Prandtl [1925] and Taylor [1932]. Zero-equation models
(classical phenomenoiogical models) employ Boussinesq eddy
viscosity concept. In the later part of the nineteenth century,
Boussinesq suggested modeliﬁg turbulent mean motion as a laminar
flow with a greatly increased viscosity (termed an eddylviscosity).
The value of the eddy viscosity is to be determined from
experiment. This approach allows the use of the same solution
procedure for turbulent flows which is similar to that of .laminar
flows. The fundamental assumption in these early phenomenological
models is that the state of motion of the mean field fluid is fully
determined by the mean velocity vegtor.y, and the mean pressure p

at a point.



Prandtl’s mixing length hypothesis, which was developed in
midtwenties, utilizes the eddy viscosity concept to relate the
turbulent'tréhsport term§ to the local gradients of wmean flow
quantities. Though the mixing length ﬁodei has been successfully
applied to a large number of thin shear layer flows [Spalding
1982], it has several. serious shortcomings. One of the ma’jor
drawbacks of this hypothesis is that it assumes local equilibrium
conditions for turbulence. This implies that, at any point in the
flow, turbulence production is balanced by the dissipation-rate,
and there is no diffusion or convection. Hence the‘mixing length
model ‘ignores transport and history effects of turbulence
altogether. The model.also erroneously leads to zero values for
eddy viscosity and tﬁrbulent heat and mass diffusivities whenever
the mean vélocity gradient ishzero. Furthermore, the effects due to
buoyancy, rotatién or streamline curvature on turbulence can only
be introduced in an entirely empirical way, and hence generally
applicable expressions are hard to formulate. Moreover, for complex
floﬁs, such as separated flows, empirical specification of the

mixing length becomes impossible.

Recent generations of turbulence modelings are essentially
motivated by the so-called Kolmogorov-Prandtl [Kolmogorov 1968,

Prandtl 1945] hypothesis,

By = pu'l?, [1.1]
where p, is the turbulent (eddy) viscosity, u* is a characteristic

turbulent velocity scale and 1" is a characteristic turbulent



length scale. While most existing models make use of Equation

[1.1], the methods for obtaining the relevant scales differ.

In one-equation models, a _transport equation for a suitable
turbulent velocity scale is used to account for the transport and
history effects of turbulence. Usually, J/k acts as an appropriate
velocity scale, where k isrthe kinetic energy oflturbulent motion.
The transport equation for k is derived froﬁ‘the Navier-Stokes
equations [Launder and Spalding 1972]. Based én the Kolmogorov-
Prandtl hypothesis, the eddy viscosity v, = u,/p is expressed as v, -
= C"k*?1. In these models, the length scale 1 is still specified
algebraically and hence the approach éan not account for convection
and diffusion of 1. Moreover, for complex flows with separation,
streamline curvature or rotation, the empirical specification of
the length scale'faces a number of difficulties. Due to significant
limitations of algebraic expressions for the length scale, one
equation models provided only 1little improvement over the =zero

equation models.

Two equation models, employ transport equations for both turbulent
velocity scale and.turbulent length scale. The use of a transport
eéuation for the length scale 1, accounts for the evolution of the
spatial scale of turbulent throughout the flow region. In this
length scale transport equation, the dependent variable can be any
combination of 1 and k. Various combinations of two equation models

have been proposed, but the k-~e model as developed by Launder &



Spalding [1972, 1974] and Jones & Launder [1972, 1973] using an
equation for the dissipation rate, e = Cbk%/l , has been widely
used in most industrial applications. Here ¢, is a constant. One
reason for popularity of the two-equation model is that it can be
conveniently accommodafed in the computer codes for solving the
Navier-Stokes equation. It also offers considerable saving in
computational time when compared to the more sophisticated stress
transport models. However, it is also known that the standard k-e
model is unable to handle unequal turbulent ndrmal stresses and has
limitation in using isotropic eddy viscosity and diffusivity. Due
to the use of isotropic eddy viscosity, the model becomes incapable
of predicting the observed secondary flows in rectangular ducts.
The effects of curvature, rotation and buoyancy forces have to be
modeled separately. In addition the model can not account for the

convection and diffusion of the shear stresses.

In the stress transport model, to account for the evolution of the
individual stress components, transport equations for each

component of ngé have been introduced. Exact equations for the v;v;

can be obtained directly from the Navier~Stokes equation. However,
these transport equations éontain unknown higher order correlations
which have to be approximated by closure assumptions. In exact
Reynolds stress equation, however, terms accounting for buoyancy, -
rotation and other effects lare introdﬁced automaticaliy. in
modeling,'turbulencé processeé are assumed to be characterized by

a single time-scale, k/e¢, where k is the kinetic energy of



fluctuating motion. Furthermore, local isotropy for dissipation is
assumed to prevgil so that the dissipation is same for all three
normal components. The modéled Reynolds stress transport equations
along with that for enefgy dissipation-rate €, have to be solved
simultaneously. Thus, considerable computational effort is needed
for solving practical' engineering problems. Elaborate stress
transport models were also developed by Daley and Harlow [1970],
Hanjalic and Launder [1972, 1976], Lumley and Khajeh-Nouri [1974],
Launder, Reece and Rodi [1975] and Newman, Launder and Lumley

[1981].

In the stress tfansport models, one has to solve a large number of
differential equations for each component of turbulent stresses and
fluxes, which requires extensive computational effort. To reduce
the required computational work, algebraic stress models have been
developed by Rodi [1976], Yoshizawa [1984, 1985], Speziale [1987],

Ahmadi & Chowdhury [1991] and Chowdhury {1990].

In spite of the extensive research effort to develop more accurate_
tugbulence models, the linear k-¢ model of turbulence is still
widely used in industries for solving practical flow problems. One
main reason is that, the needed computational effort for
application of stress transport models to industrial fluid
engineering .problems is quite extensive, since the transport
equations for each component of the Reynolds stress tensor have to
be solved. In addition, in order to close the exact transport

equations for the Reynolds stresses, closure approximations for the



higher order turbulence correlations such as pressure-strain terms
are ‘required which are difficult to achieve. Many turbulence
researchers [Speziale 1987] believe that these shortcomings
outweigh the main advantage of second order closures in practical
*applications. The other feason for the popularity of the k-e model
is that it has been accommodated into many commercially available

computer codes.
1.3.2 Previous Work

Turbulent flow downstream of an abrupt pipe expansion was studied
numerically by Amano [1983]. In this paper, the sudden expansion
flow for a single jet was simuiated. Here, expansion of concentric
jets were not considered. Computations employed a hybrid method of
central and upwind finite differencing to solve the Navier-Stokes

equations with the k-¢ turbulence model.

Experimental and numerical study of confined coéxial turbulent jets
were performed by Khodadadi and Vlachos [1989]. The turbulent
mixing of a primary jet and its surrounding fluid in a pipe was
studied. But, in this experiment, the sudden expansion geometry was
not considered. A hybrid difference scheme that combines central

and upwind differencing was used for computation.

Numerical study in the developing regidn of coaxial axisymmetric
confined jets was also carried out by Paul .[1992]. Here also, the

sudden expansion of the jets was not considered.



This thesis, therefore, analyses the flow of coaxial turbulent jets
with sudden axisymmetric expansion, and uses the hybrid
differencing scheme and k-¢ turbulence model in the computer code

of Chowdhury [1990].
1.4 Objective of this.study

The objective of this thesis is to investigate numerically some
important flow characferistics, valuable for greater understanding
of the behavior of the nonreacting éonfined coaxial jets with
sudden axisymmetric expansion. A fast and reliable computer program
was adopted from Chowdhury ([1990], for scolving the governing
finite—difference'equations for given boundary conditions. The
velocity components, turbulence kinetc energy, dissipation rate,
etc., should be calculated at different sections of the mixing
chamber (combustion chamber) for different input parameters. These
parameters‘afe Reynolds number, velocity ratio of jets, expansion

ratio, etc. The specific objectives of this research are:

(i) to test the capability of the model in predicting complex

recirculating flows,

(ii) | to study the effect of jet velocity ratioc on the flow
field,
(iii) to observe the effect of Reynolds number on the flow
properties,
10 : d



(iv) to study the effect of grid spacing, and
(v) to analyze the effect of expansion ratio on the flow

field.
1.5. Outline of the Thesis

The main purpose of this thesis is to analyze numerically, the flow
of coaxial turbulent jets with sudden axisymmetric expansion. The
governing equations required for this numerical analysis,-along
with the solution technique and boundafy conditions are briefly

given in Chapter 2 of this thesis.

Chapter 3 contains the results and discussion. In this chapter, the
predicted results are first compared with the available
experimehtal data to prove the capability of the program; Then the
effect of changing the jet velocity ratio, grid spacing, Reynolds

number and expansion ratio on the flow properties is studied.

The summary of main findings of this thesis and the suggestions for

future work are presented in Chapter 4.

References and figures are given at the end of this thesis.

11



CHAPTER — 2
METHODOIL.OGY OF SOLUTION
2.1 Scope:

In this chapter, the’ﬁethod of the numerical simuiation is briefly
described. As already mentioned in the previous chapter, k-e model
is used to solve this axiéymmetric, steady, turbuient flow; The
governing equations are first summarized. The solution technique is
then briefly outlined. Boundary conditions are described in short.
Finally, the solution procedure along with under-relaxation

principle is briefly discussed. Closing remarks are also given.

2.2 Governing Equations:

The equations which govern the flow of an incompressible fluid are:

Conservation of mass

av; ‘
= 2.1
ox. 0 . : ]

1

Linear momentum

dv; ) ap a2 V.i

— 1 - _ i 2.2
P dt dx, " 8x3agj ! ]

But in a state of turbulent motion the field gquantities become
random functions of space and time. The instantaneous motions will

still satisfy Equations ({2.1] and [2.2], but will become too

12



complex and mathematically untractable. The usual approach is to
use an averaging technique and to deal with the rather smooth
variation of the mean flow field. In turbulence modeling, the
complex motion of a simple (Newtonian) fluid is replaced by a

simple motion of a complex mean field fluid.

During turbulent motions, the flow parameters may be decomposed

into mean and fluctuating parts, i.e.
=T Y [2.3]

where ¢ is the mean (expected value) and ¢/ is the fluctuating

part of the variable Y.

The governing eguations then havé more unknowns than the number of
equations and hence require closure assumptions. These are the
functions of turbulence modeling. In this thesis, the k-¢
turbulence model of Launder and Spalding [1974] is used. In this
model, there are also two transport equétions for kinetic energy of
turbulence, k and dissipation rate, €. The turbulent kinetic energy

and its dissipation rate are defined as,

k :—;‘V_ivir € = 2vw 0 - [2.4]

where v is the flucfuating velocity and o, is the fluctuating

vorticity of turbulence.

13 ' ( )



The resulting governing equations are all similar and hence can be

put in the common form:

1,9 9 - 9, %
7 Lg% (Puzd) ar("‘;”b) a(bax”r'bax) [2.5]
- a—(rrd,g)] = S¢

Here, v = 1 gives the éontinuity equation, ¢ = u and v gives the
momentum equations, aﬁd ¢ = kK and € gives the transport equation
for k and €. In Equation [2.5] the first two terms are the
convection terms, third and fourth terms are the diffusion terms
and S, is the source term which contains ﬁerms describing the
generation (creation) and consumption (dissipation) of variable Pp.

The forms for the source term S, are given in Table 2.1.

Table 2.1: Source Terms for the General Equation [2.5].
Name of Equation P Source Term, S,
Continuity 1 , 0
u-momentum u _ 9p + gu
ox
) : _@_ZPV_’_S‘,-
v-momentum v or r?
G - Cppe
k-equation k
2
C&EE - ¢,BE
. : Kk k
€e-equation €

14



Here,

yu —_ = - 2.6
o ax(“ &x) ¥ r &r(ru'ax) [ J

‘v a du T 4 av
_ du,y ; v, Ve Gu | Ovy, 2.8
G p[z{(ax) + ar) +(r)}+(ar+ 50 7] [2.8]
p o= Cpki/e + p, , Ty = p/o, . [2.9]

According to Launder and Spalding [1974], the empirical constants

are taken as,

C,=1.0, ¢, =0.09, C =1.44 and C, = 1.92 [2.10]

These equations have to be solved for the time mean pressure and

velocity components.
2.3 Solution Technique:

The differential equations presented in the previous section are in
their exact form. In order to solve these equations, the exact
differential equations are first to be converted into approximate
finite difference equations. The finite difference equations are
solvgd on a complex mesh illustrated in Figure 2. The
intersections, the point P for example, of the so0lid lines mark the
grid nodes where all variables except u and v velocity components
are stored. The latter are stored at points which are denoted by
arrows located midway between the grid intérsections, and the

boomerang-shaped envelope encloses a triad of points with reference

15



location P at (I,J). This is known as staggered grid system.
Details of the special merits of this staggered grid system have
been reported by Patankar {1980]. The different cbntrol volumes C,
U and V which are appropriate for the P, w and s locations

respectively are given in Figure 3.

The finite difference equations for each_ ¢ are obtained by
integrating Equation [2.5] over tﬁe appropriate control vélume and
expressing the result in terms of neighboring grid point values.
Here, a hybrid scheme which is a combinaton of the go—calléd
"central and upwind finite differencing have been employed to
discretize the equations. The advantages of this hybrid
differencing scheme over central~difference and upwind scheme have
been described in detail by Patanker [1980]. The discretized

equations can finally be written in the following general form:

agb, = Y ab; + s, [2.11]
3
where a, = Z:aJ - 5,
F
2: = sum over N, S, E and W neighbors thus linking each g-value

at a point P with its four neighboring values.

16



2.4 Boundary Conditions:

The flowfield is covered with a nonuniform rectangular grid system
as shown in Figure 4. Typically the boundary of the solution domain
falls halfway between its immediate nearby parallel gridlines.
Clearly, specification of the x and r co-ordinates of the
gridlines, together with the specification of JMAX(I) for each 1 is
sufficient to determine the flowfield of interest. The finite
difference formulation requires amendment for the near boundary
points through insértiqn of correct boundary conditions. The
boundary conditions for the present flowfield are briefly described

below.

Inlet Boundary:

At the inlet, the axial velocity (u-velocity) is speéified. No data
was available -for the radial velocity, and hence the radial
velocity at inlet was set to zero. The turbulence kinetic energy k
and dissipation rate € were also sbecified at the inlet through the
following relations,

3/2
2 _ kin

. [2.12]
in AR

where U,, is the mean inlet velocity, and A, and A, are some

constants.

17



Outlet Boundary:

The axial velocities at the cutlet are deduced from their immediate
upstream values. Zero normal gradient is specified for all other

variables at the outletl

Top and Side Wall:

At the top and side solid wall, no slip boundary conditions were
applied. Near wall tangential velocities are connected with their
zero wall values by way of the tangential shear stress wall

functions.

Symmetry Axis:

At the axis of symmetry, zero normal gradient were specified for
all the variables except the radial velocity. The radial velocity

was given zero value at this symmetry axis.
2.5 Solution Procedure:

The finite difference equations and boundary conditions constitute
a system of strongly-coupled simultaneous algebraic equations. They
form a set of nonlinear equations. The nonlinear algebraic
equations are solved by an iterative technique. Vélues of all the

variables are first guessed. Then using the tridiagonal matrix

18°



algorithm (TDMA), the set of equations are solved. This solution is
considered as improved guess and the iteration is repeated until

convergence criteria is satisfied.

At eaéh iteration it is necessary to emplby some degree of under-
relaxation. A weighted éverage of the newly calculated value and
the previous value is taken at each point. Because, if the
corrections are two large per iteration, the nonlinearity of the
finite difference equations causes divergence. Velocity and
pressure éorrections per itera#ion become smaller as the solution

proceeds towards convergence.

Final convergence is decided by way of a residual-source criterion,
which measures the'deéarturé from exactness for the variable ¢ at
the point. The residual sources are defined for each variable at
each point by equation like,

R, = agh, - Y ab; -5, [2.13]
J ' .

The solution is considered to be converged if the cumulative sum of
the absolute residuals throughout the field for all variables is
less than 0.4 percent of the inlet flow rate of the corresponding

variable.

19



2.6 Closure:

The governing differential equations are presented in this chapter
in a form which is used in the computer programme. The solution
technique and boundary conditions are discussed briefly. Finally,

the solution procedure is also outlined.

An available computer programme is used to simulate the present

flowfield and the results are discussed in the next chapter.

20



CHAPTER—3

RESULTS AND DISCUSSIONS
3.1 Scope

This chapter presents the results of numerical simulation of the
coaxial turbulent jet with sudden axisymmetric expansion, using_a
modified version of the TEACH computer code of Chowdhury [19903.
The governing equations using the k-¢ model, presented: in the
previous chapter,. are used for the present study. First, the
problem is defined. Then, the problem is solved for a particular

case for which experimental data are available, and comparison is
made for varifying the wvalidity of the programme. The effect of
changing the grid size on the flow-field simulation is observed.
The effect of changing the jet velocity ratio (flow ratio) is also
presented. Computations were also done by changing the jet Reynolds
number and the results —are discussed. Finally, the effect of
changing the expansion ratio is studied, and closing remarks are

given.
3.2 Problem Stétemént

As already mentioned, the confined coaxial turbulent jet with
sudden axisymmetric expansion is analyzed in this thesis. The flow
geonetry is shown in Figure 1. Two coaxial jets of velocity U, and
U, are coming in through the inner pipe of radius r, = 0.012m and .

~ outer annular pipe of radius r, = 0.0295m, respectively. The jets
i‘.
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then suddenly expand into a larger pipé of radius R = 0.061m, for
better mixing. Uniform profiles for the mean velocity, turbulence
kinefic energy and dissipation rate are assumed at the inlet. The
‘inlet turbulence kinetic energy and dissipation rate are taken by,

3/2
Kin [3.1]

. 2 .
Kin = 0.03 Ui €in T GTozR

in

where U;, is the inlet mean velocity, i.e. U, or U,. The flowfield
is solved for a nonuniform staggered grid of size 46 x 34 (i.e.
there are 46 grids in the axial direction and 34 grids in the
radial direction) with finer spacing in thé regions of large
spatial gradients. In order to study the effect of grid size
variation, the flow-field is also solved for 46 x 24 grids. The

results are described in the subsequent sections.
3.3 Comparison with Available Experimental Data

Flow of coaxial jets with sudden axisymmetric expansion was studied
experimentally by Johnson and Bennett [1981] in a water test rig
for the test configuration shown in Figure‘l and described in the
previous section. Measurements for mean velocity and turbulence
fluctuations were made using a laser Doppler velocimeter. The inner
jet has a velocity of U, = 0.52 m/s and the outer annular jet
velocity is U, = 1.66 m/s. The ratio of the velocities of the inner
and outer jets, U,/U, = 0.31, and the ratio of the flow rates for
the inner and outer jéts, 0,/9Q. = 1/16. The average velocity of the
outer annular jet is téken as the reference velocity, U, = U, = 1.66

m/s.
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Based on this reference velocity and 2r,, the flow Reynolds number
is 97000. The above flow is simulated using the computer code of
Chowdhury [1990], which is a modified version of the TEACH computer
code. A nonuniform grid of 46 x 34 node points is used. The
governing egquations empioying the k-¢ model are given in Chapter 2
of this thesis. The inlet turbulence energy and dissipation rate
are calculated by Equation [3.1]. The predictions of the numerical
model are compared with the experimental results of Johnson and
Bennett [1981] in Figures 5 and 6. In these figures, the solid
lines correspond to the numerical predictions of the present model

and the boxes correspond to the experimental data.

The mean axial velocity distribution across the flow as predicted
by the present numerical model at different axial locations are
shown in Figure 5. The experimental data of Johnson and Bennett
[1981] are also shown in this figure for comparison. It is observed
that the model predictions for the mean velocity are in good
agreement with the data. The reattachment length was found to bé Xr
= 27.2 cm, or . x,/H = 8,64, where ﬁ is the expansion step height of

3.15 cm.

Figure 6 compares +the predicted turbulence Kkinetic energy
distribution across the flow with the experimental data of Johnson
and Bennett (1981). It is observed that the present model

predictions are in good agreement with the data.
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The disgipation rate profiles as predicted by the present model at
different axial locations are shown in Figure 7. The trends of
variations of the dissipation rate profiles-appear to be gquite
reasonable; however, no gxperimental data for dissipation rate for

the particular flow were reported in the literature for comparison.

Figure 8 shows the distributions of the dimensionless mean axial
velocity as predicted by the present model for different axial
locations. The mean velocities are nondimensionalized with the aid
of the reference velocity which is the average velocity of the
annular jet. In these velocity profiles we find the presence of the
recirculation zone caused by the sudden expansion, which ultimately

helps in mixing.

Distributions of the dimensionless turbulence kinetic enefgy across
the flow at different axial locations are shown in Figure 9. Here
also, the turbulence kinetic energy is nondimensionalized with the
aid of the reference vélocity, U, = U,. The high level of turbulence
kinetic energy generated due to-high rate of shearing of the flow

helps in the mixing process.

Based on the above presented results and comparison with
experimental data, it may be concluded that the present numerical.
mogel has the capability of predicting turbulent flows with
reasonable accuracy. Hence, this model will be used for further

simulations in the following sections.
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3.4 Effect of Grid Size

In the previous section, for Figures 5-9, the particular flow was
simulated based on a grid of 46 x 34 node points. However, the
effect of grid size variation on the simulated results, needs to be
checked. So, the above flow was also simulated using 46 x 24 node

points and the results presented.

Figure 10 shows the distribution of the mean axial velocity across
the flow, for the conditions of the previous section, and for both
the grid sizes of 46 x 34 and 46 x 24. The plots for 46 x 34 node
points shown by solid lines are almost similar to those for 46 x 24
node points shown by dotted lines, except for a few places where
the larger grid size has better matching with the experimental
data. The distribution of turbulence kinetic energy and dissipation
rate across the flow were also plotted for both the grid size and

found to almost superimpose, and so were not presented here.

Hence, the use of 46 x 34 grid size seems to be reasonable, and so

will be used for the present computation.
3.5 Effect of Velocity Ratio U,/U,
In section 3.3 of this thesis, computations for the coaxial

turbulent Jjets. with sudden expansion were performed for jet

velocity ratio U,/U, = 0.31, which corresponds to flow rate ratio
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Q,:Q, = 1:16, where Q, and'Qz are the flow rates of the inner and
outer annular Jjets, respectively. In practice, flow rate ratio
Qifferent from the above might be required for the design of
combustion chambers. Hence, the effect of éhanging this flow rate
ratio or consequently jet velocity ratio on the flowfield will be

studied in this section}

First, the coaxial turbulent jet flow for the geometry of Figure 1
is again simulated for U, = 1.66 m/s but U, = 0.33 m/s, which
corresponds to U,/U, = 0.2 or Q,:Q, = 1:25, and the results are

presented in Figs. 11-15.

Figure 11 shows the distribution of the mean axial velocity across
the flow at different axial locations. Here x means the axial
distance from the sudden expansion.geometry. Here also, we observe
the presence of the recirculation zone due to the sudden expansion.
The reattachment length was found to be, %, = 27.8 cm or ¥%,/H =
8.83, where H is the steplheight. The recirculation length has

slightly increased compared to that for U,/U, = 0.31.

The predicted variation of the turbulent kinetic energy across the
flow at different sections are shown in Figure 12. Here, we find
that the turbulent kinetic energy level is high at.points where
shearing of the flow is maximum. Tﬁis high level of turbulenf
energy helps in the mixing process. The turbulent energy is
generated more in the initial region after expansion and the

profile flattens as goes away from the expansion section.
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- The predicted dissipation rate profiles at different locations are
also shown in Figure 13. The peak of the dissipation rate profile
is guite high near the expansion section, and decreases rapidly-as

we move along the axial direction.

Figure 14 shows the distribution of the dimensionless mean axial
velocity across  the flow ét different axial locations. The mean
velocity is nondimensionalized by the reference velocity U, = U, =
1.66 m/s. Héfe we observe that the centerline velocity recovers

faster than that for U,/U, = 0.31.

The predicted variation of the nondimensional turbulence kinetic
energy is shown in Figure 15. In this figure, the so0lid line stands
for x = 5.1 cm, and the dotted lines with increasing dot lengths
" represent the subsequent sections of io.z cm, 15.2 cm, 20.3 cm,
25.4 cm and 30.5 cm. The corresponding values of x/R for these

sections are 0.84, 1.67, 2.49, 3.33, 4.16 and 5.0 respectively.

Next, the coaxial turbulent jet flow for the geometry for Figure 1
is simulated for U, = 1.66 m/s but U, = 0.83 m/s, which corresponds
to U, /U, = 0.5 or Q,:Q, = 1:10, and the results are presented in

Figures 16-20.
The mean axial velocity distribution across the flow as predicted
by the present model at different sections are shown in Figure 16.

The reattachment length for the recirculation zone near the wall,
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was found to be x, = 26.7 cm or x,/H = 8.48, where H is the step
height. The reattachment length is slightly less than that for U,/U,

= 0.31.

Figure 17 shows the variation of the turbulent Kkinetic energy
across the flow at different axial locations. The turbulent Kinetic
energy is generated more at the regions of the larger shearing of

flow.

The dissipation rate profiles as predicted by the present model at
different axial locations are shown in Figure 18. The peak of the
dissipation rate profile in the first section is quite large,

whereas in the last section it has decreased a lot.

The predicted variation of the dimensionless mean axial velocity
across the flow at different locations have been plotted in Figure
19. From this figure we can see how the velocity profile changes

from section to section and the changes in the recirculation zone.

Figure 20 shows the dimensionless turbulent kinetic energy profiles
for different sections. The reference velocity U, = U, has been used

for nondimensionalization.

Now, the distribution of the dimensionless mean axial velocity
across. the flow at different axial positions for U,/U, = 0.2, 0.31
and 0.5 are shown in Figure 21, for comparison.

Nondimensionalization has been done with the aid of the reference
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velocity U, = U, = 1.66 m/s. From the figure we find that the
nondimensional curves are very similar except near the centerline.
It can be seen that, thelmean velocity fqr U,/U0, = 0.2, near the
centerline, recovers much faster unlike that for U, /U, = 0.5. At
sections away from the expansion, the curves almost superimpose.
From this figure, thg mean velocity for different flow ratios of

the two jets, can be predicted by interpolation.

Figure 22 compares the distribution of the dimensionless turbulent
kinetic energy across the flow for U, /U, = 0.2, 0.31 and 0.5. Here
we observe that the nondimensional turbulent kinetic energy
profiles are very similar except near the centerline for the

initial sections.

The predicted nondimensional centerline mean velocities are plotted
in Figure 23, for U,/U, = 0.2, 0.31 and 0.5. From the figure we find
that, in the initial region, the centerline velocity for U,/U, = 0.2
drops rapidly after sudden expansion and then recovers very fast.
The centerline velocity for U,/U, = 0.31 drops slowly and again
recovers, unlike that for U,/U, = 0.5. At a certain distance away
from the expansion section, the centerline velocity for all the

three cases decreases at the same rate.

From the above figures we may conclude that, though there are
certain changes in the flow field due to the change of jet velocity
or flow ratio, but the properties can be predicted from the

dimensionless figures like Figures 21 and 22, by interpolation.
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3.6 Effect of Reynolds Number

The flow of the coaxial turbulent jet with sudden axisymmetric
expansion was studied in section 3.3 for U, = 0.52 m/s and U, = 1.66
m/s, corresponding to which the velocity ratio U,/U, = 0.31 and the
Reynolds number Re = 97000, based on the outer jet velocity U, and
diameter 2r,. The effect of changing the Reynolds number will be

chserved in this section.

The coaxial turbulent jet flow of section 3.3 is again simulated
for U, = 1;04 m/s and U, = 3.32 m/s, while Keeping other parameters
constant. The Reynolds number now becomes, Re = 194000 i.e, doubled
as before, while U,/U, and Q,:Q, still remain the samé as 0.31 and
l1:16 respectively. The simulated results are shown in Figures 24-
27. In these figures, the sclid line corresponds to Re = 97000, and

the dotted line corresponds'to Re = 194000.

Figure 24 compares the distribution of the dimensionless mean axial
velocity across the flow for the two Reynolds number, at different
axial locations. In this figure, the meén velocities have been
nondimensionalized with the aid of the reference velocity U,. For
Re = 97000, U, = U, = 1.66 m/s, while for Re = 194000, U, = U, = 3.32
m/s. The nondimensional profiles for the mean velocity for both the
Reynolds number are almost the same. The mean axial velocity
distributions for the above Reynolds number have also been plotted

in Figure 25, but without nondimensionalizing. In Figure 25, we
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find that the curves for différent Reynolds numbers are quite
different. Hence, if the mean velocity profiles are plotted in the
above nondimensional form, they can be used for predicting the flow

at different Reynolds number.

The distribution of the nondimensional turbulent kinetic energy
across the flow at different sections for Re = 97000 and 194000
have been plotted in Figure 26. Here, both the nondimensional
figures coincide. The reference velocity U, = U, has been used for
nondimensionalization, where the value of U, is different for each
Re. The predicted dimensional turbulent  kinetic energy
distributions for the above Reynolds number are also shown in
Figure 27. From this figure we observe that the dimensional

profiles are quite different.

From the above study, it may be concluded that, if the variables
are nondimensionalized with the aid of the reference velocify, then
the figures can be used to predict the properties for different

Reynolds number .
3.7 Effect of Expansion Ratio

In this thesis, the flow of the coaxial turbulent jet with sudden
axisymmetric expansion is being studied. The sudden-expansion
geometry produces mixing rates downstream of the expansion that are

substantially higher than that without it. Therefore, the effect of

changing this expansion ratio on the flow field needs to be

f"h B
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observed. Expansion ratio may be defined in terms of the change of
radius or flow-area. The jet flow of section 3.3 is again studied
in this section by increasing the radius of the larger pipe, R by
10%, while keeping othér parameters constant. The results are
presented in Figures 28 and 29. In these figures, the solid line
represents the flow of.section 3.3, where R/r, = 2.07, and the
dotted 1line represents the flow due to the increased R,

corresponding to which R/r, = 2.27.

The distribution of the predicted dimensionless mean axial velocity
across the flow has been shown in Figure 28, for both expanéion
ratios R/r, = 2.07 and 2.27, for comparison. In this figure, the
mean velocity has been nondimensionalized with the reference
velocity U, = uU,, and the radial distance has been
nondimensionalized with the radius of the larger pipe R, which is
different for the two cases. The peak of the mean velocities are
shifted towards the centerline for larger R. Also, the iength of
the recirculation zone has increased for larger R. In section 3.3,
the recirculation length was, x,.= 27.2 cm and X,/H = 8.64, where
H is the expansion step height of 3.15 cm. Here, due to increase of
R by 10%, the recirculation length has become, x, = 32.5 cm, but
the expansion step height has also increased to 3.76 cm. So, for

this increased R, nondimensional recirculation length becomes x./H

= 8.64, which is the same as that of section 3.3.
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Figure 29 compares the nondimensional turbulent Kkinetic energy
distributions for both the expansion ratios. Here also we observe

that the peaks are shifted towards the centerline.
3.8 Closure

The present computer code is used to simulate the mean flow of the
coaxial turbulent jets with sudden axisymmetric expansion. The
prediéted results are compared with the available experimental data
and found to have reasonably good matching. The flow is studied by
changing the jet velocity ratio or flow ratio, and ﬁseful
nondimensional re§u1ts are presented. The effect of changing the
. grid size and flow Reynolds number is also studied. It is shown
that 46 x 34 grid size is stable, and properly nondimensionalized
plots can be used for different Reynolds number. Finally, the

expansion ratio is changed and simulated results compared.

N
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CHAPTER 4

CONCILUS TON

In this chapter, the main findings of the present computational

study are presented, along with suggestions for developments in

the future.

4.1

Summary of Main Findings

Based on the presented results the following conclusions may be

drawn:

ii.

iii.

The present computational model 1is capable of predicting
complex flows 1ike coaxial turbulent jet expansion, with

reasonable accuracy.

Due to the change in jet velocity ratio, the mean velocity and
turbulence kinetic energy profiles have some variation near
the centerline. The mean velocity profiles for different Jjet

velocity ratio can be interpreted from the presented results.

With the increase of jet velocity ratio U,/U, from 0.2 to 0.5,
the recirculation length x,/H slightly decreases from 8.83 to

8.48.
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iv.

vi.

vii.

The centerline velocity for U,/U, = 0.2, decreases sharply
after expansion and again increases rapidly in the initial

region, unlike that for U,/U, = 0.5.

The grid size of 46 x 34 node points used in the present
computation for simulating the <coaxial turbulent Jjet
expansion, is sufficient. Further iﬁcrease of node points will
only increase the computational time and cost, without

appreciable improvement of flow predictions.

The change of Reynolds number, changes the mean velocity,
turbulent enerqgy, etc. But if the results are plotted in
proper nondimensional form, the profiles coincide.

The increase of expansion ratio, increases the recirculation
length, but remains as a constant multiple of the expansion

step height.

Suggestions for Future Work

The following works can be done in future:

Swirl velocity can be added to the jets to study the effect of

swirl, as used in swirl combustors.
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ii. Higher order schemes can be used to have better accuracy of

~

prediction.

iii. More sophisticated turbulence model can be employed.

iv. Transport equation for temperature can be added.
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