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NOMENCLATUREa

- finite difference coefficient
C — convection transport term defined by equation (2.25)

Cl — empirical constant

C2 — empirical constant

Cu - empirical constant in equation (2.14)

D - diffusion transport tern defined by equation (2.ll)
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Gx — axial flux of axial momentum
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Ck - production rate for turbulence energy
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RP - number of moles of combustion products

P - static pressure
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RO — characteristic dimension
r — radial coordinate
S - swirl number
S¢ - source of ¢ per unit volume

T - temperature

Tref - reference temperature
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UO - average inlet axial Velocity

u - axial Velocity

V — radial Velocity

Wo — average inlet tangential Velocity

w — tangential Velocity

x — axial coordinate

6 - dissipation rate for turbulence kinetic energy

p — density

~ 6 — tangential coordinate

¢ — general dependent Variable
T — shear stress

o - turbulent Prandtl number

u - laminar viscosity

ut- eddy or effective viscosity

SUBSCRIPTS

E — value at the "east" node l
e — value at the "east" face of the control volume

N — value at the "north" node
n — value at the "north" face of the control Volume

P — Value at the current node, P

S — value at the "south" node

s — value at the "s0uthV face of the control volume

W — value at the “west" node
· w — value at the "west" face of the control volume
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l.0 INTRODUCTION
T

l.l Background

The study of the combustion process in stationary combustion

systems, such as those in gas turbines or power plants, has received

considerable attention in the literature in the recent past. The com-

bined effects of the energy shortage and pollution control efforts have

created the demand for careful analyses of such systems. The study and

analysis of the combustion in such systems involves the interactive

application of fluid mechanics, heat transfer, and thermodynamic analy-

ses to realistically model the physical process. The current availabil-

~ ity of high—speed digital computers and recent advances in analytical

techniques has made the numerical modeling of such a process a realistic

goal. The object of the current investigation was to formulate a mathe-

matical model that accurately represents the physical situation and to

develop the methodology for a solution technique, consistent with the

current state—of-the—art, to solve for the velocity and temperature

fields associated with the combustion system. The theoretical analysis

was also to be verified with a simultaneous experimental program. The

system chosen for this program was chosen such that the combustion sys-

tem itself would provide some new and valuable information. For these

reasons, the fuel chosen was a low heating value (low HV) gas which can

be produced at a relatively low cost from coal and, consequently, is a

fuel of future importance. A swirl burner was used in the investigation

for reasons which will be discussed.

The main emphasis of the investigation was on the development

l
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” of the analytical technique. Prior to discussing the analysis, howeven

the basic geometry and the combustion system will be described to give

physical insight into the methodology of the analysis development.

„ Since the current investigation includes an experimental verification

of the analysis to be developed, a review of the previous experimental

work in this area is included in this first chapter. The actual devel-

. Opmént of the analytical method will be covered in Chapter Two. Chap-

ter Three will provide a brief description of the experimental apparatus

and procedures used to obtain the supporting data. The predicted and

measured results will be presented in Chapter Four and the conclusions

reached for the overall investigation will be given in Chapter Five.
_

The analysis that will be presented here is an outgrowth of the

author's earlier experience with numerical analyses utilizing the

stream function and vorticity formulation approach [l]. Due to the

fact that the author had previously developed a code based around this
fg type of formulation, an approach to a primitive variables (velocity and

pressure) formulation for the flow field was taken that is

different from those most often encountered in the literature. This

approach will be explained in more detail, but the essential difference

is that a "non—staggered" grid system was utilized in the current analy-

sis as opposed to a "staggered" grid system used in many other such

analyses appearing in the literature. These terms will be explained in

more detail in the following discussions. In retrospect, the present

method has turned out to be a fortunate choice since the resulting solu-

tion &lg0fiChm is considerably simpler to incorporate into a computer

code and is much simpler to apply. The resulting solution requires
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roughly one—third of the computations required in a staggered grid sys-
4

tem for a two—dimensional problem and one-fourth of those required for

a three-dimensional problem. The solution algorithm is given the acro-

nym, CENCIS (CENtered Cell, Implicitly Staggered). The computer code

is called PRIMCO (PRIMitive variables COmbustion).

1.2 Combustion System

1.2.1 Low Heating Value Fuel

The composition of the low HV gas used in this investigation is

shown in Table I with the properties of propane shown for comparison.

As shown, the low HV gas has a heating value of only 4.77 MJ/scm com-

pared to a heating value of 91.2 MJ/scm for the propane. Because of

this low heating value, the burner required for the combustion process

and the actual combustion process is considerably different from that

of the more conventional fuels with higher heating values. As shown in

Table I, the air—fuel ratio required for the low HV gas is approximately

one whereas the air—fuel ratio for the more conventional fuels is in the

range of 15-20.

Low HV gas is an attractive fuel for several reasons. First, it

is relatively inexpensive to produce from coal. In fact, the gas used

in this study is representative of an "in—situ" coal gas, i.e., the coal

gas is produced in place (underground). ·An additional benefit of the

low HV gas is that the flame temperatures produced are relatively low

and NOX pollution levels should be minimal. The combustion of low HV

gas, however, presents many new and challenging problems for the burner

designer. The low HV gas is difficult to burn in a stable combustion
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Table I Volumetric Analysis and Properties of Burner Fuels*

Constituent Propane Low-HV Gas

N2 --- 49
H2 -—— 18
CH4 -—- 5
CBH8 100 ——

CO --- 7

CO2 ——- 21

Higher Heating Value

MJ/scm (B/scf) 91.2 (2448) 4.77 (128)

MJ/kg (B/lbm) 50.4 (21649) 4.44 (1909)

Stoichiometric
Air/Fuel Ratio

By Mass, om _ 15.6 1.18

By Volume 23.9 1.07

Specific Gravity, SGf** 1.53 0.904

Molecular Weight 44.1 26.1

Adiabatic Flame 2267 (3621) 1723 (2641)
Temperature, K (F)***

*When necessary, properties were calculated from gas composition us-
ing Reference 2.

**Air standard.

***Reactants were assumed to be at 298 K (77 F) and atmospheric pres-
sure.
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process, particularly at low excess air levels because of the lower

heating value. A comprehensive and accurate analysis of the swirl

burner combustion system is expected to be extremely useful to the

burner designer.
A

1.2.2 Swirl Burner

The swirl burner was chosen as a means of providing stable combus-

tion with low HV gas. The swirl burner 15 Qharacterized by an inten-

siVe»mixing process and thus should provide for a stable combustion pro-

cess even with the low heating Value fuel. The swirl burner used con-

sists of two concentric annular flow passages as illustrated in Fig.

1.1. The fuel enters the combustion chamber through the center passage

and the combustion air enters through the surrounding annulus. The air

has axial and tangential, or swirl, Velocity components. The fuel nor-

mally has only an axial component of Velocity. The secondary swirl

Velocity and the resulting radial pressure gradient may result in the

deceleration of the flow in the central region of the flow. At high

degrees of swirl, a recirculation region is formed in the center of the

flow field, as illustrated in Fig. 1.2. This recirculation zone is

similar to the flow pattern produced by a bluff body flame holder and

promotes stable combustion. As a result of the recirculating flow, a

complete form of the NaVier—Stokes equations must be used to model the
l

flow field. The governing equations are elliptic in nature. Solution

techniques developed for boundary layer type flows, where the simpli—

fied governing equations are parabolic in nature, are not directly

applicable. The consequences of the elliptic governing equations will
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I
be discussed further in Chapter Two.

I

A means of characterizing the degree of swirl is required to dis-

cuss the swirl burner. The dimensionless parameter used most frequent-

ly in the literature is the swirl number. The swirl number is defined

as

’ s = (1.1)

where G¢ is the axial flux of tangential momentum, GX is the axial flux
of axial momentum, and R.is a characteristic burner dimension. Thus,

for a flow with no tangential velocity component, the swirl number is

zero. If the flow was completely tangential (no axial velocity), the

swirl number would be infinite. A maximum practical value for the

swirl number is approximately 3.

1.3 Analytical Background

The discussion of the analytical background in the following sec-

tion will center on the analysis of the flow field since this is the

most complex part of the solution. The solution of the governing equa-

tions for the combustion processes is coupled to the flow field solu-

tion, but the coupling is relatively weak. The analysis of the heat

transfer and combustion processes is an important part of the overall

solution. However, the emphasis in the present investigation is on the

solution of the flow field. The combustion models that are employed

will be discussed in Chapter Two. ~
Two basic approaches have been used in attempting a solution of

the elliptic equations governing the flow field. In one approach, the
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governing equations are formulated in terms of the stream function and

Vorticity. In the second approach, the "primitive Variables" of Veloc-

ity and pressure are used. Since there are inherent advantages and

disadvantages to both approaches, the relative merits of each of the

two techniques will be noted. In the following discussion, the govern-

ing equations for modeling a steady-state, two-dimensional flow in car-

tesian coordinates are considered. The flow variables are the two

Velocity components, u and V, and the static pressure, P. The governing

conservation equations are the two momentum equations and the continuity

equation.

l.3.l Stream Function - Vorticity Formulation

In the stream function—Vorticity approach, the two momentum equa-

tions are cross—differentiated and manipulated algebraically to derive

the Vorticity transport equation [4,5]. The pressure is eliminated

u from the resulting equation. The continuity equation is formulated in

terms of the stream function. The governing equations are thereby re-
9

duced to two equations with two unknowns——the stream function and the

Vorticity. The number of equations and the number of unknowns has thus

been reduced by one with the pressure eliminated, but the partial diff-

erential equation for the Vorticity transport is of one order higher

than the two momentum equations it replaces. The more troublesome as-

pects of solving the stream function—Vorticity system involve the speci-

fication of the Vorticity at the boundaries. In addition, convergence

problems are often encountered in solving the Vorticity equation.



I10 I
I

1.3.2 Primitive Variables (PV) vs Stream Function Vorticitx (SFV)

Based on the available literature up through approximately 1972,

it had not been apparent as to whether a PV or SFV formulation offered

a significant advantage for different classes of flow problems. In

fact, Roache [4] states that "there is no clear advantage". The situa-

tion has changed since then principally as a result of improved pressure

solution techniques. Earlier PV formulations employed a Poisson—type

equation for the pressure distribution which indirectly included infor-

mation from the continuity equation. The resulting equation for pres-

sure was as troublesome as the vorticity transport equation in an SFV

formulation. More recent PV formulations do not use this approach.

With these problems eliminated in the more recent techniques, there are

several advantages to a PV formulation, although the pressure is still

the most sensitive variable. The major advantages are:

• More stable and rapid convergence
• More physically meaningful variables to work with
• Much easier boundary conditions to formulate
• Much simpler formulation.

1.3.3 Primitive Variables

In the primitive variables formulation, the flow variables are the

velocity components and the static pressure. For the two—dimensiona1

example being considered, the governing equations consist of the two

momentum equations and the continuity equation. The first difficulty

encountered in the solution of this set of equations is simultaneously

solving the set of three equations for these three unknowns. For exam-
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ple, a finite-difference equation can be derived for each of the veloc-

ity components from each of the momentum equations, but there is no ob-

vious finite difference equation that principally governs the pressure

distribution. Two basic approaches are found in the literature to

solve the problem. The first technique involves deriving a "Poisson"

type equation for pressure [4]. This equation is obtained by differen-

tiating each of the momentum equations and adding them to obtain the

desired equation for the pressure. The governing equation for the pres-

sure is then [4]

621> 62P _

62012)Informationfrom the continuity equation is included by substituting

the following relation directly into equation (1.2):

ggü = — gl; (1.3)
This technique thus supplies an explicit differential equation for

the pressure distribution. This approach was used in the first of the

primitive variables formulations, but the technique does not attack the

problem of satisfying the continuity equation directly. The pressure

solution in this technique may be as troublesome as the vorticity equa-

tion in the stream function vorticity formulation.

The second method [5,6] is an implicit technique which involves

solving for a pressure correction term to simultaneously satisfy conti-

nuity along with the momentum equations. Most of the current algorithms

found in the literature are based on this approach. The following sec-

tion will illustrate the process. In this approach, the two momentum
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equations are solved for the trial velocities u*, v*, based on an

assumed initial pressure distribution. It should be noted that these

velocities do not necessarily satisfy the continuity equation. Thus

if these velocities are substituted into the continuity equation, the

result is a nonzero residual, i.e.,

* *E--+i’L=R (1.4)öx 8y

The basic solution procedure involves varying the pressure such that ‘

the continuity equation residual is reduced to zero. The residual is

a function of the velocities which in turn are implicit functions of

pressure. ThereforeQ
SR BR Bu BR Sv..i.=..i—...+._.____ •3P öu BP öv 3P (1 5)

where the pressure-velocity relations in the above equation are deduced

from the two momentum equations. 'Thus, the pressure variation required

- to reduce the continuity equation residual to zero may be found from

AP = R/[BR/BP] (1.6)

This general approach is used in the dominant solution techniques ‘

appearing in the literature. There are several algorithms based on
„ this approach. The most convenient and efficient appears to be the

SIMPLE algorithm of Patankar and Spalding [8]. In the SIMPLE algorithm,

it is assumed that the trial velocities are related to the true veloci-

ties (u,v) by a velocity correction, i.e.,

u = u* + u' (1.7)
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·' V I.
Y _ V=v*+V' (1.8)

It is assumed that these Velocity corrections are proportional to a

pressure correction P', i.e. °

I u' = D EE:. ‘ (1 9)V u öx °

8P'
'=

—>—-—v DV Sy (1.10)

The Du and DV values are derived from the x and y direction momentum
equations, respectively. While this assumption is only approximate as

the solution converges to the true Velocity field, both the pressure and

Velocity corrections diminish to zero. The true or corrected velocities

are given by

ap'u u Du ax (1.11)

3P'
=

7'€+ ——-— •V V DV ay (1 12)

These relations are substituted into the continuity equation to obtain a

finite difference equation for the pressure corrections. The equation

for the pressure correction is solved and the Velocity field is corrected

to satisfy continuity and momentum. The general solution procedure is

outlined in Fig. 1.3.

An additional feature of solutions using the primitive variables

is the use of a staggered grid system [6,7,8,9]. Although there has not

been much explanation published in the finite—difference literature on

the reasons for using a staggered grid system, articles have been pub-

lished [10] in finite-element literature on mixed interpolation schemes
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which achieve the same effect as a staggered grid system. A staggered'

grid system is illustrated in Fig. 1.4. Dependent variables other than

the velocities are assigned values at the central node points of the

control volume and the velocities are located on the faces of the control

volume. From the control volume shown for the axial momentum equation,

it can be seen that the second derivatives for Velocity in the axial mo-

mentum equation are approximated by three points and the first-order

pressure derivative is approximated with two points. Studies have shown

[ll] that a more accurate and stable solution results from such mixed

approximations since the order of accuracy is equal for all terms. The

staggered grid system is, however, somewhat cumbersome to apply. The

following section will illustrate the basic physical reason for using a

staggered grid system.

Staggered Grid Systems

As explained in the preceding section, many of the dominant solu-

tion procedures in the recent literature employ a staggered grid system.

This section will illustrate the reasons for using such a grid system

and introduce the scheme by which the current approach eliminates this

requirement. The following discussion is based on the SIMPLE algorithm

[8]. Recall that the basic approach involves finding a pressure correc-

tion, P', such that the continuity equation is satisfied. In addition,

it is assumed that the pressure correction is related to the Velocity

correction at each node by

u' = D -äg- (1.13)u 8x
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AP'I =
__iV DV Ay (1.14)

These relationships are then used similarly for the surrounding nodes to

derive finite difference equations for the pressure corrections in the

form
I = I I I ICPPP CEPP + CWPW + CNPN + CSPS (1.15)

In order that a finite-difference equation for the pressure correction,

such as equation (1.15), may be derived, it is essential that the Veloc-

ity correction at node P be expressed as a function of the pressure cor-

rection at node P, or

' = f P' 1.16up (P) ( )

In more basic terms, referring to equation (1.11), it is required that

at the node P,

EP- = £(1>) (1.17)BP p p

Referring to equation (1.13), it is essential that the finite—difference

expression used to represent this relation includes PL. Consider the

control Volume illustrated in Fig. 1.5. The control Volume is represent-

ed by a non-staggered grid system with Velocity and pressure Values lo-

cated at the same node points. For convenience, let the grid system be

uniformly spaced with equal increments in both directions. A central

difference approximation to the first derivative for the pressure yields

PI _ PIa1>' E w
8x lp

_
2Ax (1*18)
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Substitution of this relation into equation (1.13) yields

PI _ PI‘ E WI ..up Du ZAX (1.19)

The influence of the pressure at the node point, P, is completely

omitted. This result is always true if the Velocity and the pressure are

at the same spacial location. The uniform grid example illustrates

clearly the problem. Using a three—point finite—difference to approxi-

mate a first derivative may be Viewed as using a quadratic polynomial to

approximate the function. The polynomial is then differentiated to ob-

tain an estimate of the derivative. The slope of the polynomial is a

linear function and is thus specified by the two end points. The influ-

ence of the middle point on the slope is minimal. In the equal interval

example shown here, the influence of the middle point is zero.

The use of a staggered grid system circumvents this problem. Re-

ferring to the grid system shown in Fig. 1.4, the Velocity corrections

are on the faces of the control Volume. For the axial momentum control

Volume, the resulting relationships are of the form

SP Pp _ Pw—- = (1.20)8x Ax

or
AP'

' = —-—- 1.21up Du Ax ( )

where
' AP' = P' - P' 1.22P W ( )

The value of the pressure at the node appears explicitly. This
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approach enables the straightforward derivation of a finite difference

equation for the pressure.

The approach that is used in the current work also allows the der-

ivation of such a finite-difference equation but without the added com-

plexity of a staggered grid system. The current approach will be called

an "implicitly staggered" solution procedure since the grid system is

not actually staggered, but the same effect is obtained by the manner in

which the finite difference pressure corrections are derived. As with

the staggered grid system, the velocities to be corrected and the pres-

sure corrections are at different spacial locations. The method will be

described in detail in Chapter Two.

1.3.4 Turbulence Closure Schemes I

An essential requirement in solving turbulent transport processes

in any of the previously mentioned approaches is the closure of the

problem. lt is necessary to relate turbulent exchange coefficients,

such as an eddy viscosity, to the local flow properties. Because of the

_ fact that turbulence and the resulting turbulent transport is a flow

property rather than a fluid property, general schemes for calculating

turbulent transport properties that are universal have eluded formula-

tion. In the problem at hand, there is a turbulent transport mechanism

for mass, momentum and energy. The basic approach used in the current

analysis is to model all of the turbulent transport processes by using

an analogy with the turbulent transport of momentum. The turbulent trans-

port of momentum is modeled using the effective viscosity concept. The

turbulent exchange coefficients for mass and energy are then related to
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the effective viscosity. For example, the turbulent exchange coeffi-
cient for energy, the eddy or effective diffusivity, would be related to
the eddy viscosity through the use of a turbulent Prandtl number. In the

following discussion, various models for eddy viscosity are discussed.

1.3.5 Mixing Length Models

The starting point for the discussion of turbulence models is

Prandtl's mixing length model which has formed the basis for a majority
of earlier eddy viscosity models. Prandtl's hypothesis was that the eddy

viscosity, in flows where one velocity is dominant, such as boundary lay-

er flows, could be calculated from2

Buut = ol I5;] (1.23)

where ß is the mixing length. The mixing length concept can be extended

to multi-dimensional flows as [7]

” u. u. u.
ut = M2 + (1.24)

J 1 J

where standard index notation is used. In Prandtl's hypothesis, the mix-

ing length represents the length scale over which turbulent eddys inter-

act. Thus, in relatively simple boundary layer flows, for example, the

length scale is of the same order as the distance from the wall and is A

easily calculated. In more complex flows where the mixing length model

is used to calculate an eddy viscosity algebraic models may be used to

specify the mixing length as a function of the flow geometry [12,13].

Specifying the required mixing length in complex multi-dimensional prob-
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lems is virtually impossible, and other techniques must be used. An

additional problem with the mixing length model is the dependence on the

Velocity gradient. Thus in regions of complex flows where the Velocity

gradients are small, the mixing length model predicts eddy Viscosities

that are too low.

_ 1.3.6 Tw0—Eguation Turbulence Models

Two—equation turbulence models differ from mixing length models

essentially in that the two—equation models provide a means of calculat-

ing the mixing length. The major drawback of the mixing length models

is eliminated. Two—equation models use the turbulence kinetic energy,

k, rather than the Velocity gradient to correlate the eddy Viscosity.

The eddy Viscosity is related to the kinetic energy by

L1 ut = pkzß (1.25)

It should be noted, however, that this model is not essentially

different from Prandtl's hypothesis and, in fact, under boundarv-layer

tyoe flow conditions where the mixing length is known, the two-equation

model yields the same results as the mixing length model.

The basic premise in such models is that the turbulence energy pro-

duction is related to the mean strain rate tensor for the flow field.

The rate of generation of the turbulence energy is given by [12]

öuiG16 G1 21;:+111. 1;: GGG)
J 1 J
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With the turbulence energy thus related to mean flow properties,

a partial differential equation is derived which accounts for the con-

vection, diffusion, dissipation and formation of this quantity through-

Out the flow field. This equation can then be solved simultaneously

with the other conservation equations for the flow field [ll].

In all two-equation turbulence models found in the literature, the

first dependent variable is the kinetic energy of turbulence. However,

there are a variety of models used, where each is distinguished by the

choice of the second variable. In all models, the second variable forms

the means by which the mixing length is specified. Table II shows some

of the two—equation models used currently. From reviewing the literature

[14,15]. one concludes that there is little significant difference be-

tween the models other than some advantages of convenience for some of

the models. The most frequently used second variable now appears to be

the dissipation rate for turbulence energy. The dissipation rate is re-

lated to the turbulence energy bv

k
6 = cukß/2/2 (1.27)

The dissipation rate is the second variable employed in the current

analysis. The governing equations used for the turbulence kinetic ener-

gy and the dissipation rate along wmith the boundary conditions and the

solution procedure for these equations will be presented in the analysis

chapter.

This discussion concludes the analytical background. The analysis to

be developed in Chapter Two is based on the background work that has

been described. The analysis will use the primitive variables of velocity
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Table II Two-Equation Turbulence Models ·

_
‘ I

Reference A · 2nd _Var1sb1e Symbol
9 16 161/ 2/ 2 f V

17 “ V 6

18 2 2

19 k2 k2
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and pressure. A pressure solution algorithm will be outlined which

follows the same basic approach as the Patankar—Spalding SIMPLE algo- i

rithm. The current algorithm will not be based on a staggered grid sys-

tem, however. The analysis will also include provisions for variable

density, combustion, and a two—equation turbulence model.

1.4 Experimental Background

There have been a number of papers dealing with experimental stud-

ies of combustion processes in swirl burners. For the most part, how-

ever, these studies have dealt with the more conventional fuels with

heating values considerably higher than those under consideration here.

Grant [20] has presented a comprehensive review of the literature up to

1974. A summary of the literature referenced by Grant is listed in

Table III. As noted by Grant, several of the workers have compared ana-

lytical calculations with experimental measurements but a limited num-

ber have used the two—equation turbulence model that will be employed

I with present work. In addition, none of these workers has considered a

low-HV fuel. The low-HV fuel introduces a considerably different flow

situation. A detailed review of the current literature in this area is

given by Lilley [21] and Syred and Beer [31]. As pointed out by Lilley,

there is a considerable need for the further development and Verification

of these analytical techniques, particularly in flows with recirculation.

In particular, he notes that the calculation of pollutant formation re-

quires an accurate analysis. .

Although there have been no papers in the literature that deal ex-

plicitly with the combustion of a low HV gas in a swirl burner, there are



26

- _

E
1

5EZ?
•H><°"I <f <T

I

N _k

.

G] -1c mn N

U)

•K •
I-P1 cr)

U)

O
•

Q1

O C5

G
mä

><

O 1.1
Ü.

I

„¤

:><

IQ EM

1

-¤
SEE,

I 1

I 1

E :1
1

8
Sg

I 1

O
Q:) .

N 1

.-1

1

G
I,) pq

><:

KUB 1-1

:><1 N

.-91
II" ·

><

‘

1;;,
D-

XE
><

OG
°§ I 1

:><:

G

1

II

IXI !><1

‘

'K
><

3 .

><ä ><

5, 3%

1

1=1c> 1 I

"‘I

ä
“"U I I

•

I

O

• '

I

U)

Z
• Ü C5

1:
Q

F
• '

O
Q,.

H
• CD

•

--1
NG

H ·
‘° 6

*,2*
H12><Oo ><

33*

°‘ ><

U)
Ü-:

•

>< 1

ÄI ää

I ><:

.3
°° N

°‘

61 Q Q,

·—1

N 1m

,_]

Ü

N 1~ „
I GJ

C;

N
OO

O-1

,,1
1-1

N ow Q
111

E
(U <T

Öl

D4

.,_,
¤1 10

JN

GD

,_,
:>• cn ~¤ " O

1:

111

"I E Ä N ca

°"I

$1*

"‘ 2
Ü vw

15 1:

1;;;

,..1 cx
|\ m

111 GJ

,-1 cw !\ <T <I_ OD I>

"I E1 Ä N
ISB

G

~· ,2*, § U

,2

111

1-1
GJ

.¤
.5 E

GI

‘”‘ Q

E2
111 1-1 !> :1

ä
E 1.1

111

$-1
*111 ¥-J (U

,_,
,-1 111

„

0
111 GJ U

,.,
.-1

E1
1-1

IS —¤ 111 2 Q
3

IS 1 X '%

<¤ 1: "2 E ,,1 ,,1
111 12

jf I
111 Z3

Q 1. S GJ
*2 G E

H .
T,} TJ

go .3 E, „ 111 11 <¤ 1 7*,,
1;,

‘;

5 3,; .-5 .21 3
— ¤ 11 1.-; .1;

11 ...

Q)
D

D
FU 00 •§

C: O

1:1 :>»
·—* -¤ Q,

.,_,
Q

U) CU C! EM O
•

In QI fü
1-10 Ü .3

”

I

¤¤ -5 2 111
U :>

_ —

. E E

-1c ä



s [
27 [

papers dealing with similar areas, such as, for example, the combus-

tion of low HV gases in gas turbines and intermediate heating value gas

combustion. In the case of the gas turbine combustion processes, stud-

ies have indicated [32,33] that, as stated earlier, the low HV gas com-

bustion produces low NOX formation. These studies also indicate, how-
ever, that hydrocarbon emissions may be a problem. These results point

out again the need for an accurate analysis of such combustion processes.

1.5 Objectives

The current dissertation represents one facet of a larger overall

project in swirling flow combustion research. The overall goals of the

total project are:

(1) To design and construct a variable—swirl burner capable of

stable combustion with a wide variety of fuels.

(2) To provide an instrumentation system for detailed measurements

of the distributions of velocity, pressure, and temperature in

the combustion system.

(3) To develop a computer—aided analysis to predict the performance

of the swirl burner.

(4) To compare the predicted and measured performance of the swirl

burner and to verify the analysis technique.

The emphasis of this investigation will be on the development of

the analysis technique and the demonstration of the validity of the tech-

nique by comparisons of predicted and measured results. This investiga-

tion will address essentially the third and fourth goals listed above.

For more information on the overall project and, in particular, the
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details on the other phases of the projects, the reader is referred to

references 20 and 34.
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2.0 ANALYSIS
l

This chapter discusses the development of the analytical method.

The first sections of the chapter will introduce the basic geometry and

assumptions in the analysis. The governing conservation equations for

the system will then be discussed. The finite difference analysis that

is applied to the conservation equations is presented next. With the

general form of the finite difference equations as a reference, the de-

velopment of the pressure solution algorithm follows. The last portion

of the chapter is devoted to the description of a sample program to il-

lustrate the basic solution algorithm. The sample program is included
u

in the appendix.

2.1 Geometry

The basic geometry under consideration for the purpose of analysis

is illustrated in Fig. 2.1. The solution domain is shown enclosed by the

dashed line. The problem is described using a cylindrical coordinate

system with the origin as shown in the figure. The flow pattern in the

swirl burner is assumed to be axisymmetric and can be described using

two spatial coordinates. The centerline is an axis of symmetry, and the

solution considers one—ha1f of the flow field. It should be noted that

the third velocity component, in the tangential direction, is non-zero.

All quantities have zero gradients in the tangential direction, however.

The fuel enters through the center tube and the combustion air enters

through the annular passage surrounding the fuel passage. The incoming

air has both an axial and tangential, or swirl, velocity component. In

29
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general, the inlet fuel does not have a swirl velocity.~ j

2.2 Basic Assumptions

Relatively few assumptions are made in simplifying the governing

equations for the current analysis. The first assumption is that the

flow is steady. The flow is turbulent and all quantities appearing in

the equations are time averaged. The most essential assumption in the

analysis is the handling of the turbulent transport terms in the govern-

ing equations. The basic approach is that it is assumed that the turbu-

lent transport terms, i.e., the Reynolds sxress terms, can be represent—

ed by the product of an eddy viscosity and a velocity gradient in the

same form as a laminar diffusion term. The combustion reactions are as-

sumed to be physically-controlled rather than rate-controlled and equilib-

rium conditions are assumed. The full form of the governing conservation

Qquatigng fgr mgmgntum, 1.62., the NavierStokesNo

diffusion terms are neglected and the governing equations are elliptic.

1 2.3 Governing Eguations t

As mentioned earlier, the primitive variables of pressure and veloc-

ity are employed for the representation of the flow field. These varia-

bles, together with the other variables shown in Table IV C0mPl%F*S

the description of the flow and combustion processes. The discussion of

the governing equations will be in four separate sections consisting of

the flow field conservation equations, the turbulence model, the combus-

tion process model and, finally, a description of the generalized form

for all of the conservation equations.. This generalized conservation
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Table IV Dependent Variables

Variable Conservation Equation

u - Axial Velocity Axial Momentum

v - Radial Velocity Radial Momentum

w — Tangential Velocity Tangential Momentum

P - Pressure Continuity Equation

f — Mixture Fraction Conservation of Mass Species

k - Turbulent Kinetic Energy Turbulence Energy Transport

6 - Dissipation Rate for Decay of Turbulence

Turbulence
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equation is used as the basis for the derivation of the finite-differ-

ence relations that are used for all of the governing—equations.

2.3.1 Flow Field Conservation Eguations

The conservation equations for the flow field are the three momen-

tum equations for the axial, radial and tangential directions, and the

continuity equation. The governing momentum equations are [35]:

Axial Momentum

,p9..[ A. - - AA 1 9 A2 A2 9 92 (2-1)ax
axRadialMomentum

S S w2 SP l S Sv v S Su Sv
—- - - 1 -—-

- -- -
_-

--
•-

+ -uSx{pV} + VSr{pV} r Sr + r Sr) 2Ut r2 + SxNUt(Sr Sx)N

(2.2)

Tangential Momentum

uÄ_{ W} I (EE) - SEX., H.äEE. (2 3)
Sx D Sr r r Sr Ut Sr r2 r Sr '

The assumptions associated with this set of equations are as follows.

The Reynolds Stress terms are being modeled using an effective or eddy

viscosity in the form
———— SuI I =

___p u u ut BX (2.4)

————- SuI I =
___p u v ut ar (2.5)

This Reynolds Stress model and the fact that a single direction indepen-

dent, or isotropic, eddy viscosity is employed in the momentum equations }n
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is perhaps the most important assumption in the complete analysis. This

model implies that the turbulence in the flow field is isotropic. In

addition, the assumptions for the turbulence model employed in the momen-

tum equations have important implications for the other conservation

equations, i.e., the combustion model for example. This importance is

not only because of the dependence of the other conservation equations

on the flow field solution, but the turbulence model employed in the

other conservation equations is based OH R@Y¤0ldS'”analogy and is

linearly related to the effective viscosity.

The governing momentum equations include variable property effects
4

which account for density and Viscosity Variation.

Continuity Eguation

The continuity equation completes the set of governing equations

for the flow field. The steady state form of the continuity equation

for the cylindrical coordinate system is

gäipu} +·%·%;{rpv} = O (2.6)

The continuity equation together with the three momentum equations consti-

tutes a set of four equations for the four unknown flow variables, i.e.,

the three Velocity components (u,v,w) and the static pressure, P.

2.3.2 Turbulence Model

As stated earlier, an essential feature of the solution procedure

_ is the turbulence model that is employed. The turbulent transport of mo-

mentum will be considered first. Recall that the turbulence transport is

expressed in terms of the Reynolds Stresses, or
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= Y Y 2.711] puluj ( )

which is, for example, in cylindrical coordinates

1 = pu'v' (2-8)xr

The basic assumption in the momentum equations is that these terms

can be expressed in the same form as the laminar viscous stresses, i.e.,

Bui Bu,
T13 = Tt S? T ax. (T9)

J 1

which becomes in cylindrical coordinates

Sv Su
Txr -

TrxThefluid viscosity in the above equations has been replaced by an effec-

tive or eddy viscosity.

For all of the governing equations to be considered, the turbulent

diffusion terms are expressed as

- 8 8<i>D¢ — 3X.{F¢ SX.} (2.ll)
1 1

where the turbulent exchange coefficient, P¢, is given in each case in

terms of the eddy viscosity. The key element in accurately closing the

problem thus lies in an accurate model of the eddy viscosity. As pointed

out earlier, the major deficiency in utilizing a mixing length model is

the inability to specify the mixing length in complex flow geometries.

The two—equation turbulence model provides a solution to this problem. _

The basic model that is employed was proposed by various authors as
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l

models a reality only in the late l960s [ll].

The two variables that are used in the model are the turbulence

kinetic energy, k, and the dissipation rate for turbulence energy, which

are defined respectively as

, k E 2 EIS;
i

(2.12)

and Qui Qui
E EJ

J

The dissipation rate provides a means of calculating the required mixing

length. The local mixing length is related to the local values of k and

6 by

2 = cukg/2/E (2.14)

The turbulent viscosity is then calculated from the local values of k and

6 by

2 = pc 22/6 (2.15)
Ü U

An extensive discussion of the differential equations for all of
e

the principle turbulence models found in the literature may be found in

references 12 and 36. The essential features of the model employed in

the current investigation will be described here. The governing partial

differential equation for the turbulence kinetic energy is not a conser-
1

vation equation since turbulence kinetic energy is not a conserved quan-

tity. The governing equation is thus called the turbulence kinetic

energy transport equation. The equation considers the convection, .
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I diffusion, production and dissipation of the turbulence kinetic energy.

The governing equation, in cylindrical coordinates, is [35]

. r
(2.16)

The terms on the left-hand side of the governing equation are the

convection terms. The first two terms on the right—hand side represent

the diffusion of k. The next term on the right—hand side represents the

production of the turbulence kinetic energy and the last term represents

the dissipation of turbulence energy. The generation rate of k is given

by

(2.17)

In addition to the transport equation for the turbulence kinetic

energy, a similar equation is employed for the dissipation rate. The

governing equation for the transport of the dissipation rate, 6, is

6 66 1 6 wc 6;; 6 U: 66 °2°"‘2°I“§+"6?} üäaäqä +6; gs; +°1§k€/k ‘T
I

(2.18)

Notice that this equation is quite similar to the transport equation for

the turbulence kinetic energy. As in the previous case, the terms on

the left represents the convective transport terms, and the first two

terms on the right represent diffusion transport. The next term on

the right—hand side represents a source term for the dissipation rate
I

and the last term represents a loss.

The transport equations for the two variables, i.e., the dissipa-

tion rate and the turbulence kinetic energy will be solved simultaneously
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with the other conservation equations. With these two variables speci-

fied, the effective viscosity may be calculated. The problem is strong-

ly nonlinear and requires an iterative solution technique.

2.3.3 Combustion Process

The combustion process is modeled using a simplified approach in

the current analysis. It should be pointed out, however, that this

simplified approach is not a limitation on the current analysis. A

more complex combustion model can readily be incorporated into the cur-

rent analysis. The current effort, however, is centered on the develop-

ment of the more basic features of the analysis. The basic approach

taken is that the combustion process is physically—controlled rather

than rate-controlled. Alternately, this model may be viewed as assuming

_ that all reaction rates are infinite. The combustion process is com-

pletely controlled by the mixing of the fuel and oxidant. At each point

within the flow field, the fuel and oxidant are assumed to react instan-

taneously to attain an equilibrium composition.

The mixing of the fuel and oxidant is described by a single conser-

vation equation expressed in terms of the mixture fraction, f. The mix-

ture fraction is the local mass fraction of fuel initially present prior

to combustion. The combustion gases are assumed to be a two-component

mixture of ideal gases which react to produce a third mixture of ideal

gases. The two components are the fuel and the oxidant. For the pres-

_ent analysis these are the low HV gas and air, respectively. The gov-

erning conservation equation for the mixture fraction is then the con-

tinuity equation for the particular species. The conserved quantity is
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thus the mass of the fuel and the mass of the air. The governing equa-

tion is then

· TU U

Notice that the governing equation accounts for the convection and diffu-

sion of the conserved quantity. As will be shown in a later section, the °

finite difference solution of this equation will readily fit into the

solution algorithm for the other dependent variables in the flow field.

Once the mixture fraction distribution has been determined, the

thermodynamic properties of the mixture are calculated. The properties

required are the density and temperature. Recall that the mixture is

assumed to be at an equilibrium state. If the mixture fraction is great-

er than the stoichiometric value, the resulting equilibrium mixture con-

tains combustion products and excess oxidant. If the mixture fraction

is less than the stoichiometric value, the equilibrium mixture consists

of the excess fuel and the products of combustion. Because the variation

in static pressure is quite small for the current problem, the pressure

is assumed to be atmospheric for the purpose of calculating the mixture

density and temperature. The mixture density may be expressed in terms

of the local mixture fraction as [7]

Pfstf i fS¤‘ D = [TO(fSt-f) + mst im (L20)
P l-f

f > =F
st st

The mixture density is calculated from the ideal gas equation of ·

state at the local mixture temperature. Because the mixture is assumed
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_to be in equilibrium and conduction and radiation heat transfer effects
have been neglected, the mixture temperature is a function only of the

mixture fraction and the pressure. Since the pressure is assumed con-

stant for the calculation of thermodynamic properties, the mixture temp-

erature is simply a function of the local mixture fraction. The present

analysis utilizes a separate computer code to generate the mixture temp-

eratures as a function of the local mixture fraction [2 ]. A typical

plot of this function is shown in Fig. 2.2. A straightforward interpola-

tion scheme is utilized to calculate the mixture temperature from the

given value of the mixture fraction.

As stated earlier, the current analysis is a very simplified approach.

The basic approach may be viewed as a three—component mixture of ideal

gases, the three components being the fuel, oxidant and products of com-

bustion. A more complex analysis can consider, for example, many sepa-

rate components using the same techniques. The author has done such an

analysis [l] considering one additional component, nitric oxide. The re-

quired extensions to the analysis follow the same basic conservation

equation for mass species.

2.3.4 General Governing Eguation

_ Each of the governing conservation equations listed in Table IV,

with the exception of the continuity equation, can be put into one gener-

al form. The finite—difference equations that are derived for all of the

·conservation equations are essentially identical. As will be explained,

this will result in a large advantage to utilizing a common grid system

for all of the dependent variables. Each of the governing equations can

u
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be put into the general form

diV[(Du¢) — F¢grad¢] = S¢ (2.22)

which becomes for the axisymmetrical cylindrical coordinate system

S¢ (2.23)

where ¢ is the dependent variable under consideration and F¢ is the tur-

bulent exchange coefficient for the dependent variable being considered.

For example, with ¢ being the axial Velocity, u, the turbulent exchange

coefficient, Fu, is the effective viscosity. As in the previous examples,

the terms on the left side of equation (2.23) represent the convective

transport of the ¢ quantity and the first two terms on the right side of

equation (2.23) represent the transport of the ¢ quantity by turbulent

diffusion. The remaining term on the right side of the equation, S¢,

represents "sources" for the ¢ quantity. Table V shows each of the de-

pendent variables and the respective source terms for each variable. Any

terms not falling under the convection or diffusion classification are

included in the source term. In the case of the axial Velocity, the

source term includes pressure gradient, Viscosity gradient and density

gradient terms. The source term can also be used to account for radiation

heat transfer, internal energy generation, Viscous shear work, etc. The

source term is, in general, strongly nonlinear.

As each of the field variables is handled in an identical manner,

the algebraic finite difference equations that are derived in the follow-

ing sections are derived for the general dependent Variable ¢.

2.4 Finite-Difference Eguations
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Table V Source Terms for the Dependent Variables

Variable SourceTerm_
¢ 5*b

2, 8 8u l 8 8v 8Pai
2u v8 8¤ 3 ,.8- 83 3 E - py}, 83V 8x{Ut8r} + r 8r{Utr8r}

r7_ + r Br
82 u 811EX 3--.2W r 4-r 8r)w

f O

k Gk - OE

6 ·ä{C C — C DE} Y
K l k 2

where
Ck is the mean strain rate

8u 2 8v 2 v 2 8 w 2 8v 8v 2Y Ck — ut[2{(ä·§) + (Ö?) + (;) + (r§—l;(;;)) } + (gi; + ai) ]
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2.4.1 GridSystemAn

essential feature of the current solution procedure is the grid

system. The dominant solution algorithms currently found in the litera-

_ ture use a staggered grid system. The current algorithm uses one common

grid system for all variables. A typical grid system is shown in Fig.

243. This unified grid system is convenient and results in a simpler so-

lution algorithm. The solution requires roughly one—fourth the Computa-

tions required in a staggered grid system.
V

The grid system is divided into a number of cells, as shown. The

key feature of this mesh is that all variables are located at the center

of the cells. It will be shown that as a result of this approach, a sin-

gle set of finite difference coefficients will suffice. This single set

of coefficients is valid for all of the dependent variables. In addition,

the nodal system allows for an extremely easy specification of both

Dirichlet and Newman type boundary conditions by the use of image boundary

points (IBP).

2.4.2 Central Difference Coefficients

There are several approaches found in the literature to obtain an al-

gebraic finite difference equation from the governing partial differential

equation [4,5,6]. The techniques range from direct substitution of the

finite—difference approximations to the partial derivatives into the

governing equations to more physically oriented control volume inte-

grals. The latter approach is used here for several reasons. First,

this approach allows a more straightforward inclusion of variable proper-

ties such as effective viscosity and density. In addition, this approach
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also allows an easier inclusion of specified flux boundary conditions.

Finally, the control volume is well suited for deriving finite difference

coefficients that will be valid for the general conservation equation

rather than for a specific equation. A detailed description of the

integrationcü the governing equation over the control volume is given in

Appendix A. The results of this integration over the control volume, shown

in Figure 2.4, are verbally

Net Convection + Net Diffusion = Sources (2.24)

The convective and diffusion transport of ¢ across each face of the

control volume is summed to equal the internal sources of ¢ within the

volume. This practice is illustrated using the east face of the control

volume as an example. The convection of 6 across the east face of the

control volume is given by

Ce = p€A€u€¢€ (2.25)
The diffusion of ¢ across the east face of the control volume is given by

(<[> "¢ )De = 1“€A€-——-ä££—— _ (2.26)
The generation, or source, of ¢ within the control volume is given by

U

SOURCE = S¢(Vol) (2.27)

For the moment, a central difference will be employed to illustrate

the calculation of the finite difference approximations, but as will be

explained in the following sections, a special differencing procedure will

be employed to ensure numerical stability of the solution procedure. Fol-

lowing the above procedure for the other three faces of the control volume,

the following set of algebraic finite difference equations is produced [7]:

ap¢p = §ai¢i + S¢p; i = E, W, N, S (2.28)
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where

= , 2.2ap Zal ( 9) _

and

aE = De - Ce/2 (2.30)

aw = DW + CW/2 (2.31)

aN = Du - CH/2 (2.32)

as = DS + CS/2 (2.33)

The preceding algebraic finite difference equation is strongly nonlinear.

For example, if the field Variable is the axial Velocity, the east and

west finite—difference coefficients depend strongly on the variable it-

self. There are a number of important stability criteria for a finite-

difference equation such as equation (2.28). These criteria are dis-

cussed in the following section.

2.4.3 Upwind Differencing V

In the previous section, the finite-difference coefficients were

derived by using a central difference scheme. As shown most clearly by

Spalding [37] and others [38,4], the use of central differences can

lead to difficulties with stability. Stability problems may be encoun-

tered when the convection terms are much larger than the diffusion terms

across a particular control volume face. This stability problem is

quite similar to that encountered in transient diffusion type problems

such as heat conduction or neutron diffusion. The basic difficulty

arises when the first derivatives, the convection terms, appearing in
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the governing equation are large compared to the second derivatives, the

diffusion terms.

In the following sections, the stability problem is discussed in

terms more directly related to the physics of the problem in an attempt

to show the basic cause and the cure for the stability problem. To be-

gin, recall that the transport of the ¢ quantity across each face of the

control volume face has two components, a convection component and a dif-

fusion component. The relative magnitudes of these two terms is usually

expressed in terms of a dimensionless parameter, the Peclet number. (The

Peclet number is simply a cell Reynolds number if ¢ is velocity.) The

Peclet number at the east face of the control volume is
%“€^X£;

Pele = —-T- (2.34)
e

As shown by Spalding [36], if the Peclet number is greater than 2,

the use of a central difference to represent the convection term results

in an inherent instability. This approximation results in a violation of

basic stability criteria for finite difference equations such as equa-

tion (2.28), i.e., a negative finite difference coefficient is produced.

Physically, the large Peclet number signals the fact that the convection

transport is much larger than the diffusion transport at this point in

[the flow field and it is thus impossible for the downstream value of the

¢ variable to have any influence at the upstream location. The cure for

this stability problem, upwind (or donor cell) differencing, removes the

influence of the downstream value by using a backwards or upwind differ-

ence to evaluate the term. It should be noted that upwind differencing is
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[not
the only approach that can be used, but it is the most widely used.

Other techniques, for example, utilize an artificial viscosity [4,38].

The differencing scheme that is employed is based on the usage of

both central differences and upwind differences, depending on the local

Peclet number at each face of the control volume. This may at first

seem to be a cumbersome procedure, but as will be shown, it is a rather

simple inclusion in the basic solution algorithm and, in fact, can sig—_

nificantly reduce the computation time since the use of the upwind

difference will in effect make the problem locally a parabolic rather

than an elliptic problem.

To illustrate the process, consider the transport coefficient

across the east (e) face of the control volume shown in Fig. 2.4. As

derived, the aE finite difference coefficient is given by

8E = De - ce/2 (2.35)

The above relation is based on the assumption that the value of the

· variable, ¢, at the east boundary of the control volume is that obtained

by the linear approximation

+
¢€

=Thisalso implies that a central difference is used to approximate the

first derivative, convection term, in the governing equation. If the

Peclet number is large, the convection transport is dominant and the

value of the variable at the east face will be closer to either the east

value or the value at the point itself, but it will not be the average

value given by equation (2.36). Thus, if the velocity across the east
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face is large and positive, the value of the variable at the face will
4

be close to the Value at the point itself, and, if the Velocity is large

and negative, the Value of the Variable at the east face will be close

to the value at the east node. Thus for convection dominated flow, the
4 upwind value is dominant. The criteria that is used to determine if

I
the Velocity Value is large is the Peclet number. In addition, if the

convection is dominant, the diffusion component is neglected. Thus, the

transport across the face is calculated in three different cases using

the "hybrid" differencing scheme of Spalding [36].

(l) Pe < 2: aE = De - Ce/2 (2.37)

(2) Pe > -2: aE = -C (2.38)

.(3) Pe > 2: aE = 0 (2.39)

Case l is a central difference and cases 2 and 3 are upwind differences.

Note that in case three the west coefficient for the adjacent node (E)

will be given by

aw = C (2.40)

To put this procedure in perspective with, for example, boundary

layer solutions, a brief explanation is necessary. If the east—west

direction corresponds to the principle flow direction for the two—dimen-

sional boundary layer equations, the boundary layer assumptions are that

the diffusion term in that direction is neglected. This 8SSumption

corresponds to an infinite Peclet number and the following coefficients

will always apply:
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aE = O .
I

(2.4l)

aw = CW (2.42)

Note that the solution has in effect been upwind differenced and

that the parabolic character of the problem has been retained, illustrat-

ed by the fact that the east coefficient is zero. Thus, in this case

it is not possible for the downstream value of the variable, at the east

point, to influence the upstream value. Note that the solution procedure

that is used automatically checks the significance of the diffusion term.

lf it is not significant, it is not included. The result is that if the

„ flow field is not elliptic, i.e., the diffusion terms are everywhere

negligible, the problem is reduced to essentially a parabolic problem.

It ShOuld be ¤Ot@d, however, that the pressure solution technique that

is used does include the downstream value of pressure. The inclusion of

this downstream pressure value prevents the current solution procedure

from becoming a simple marching solution. The pressure term can be ex-

pressed in terms of a backwards difference, however, and then a marching

_ *or parabolic solution technique will result.

2.4.4 Stability Considerations

There are several general criteria for the stable solution of fi-

nite difference equations such as equation (2,28) that involve signifi-

cant first and second derivatives. These criteria are for linear equations

but are applied here to the iterative solution of a non-linear problem.
Referring to equation (2.28), the conditions can be summarized as

(l) all ai :_ O (2.43)
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(2) 4 > 0
P

(2.44)P n
(3) a > Za. (2.45)

The presence of the source term also presents some difficulties, and

these will be discussed separately. Note that by the upwind differencing

scheme discussed previously, it has been insured that the first condition

is satisfied at all times. To insure that the second condition is always

satisfied, a slight modification to the ¢ value is used. For each control

volume, if<bis a solution to the governing differential equation, then

¢ plus an arbitrary constant is also a solution to the governing equation. .

This approach is commonly encountered in conduction heat transfer, for

example. Thus, let the dependent variable be defined by

E = q) + c (2.46)

If the above relation is substituted into the governing equation and

integrated over the control volume, the expression for ap becomes

ap = [ai (2.47)

Since it has already been insured that the ai values are always pos-

itive, it has also been insured that both conditions 2 and 3 are satisfied.

In this manner, all three of the stability criteria have been satisfied.

In addition to the previously mentioned stability problems, some

difficulty may be encountered with the source term, S¢. For some of the

governing equations, the source term may be a negative function, and

this may lead to difficulty, as reported by Gosman, et al [7] and Laun-

der, et al [40]. To illustrate, consider the coriolis term in the tan-
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tential momentum equation; i.e.,
l

pvw—;—· (2.48)

This term is a function of the tangential Velocity value and may be

either positive or negative, depending on the sign of the radial Velocity.
f An additional example is the dissipation of turbulence kinetic energy

which will always be negative. The stability problems occur when the

source term is negative. To illustrate the cure to the problem, the

source term is split into a positive and negative component. The

FDE becomes

= a. . + S +
S_¢

2.49. ap¢1> 21451 <1> ¢1> ( )

The cure is to evaluate implicitly the negative source term. Noting

that S; is a negative quantity, the equation is rearranged to yield

a'
=4{a

- S-} = , , + S (2.50)1>¢p p ¢ (pp 2%% <1>
where

a' = — S' 2.51p ap d> ( )

Note that ab is a positive quantity and the algebraic finite difference

equation still satisfies the previous stability criteria. This technique

is very effective in stabilizing problems with large nonlinear source

terms.

2.4.5 Boundary Conditions

Prior to discussing the technique that is used in the current anal-

ysis in applying the boundary conditions, the importance of the boundary
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conditions and the procedure used in deriving the finite difference equa-

tions at the boundary nodes is the most important single aspect of any

solution procedure. To illustrate this statement, consider the follow-

ing fact. All flow problems,from a vortex sheet behind a blunt body to

the boundary layer over a flat plate to a fully elliptic recirculating

flow, may be described using the identical set of partial differential

equations. The only variation from one problem to another is the boun-

dary conditions. Thus an accurate representation of the boundary condi-

tions is essential and the boundary area must be the most accurately

represented area within the whole flow field since, in effect, the boun-

dary conditions determine the complete solution. ’

The procedure that is employed here is quite similar to that em-

ployed in the codes developed at Los Alamos [6,10]. It should be pointed

out, however, that these codes are based on a staggered grid system and

the current approach is based on a unified grid system. The unified

grid system also simplifies the inclusion of the boundary conditions.

In addition, the approach used here is quite different from that employed

in the Patankar—Spalding approach. The three approaches are illustrated

in Fig. 2.5. The three techniques have been named: (a) extended cell,

(b) image node point and (c) the image cell approach. The approach

utilized in the current algorithm is called the image node point method

(INP). The INP technique is a natural approach to use in a unified grid

system and has several distinct advantages in such a system.

First, the quantity which is actually specified is the value of the

particular dependent variable at the boundary itself. In addition, this
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I
I

. required value is specified in a manner that does not require any special
I

treatment of the governing finite difference equations at boundary nodes.

This simplifies considerably the required computer code equations. The
I

following examples will illustrate the process. Three basic types of

boundary conditions are specified. They are:

(l) Dirichlet, ¢w = specified

(2) Newman,·ä2l = specified8n w
(3) Exit Plane - Continuative Boundary

I
All of the boundary conditions for any of the governing equations

fall into one of these categories. For example, an adiabatic wall boun-

dary condition is a boundary condition of the second type. The exit

plane is in reality a form of the second boundary condition. The boun-

dary conditions for each of the field variables is shown in Fig. 2.6 with

the exception of the wall boundary conditions for k and 6 which will be

discussed separately. To illustrate the_process, consider the axial mo-

mentum equations. There are four different possible boundary conditions

that may occur for this equation. These four possibilities are illustrat-

ed in Fig. 2.7 as cells A, B, C and D. These are, respectively, an inlet

boundary node, an exit boundary cell, a no—slip wall cell and a symmetry

boundary cell. The basic procedure involves the use of the previously-

mentioned image node point (INP). The boundary conditions are imposed by

specifying a value for the INP variable which in effect specifies the

boundary value for the variable at the boundary of the cell. For example,

the no—slip wall condition is handled by setting

uC_l = -uC (2.52)
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Thus the Velocity at the wall in the finite difference equations is

U „ f‘.<:iL‘i<; - 0W 2 (2.53)

Note that the Value of the Velocity at the wall has been specified and,

in addition, the normal gradient of the Velocity at the wall is also

calculated correctly without any special treatment. At the axis of sym-

metry, for example, the zero normal direction gradient condition is im-

posed by setting

uD_l = uD (2.54)

Thus the procedure will easily handle any other basic types of boun-

dary conditions that were previously outlined. The one exception is that

on the inlet plane, the Value at the actual inlet plane must be specified

as illustrated by the uA_l value shown in Fig. 2.7.

A particularly important boundary condition is the continuative

boundary condition imposed on the exit plane. In general, two conditions

are applied at the exit plane:

8¢ -axNe„at 0 <2·'=‘5>

mm. = minlet <2·56>
The first constraint is that the gradients of all variables are

zero in the flow direction, and the second condition implies that the

continuity equation is satisfied globally. The second condition is the

one of particular interest. Because of the relatively weak nature of

the first constraint, it is desirable to reduce as much as possible the
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cause the flow will be positive and in general have a large Peclet num-

ber, in the majority of cases the finite difference coefficient that re-

lates the influence of the downstream value is zero because of upwind

differencing. Therefore, the only way the downstream value of axial ve-

locity can influence the upstream value is via the continuity equation.

This influence is reduced by the manner in which the continuative bound-

ary condition is applied. The procedure is as follows.[ First the iter-

tive solution of the governing equations at all interior points is car-

ried out. The main point is that the continuative boundary condition is

not applied until after the interior solution has been done. Second,

the exit plane axial velocity is prescribed, based on the calculated in-

terior values. At each exit plane image node point, then,

7%ue up (2.57)

From these values, then, the total exit mass flow is calculated from

O>'< L: 'max ZuäpeA€ (2.58)
J

To satisfy the continuity equation, this flow rate should equal the given

inlet flow rate. If the flow rate does not meet this requirement, the

exit velocity distribution is adjusted so that it does, i.e.,

Fm = min/mäx (2.59)

u = u*F (2.60)e e m

The key point is that these adjustments are applied last in the calcula-
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tion scheme, after all other calculations.
l

2.4.6 Turbulent Wall Functions

Special boundary conditions are employed for the calculation of tur-

bulent flow near the walls. Following the procedure outlined by Spalding

and Launder [36], the velocity profile adjacent to a wall is assumed to

follow a universal law of the wall. The implications of the law of the

wall are then included in the boundary conditions and the finite differ-

ence equations in the near—wall region. In particular, the law of the

wall is used to calculate the shear stress at the wall. In addition, the

special formulation is used to specify the dissipation rate, 6, in the

near-wall region. Although the use of this assumed velocity profile in

these calculations carries some significant assumptions [12,36], this is

the only practical approach that is currently available for the calcula-

tion of turbulent flows. The calculations in the near-wall region could

be accomplished by employing a much finer grid system in this region.

The grid system could be fine enough to carry the calculations to the ex-

tent of including the laminar sublayer. This approach is questionable

however, since it would require considerable computation time and storage.

The assumed velocity profile in the near—wall region results in

several implications in the solution algorithm. In the following sec-

tions, the additions to the algorithm are discussed.

The assumed velocity profile is given by

· u+ =W% ln[Ey+] (2.61)

where
u+ E u/u_l_ (2.62)
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2 63¤T—Tw[ocD] . (-)
and y““ (2 64)” D ref °

The universal law is applied for y+ greater than ll.5. It is assumed
that the flow is fully turbulent and that the log-law profile is valid in
this range. For y+ less than ll.5, laminar calculations are used.

The log—law is used to specify the wall shear stress. The wall shear
stress is then used as a boundary condition for the momentum equation for
the flow parallel to the wall. In addition, the wall shear stress appears
as a source term in the turbulent kinetic energy equation. For y+ greater _
than ll.5, the wall shear stress is calculated from

—- K 2* kW/1 ökä 2* (2 65)Tw - cDpu n Ep cD/uref .

For y+ less than ll.5, the wall shear stress is calculated from

BuT = u —·— (2.66)W W öxlwall
The current approach uses the image node point to specify the wall shear
stress implied by either equation (2.65) or (2.66). Assuming that the
wall lies at the north face of the control volume, in the formulation of
the finite—difference equations for the wall node the north coefficient
for the axial momentum equation is

-
l¤.·*‘;

cn AX! (2.67)
I1

The north coefficient represents the shear stress at the wall or

uN—up öupT., = ***6;- = ·¤ 7;: <2·68>
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In the laminar calculations, the uN Value was set to give a zero Velocity
at the wall, i.e.,

_ uN = —up (2.69)

For the turbulent calculations, a Velocity is specifiedaat the image node
point to give the correct shear stress at the wall. The image node point

Velocity is then calculated from

tWAx
= +-———-— 2.70¤N up U ( )

The wall shear stress in equation (2.70) is calculated from either

equation (2.65) or equation (2.66).

The second place that the wall shear stress is employed is in the

source term for the turbulent kinetic energy. The source term is

Sk = Gk — pe (2.71)

But for the near—wall nodes, following the suggestion of Spalding and Pun
[42], the source term is calculated from

2 2
S =.„ 92_fl2?.l<_ (2.72)k w By utor

2 2
S =. (2 73)k w By t By °

W

The one remaining requirement is the boundary condition for the dissipa-

tion rate. In the near—wall region, the length scale for the turbulence
is assumed to be proportional to the distance from the wall. This

results in a direct relation for the dissipation rate at the node adja-

cent to the wall, P. The dissipation rate is specified from
3/4 3/2cD k

Ep = Kö (2.74)
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Note that the boundary condition for the dissipation rate is not at the

wall but at the node adjacent to the wall. The influence of the adjacent

values on the Ep values is eliminated by setting Sp and sé to very large

positive and very large negative values, respectively.

2.4.7 Solution of the Finite Difference Equations

At this point, a set of algebraic finite difference equations has

been obtained, one for each node and for each variable. Each of the

equations is of the form

ap¢P = aN¢N + aS¢P + aE¢E + aw¢w + S¢ (2.75)
Thus, a set of coupled algebraic equations must be solved simultaneously.

This set of equations is strongly nonlinear. The set of equations cannot

be solved directly but must be solved by an iterative scheme. Various

methods may be used, such as Gauss—Seidel iteration or Gaussian elimina-

tion, for example. A direct matrix inversion technique could be used,

but this is not practical. The techniques used here have been called by

Patankar, et al [5] the line-by—line (LBL) method. One constant coordi-

nate line of the field is solved simultaneously. This technique is very

efficient and takes advantage of the predominant flow direction, but at

the same time preserves the full elliptic character of the governing flow

equations.

As shown in Fig. 2.8, a simultaneous solution of each variable along

a constant l—line is considered. It is assumed that all other variables

are known and that the values of the variable under consideration, ¢, are

known everywhere except along the l—line. Thus the algebraic finite-

difference equation is written as

aP¢P = aN¢N + aS¢S + Sé) (2.76)
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where S$ is assumed to be a known constant for the current iteration.
S' is¢ ' = 2.77s¢ s¢+aw(pw+aE(pE ( )

Note that this set of equations can be written in matrix form as

[A][¢] = [S] (2-78)

where the elements of the A matrix are the "a" coefficients appearing in

equation (2.64). This is a tri—diagonal matrix and the set of equations

can be solved simultaneously using the Thomas algorithm. With the boun-

dary values of ¢ known at the (J=l) and (J=N) boundaries, the equations

can be solved by the following scheme. The values of p are computed from

.= G. +11. . · °=N-l N—2, 1 (2-79)

where for j=2, 3, 4, ..., N

S¢j + aSGj_lg_ = 1;..:-*ä-- (2.80)
J p aS J—l

aHj = .é..;.li’é.T_I...— (2.81)‘ p S j—l

Thus the set of equations can be solved simultaneously by sweeping from

2 to N to calculate the Gj and Hj values and then sweeping from N to 2
to calculate the ¢j values. The boundary conditions at l and N are de-

duced from
(pl = Gl + 11l(p2 (2.82)



68
l

Since ¢l is known, the boundary condition is prescribed by setting

G = = 2.831 81, Hl 0 < >
At the outer edge ¢N is known from a given boundary condition. This

may be either a prescribed value or a prescribed gradient type of

boundary condition.

2.5 Pressure Solution Procedure

As outlined earlier, the key feature of the pressure solution is

the calculation of a pressure correction such that the continuity equa-

tion is satisfied. As shown earlier, it is not possible to express a

strong relation between the velocity correction at the node itself and

the pI‘eSSL1I'e COI'feCCiOI1 BC the I10de itself if the Same 5p3(;j_3]_ ]_0(;3(;j_Qn

is shared. The required relation is of the form

¤' = f<P'> 2.84P P ( )

It will be shown, however, that this is not necessary. The approach that

is utilized here is straightforward and does not depend on the use

of a staggered grid system.

The continuity equation is applied to the same control volume as all

other variables as illustrated in Fig. 2.9. Integrating this equation «

over the control volume results in the following relation which expresses

the conservation of mass for the control volume. _

· O — O + O — I = Ome mw mn ms (2,85)

This equation would be identically zero if the true solution that satis-



69

N

Vn
I

I- °° °” - ° ”|
I I AFN

W UVV I P
{ Ue EA

1 1 II 1
L. .. .... _ _ _§ ArsVs

S 1/
AXW AXE

Ax

FIGURE 2.9 Passsuna SOLUTION CONTROL VOLUME



70fiedboth the momentum and continuity equations were available, but

recall that in terms of the trial Velocity field the continuity equation

_ yields

p A u* — p A u* + p A V* - p A V* = D (2-86)e e e w w w n n n s s s

The trial Velocity field does not satisfy continuity but has a non-zero

residual, D. The key feature of the derivation of the pressure correc-

tion equation is that the Velocity corrections at the control volume

faces, not the node points,are expressed as functions of the pressure

correction gradients.

In terms of the individual field variables, the continuity equation

is, in terms of the true Velocity,

— +
_

= •p€Aeu€ pwAwuw pnAnvH pSASvn 0 (2 87)

or in terms of the trial and correction velocities,

· . 2
' - 2 ' 2 ' - 2 •

=cw(uw+uw) 0 (2.88)

where

ce = p€A€ (2.89)

cn = 0nAn (2.90)

cs = pSAS (2.91)

cw = QWAW (2.92)

Identical relations are used for the Velocity corrections. Separating

the trial and correction velocities gives
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” c u' — c u' + c V' - c V' = —D (2-93)e e w w n n s s .
where

D = c u* — c u* + c V* - c V* (2-94)e e w w n n s s

Notice that if the trial Velocity distribution satisfies continuity the

source term or residual, D, will be zero. The key feature of this cur-

rent approach is that it is assumed that the face or edge Velocity and

pressure corrections are related by

v=€v_vue Du(Pp PE) (2.95)

v=wv_vuw Du(Pw Pp) (2.96)

V=nI_!Vn DV(Pp PN) (2.97)

•=Sv_•
VS DV(PS Pp) (2.98)

Substituting these relations into the continuity equation gives the

required finite difference equation for the pressure corrections

€‘·•_r_ wv_1 v_•_ S v_v=_c€Du(Pp PE) cWQJ(Pw Pp) + cné;(Pp PN) cSQ7(PS Pp) D
(2.99)

or
•=

·
• • *- 2.100apPp aEPE + awPW + aNPN + aSPS D ( )

where

aw = cwD: (2-101)

eaE = cEDu (2-102)

a=CQ;‘ (2.103)N N
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a = DS A
2 4_

S cs V A ( .10 )

· aP = aE + aw + aN + as (2.105)

Notice that a finite difference equation has been derived which sat-

isfies all the stability criteria also. The final requirement is the I

functions relating the pressure and Velocity corrections, i.e.,

n s e wDV, DV, Du, Du (2.106)

These relations may be easily derived by direct substitution into

the axial and radial momentum equations. For example, consider the

finite difference for the axial Velocity

cpup = Zciui + Su (2.107)

Once the pressure field is corrected,

' = — * 2.108up up up ( )
Referring to Figure 2.9, assuming that the pressure correction Varies lin-

early, a straightforward calculationgives11

‘* C AX C AX ( A09)
P E E P P

and similarly for the other faces of the control volume
l

w Ax AXEW Ax AXEW
&*·*·· **·"*‘ *‘“* *"**"D11 " C AX + C AX (2*110)

P W w P P P

A Ar A ArW
- 1 i ..191 .L ...115.DV c Ar + c Ar (2°lll)

p N n p p n
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r r . .A NS A SDS = ——— +l
Ä

(2.112)V cp r cp rp s S s‘ J

2.5.1 Axial Pressure Correction

The preceding discussion centered on the local pressure correction

at each control Volume such that the continuity equation is satisfied over

each control Volume. In addition to this correction, a procedure is in-

cluded to insure that at each axial location, the total axial flow rate

is equal to the given inlet flow rate, min.

At each axial location, the total axial flow rate is calculated from

mi = X p.A.u. (2.113)all j J J J

The required flow rate correction is given by

nn! = nä. - (2.114)1 in 1

The axial mass flow rate is then corrected by applying a uniform Velocity

correction to all of the axial velocities at the axial location. The

Velocity correction is given by

nn:
u = —————————— (2.115)

0.A.E J J
all j

To insure that the momentum equation remains satisfied, a simultane-

ous average axial pressure correction is also calculated. The pressure

east of the axial Velocity location is corrected to satisfy the momentum

equation. Following the procedure outlined previously, the Velocity and

pressure corrections are related by
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ug = D§Pé ‘ (2.116)

Then, for all of the nodes at the axial location, define

DT = {
·pjAjD;‘

(2.117)
all J

The average pressure correction is given by

__ Ill!pg = Bi (2.118)· T

2.6 Sample Program

To illustrate the basic aspects of the solution process, a very

simple problem for which an analytic solution is available was chosen.

The problem is simply the developing laminar flow in a planar duct as

shown in Fig. 2.10. The problem has a number of simplifying assumptions

which are not required in the general solution procedure but have been

made to illustrate the solution algorithm with as much of the complexity

removed as possible. The following assumptions are made in this case:

· laminar flow
• isothermal

'j_ • incompressible

· uniform grid
• steady state _

· two—dimensi0nal

It should be emphasized that the current algorithm is not restricted

to requiring these simplifications. In fact, the general algorithm can

handle in the current form, or with some extensions:
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• turbulent flow

A

• reacting flow
• heat transfer
• arbitrary grid spacing

°

• compressible
• three-dimensional

‘
· transient

• parabolic or elliptic

The basic program shown in Appendix A includes all of the essential

features of the more general code. The sample program is set up for

flow at a Reynolds number of 150 for comparison with known solutions.



3.0 EXPERIMENTAL APPARATUSI
'

The experimental apparatus consisted essentially of a complete sys-

tem for the combustion of a gaseous fuel under controlled input condi-

tions using a laboratory scale swirl burner. In addition, instrumenta-

tion for the measurement of the detailed three-dimensional distributions

of velocity was also provided. In the following sections, a brief de-

scription of this equipment is given. A more detailed description of the

apparatus, along with a discussion of the actual design process for this

equipment, may be found in reference 20. The following discussion is in

three sections covering the swirl burner itself, the overall combustion
e

.'. system and, finally, the instrumentation system.
-”_

l

3.1 Swirl Burner

The burner that was used is illustrated in Fig. 3.1 along with the

associated windbox assembly. The dimensions for the assembly are given

in Table VI. The burner is a relatively small laboratory scale unit

which features a very convenient means of varying the amount of swirl
4

that is produced. As shown in Fig. 3.2, the variable swirl is achieved‘

. by using pairs of fixed and movable swirl generator blocks. This design

was adapted from a design originally published by the International Flame

Research Foundation [24]. This design allows for a very easy adjustment

of the amount of swirl produced while at the same time producing a rela-

tively small pressure drop through the burner. As shown in Fig. 3.2,

the blocks are mounted on a backing plate in eight pairs. The inlet air

can have either a radial or tangential direction depending on the position

of the movable blocks. Rotation of the blocks by rotating the backing

77
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' Table VI
‘ Dimensions of The Burner/Windbox Assembl

_Descrigtion · Sgecificatlgg
mm (in.)

Overall A

Length, Lb '
572 (22.5)Width, Wb 279 (11.0)

Burner Nozzle

Length, Ln 82.6 (3.25)0.D. 48.3 (1.90)1.0., 0n 45.0 (1.77)
Fuel Gun _

0.D., D _ 9.53 (0.375)1.0. g
7.75 (0.305)

Adjustment Sleeve

0.0. 12.7 (0.500)I.D. L
· 10.6 (0.416)

Windbox (Tee)
U

0.D. 169 (6.66)1.D. 152 (6.00)
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plate changes the angle, E, from zero to the maximum value shown in
Fig. 3.2. In the actual design, the maximum angle is l2 degrees. A
relationship for the theoretical swirl number that is produced by this
arrangement was derived by Grant [20]. In the derivation, a very simple
fluid flow model was assumed. The flow through the blocks was taken to
be inviscid and one-dimensional. The resulting Swirl number that is pro-
duced is given by

IDfz E/émS = 1.63 1 — gi B (3.1)
n m

where B, the fuel swirl factor, is defined as

6 = (3.2)
l Dn1 + ***2* *2 · 1SGE m

[DEUtilizingthis relation, the range of swirl numbers that may be pro-
duced with this burner is shown in Figures 3.3 and 3.4. The swirl number
is a function of the fuel that is in use and the results shown are for
the low HV fuel. As shown in Fig. 3.3, the diametral ratio also has a

significant effect on the maximum swirl number that may be produced. In
view of this fact, the burner design was modified to allow the diametral
ratio to be changed easily as per the recommendation of Grant [20]. This

design feature is illustrated in Fig. 3.5. For the results of the pres-
ent investigation, the fuel used was the low HV gas and an optimum diame-

tral ratio was found using a relation derived by Grant [20]. This opti-
mum value is the diametral ratio producing the maximum swirl for a given
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block setting. Based on Grant's relation, a diametral ration of 0.62

was selected for the burner in the current work.”

3.2 Combustion System

The combustion system consists of the swirl burner, the combustion

chamber to which the swirl burner is mounted, and the associated piping

and instrumentation for providing a measured flow of fuel and oxidant

(air) to the system. The overall combustion system is illustrated pic- -

torially in Fig. 3.6. A block diagram of the system showing the asso-

ciated flow control and measurement system for the fuel and oxidant is

shown in Fig. 3.7. The dimensions for the system are shown in Table VII.

As shown in Fig. 3.6, a traversing mechanism is mounted on top of

the combustion chamber. This traversing system allows for the precise

location of either a velocity or temperature probe within the combustion
‘ chamber. The top of the chamber has a section removed to facilitate the

positioning of the velocity probe. This section is then covered by the

moving plate shown in Fig. 3.6.

3.3 Instrumentation

The velocity profiles are measured using a five-hole pivot probe.

The probe is a United Sensor type DC three-dimensional pressure probe.

The measurement of the three velocity components and the local static

pressure requires the determination of five pressure differences with the

probe. The five pressure taps on the probe are connected to a Celesco

variable—reluctance pressure transducer by a manifold arrangement. This

arrangement allows the reading of the desired pressure by the single

pressure transducer. The desired tap is selected by positioning a toggle
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Table VII

Dimensions of The Burner System

Description Specification
m in.

Overall

Height, H 1.08 (46.5)
Length, L 2.87 (113)
Centerline Height, Hcß 0.84 (33)

Combustion Chamber

Length, LC 1.46 (57.5)0.0. 0.67 (26.5)I.D. 0.66 (26.0)
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valve. Calibration charts for the particular probe were supplied

with the probe.



I 4. RESULTS A
In this chapter, results are presented from calculations made using

the sample program and the PRIMCO code. The results are separated into

three general areas: one, the sample program results; two, test cases

for PRIMCO; and three, comparisons of PRIMCO predictions and isothermal

measurements from the experimental swirl burner.

_ 4.1 Sample Program ' .

The results from a typical run of the sample program for the calcu-

· lation of the duct entrance problem are presented in Chapter 3 and are

illustrated in Figure 4.1. This figure shows the centerline Velocity in

the duct as the flow develops. As shown in the figure, these calcula-

tions agree well with the analytic calculations of Schlichting [40] and

the numerical predictions of Gosman, et al [5]. In addition, the fully

developed Velocity profile agrees with the known parabolic profile as

shown in Fig. 4.2. This example problem requires approximately 50 iter-

ations to obtain the accuracy shown in the figure. Note in particular

that the form of the exit Velocity profile is not assumed. The

exit plane boundary conditions are simply the zero flow—direction gra-

dients and the continuative outflow conditions as discussed in Chapter

Two. A printout showing the predicted values is given in the appendix.

Of particular interest in this printout is the static pressure distribu-

tion since,although the developing Velocity profile is relatively famil-

iar, more conventional calculation methods do not include the pressure

as one of the dependent variables and its distribution is not usually

presented. As shown, the pressure shows a significant axial gradient

_ 90
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and a small radial gradient. The radial gradient also coincides with

the small negative radial velocity distribution as the flow redistributes

towards the centerline of the duct. These initial results illustrate

clearly some of the relative merits of a primitive variables solution.
The actual results of the calculations clearly exhibit the physical

phenomenon that is familiar. _

‘°4.2 PRIMCO Test Cases

Several test cases were run for relatively simple problems to debug

the PRIMCO code and to verify the results. The results for these

test cases were then compared to results of computations published by

Spalding and Pun [41] and to a known analytic solution in one case. The

results published by Spalding and Pun were obtained from a code using a

staggered grid and thus furnish some comparison of the staggered and non-

staggered techniques. Two test cases were run for these comparisons.

4.2.1 Laminar Pipe Flow

The first test case is for the developing laminar flow in the

entrance region of a pipe. This case provides two checks for the ccde.

First, since the fully developed velocity profile is well established

for the geometry, this provides a known solution to verify the code. The

second check is to compare the detailed predictions for the distributions

of the velocities and pressure in the developing region of the flow with

the results of Spalding and Pun.

The laminar pipe flow test case was set up to duplicate the case

presented by Spalding and Pun as closely as possible. The grid system



94usedin both cases had l0 axial and l0 radial nodes.x The node points
in the PRIMCO calculations coincided with the "main" node points in

the staggered grid used by Spalding and Pun. An inlet Reynolds number

based on the pipe radius of l00 was used in both cases.

The predicted axial Velocity at the centerline of the pipe is shown
in Fig. 4.3. As shown in the figure, the PRIMCO predictions agree well
with those of Spalding and Pun. The predicted static pressure at the

centerline is shown in Fig. 4.4. The predictions again agree well with

those of Spalding and Pun. As noted, Fig. 4.4 shows only the centerline V
pressure; however, the radial pressure gradient predicted by both codes

was extremely small. In addition, the radial velocities predicted by

both codes was extremely small. The radial Velocity at all points with-

in thc flow field was negative, as expected. The predicted axial Velocity

profile at a well-developed axial point is shown in Fig. 4.5. The PRIMCO

results and those of Spalding and Pun showed no discernible difference in

this case and only the PRIMCO results are shown on this plot.

Several features of these comparisons are a result of the difference

between a staggered and a non—staggered grid system. As shown in Fig. 4.3,

the axial Velocity values from the PRIMCO results are at the main node

points which coincide with the main node points in the Spalding and Pun

analysis. Note, however, that the axial Velocity values from the Spald-

ing and Pun results are on the staggered locations between main node

points. Also, as shown in Fig. 4.4, the static pressure values at the

inlet area are somewhat different. The staggered approach implicitly

assumes that the axial pressure gradient is zero at the inlet plane and
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identical to the laminar pipe flow case. The pipe radius is the same

and the radial grid spacing is the same. The only difference in the two

grid systems is the axial spacing. A longer grid system was used for

the turbulent case.' As in the previous case, the main node points in

the PRIMCO calculations coincide with the main node points in the Spald-

ing-Pun analysis.

'
The two-equation turbulence model was employed in this case and

wall-flux boundary conditions were also employed for this case. The

inlet turbulence level is assumed to obey the following relation

k = 0.005puä (4.3)

· The inlet dissipation rate was also assumed to be a constant value given

by ’

E = cDk3/2/(0.03RO) (4.4)

As in the laminar pipe flow case, the computed results were in close agree-

_ment with those published by Spalding and Pun. A comparison of the

centerline axial velocity is shown in Fig. 4.7. In addition, a plot of

the axial velocity distribution at a single axial station is shown in

Fig. 4.8. In both cases, the results are in close agreement. Figure
4.9 shows the axial pressure distribution and as with the velocity pre-

dictions the two calculations agree.

Of particular interest in this case are the turbulence variables,

the kinetic energy and the dissipation rate. A plot of the radial dis-

tribution of the turbulence kinetic energy at several axial stations is
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104shownin Figure 4.10. Figure 4.11 shows a plot of the dissipation rate

at the same axial stations. Note that the wall-flux boundary conditions

are apparent as the source of turbulence energy at the near—wall region.

Also note that the turbulence level decays to an almost uniform level at

the center of the pipe. As the flow develops in the axial direction,

the turbulence level is decaying although this is a relatively short

length over which the flow is calculated.

Relaxation Factors

In general, the solution of such strongly nonlinear problems as

those under consideration here requires special techniques to insure a

stable and convergent solution. In the current analysis, a technique

was used to under-relax the dependent variables during the solution pro-

cess. The finite different equation for the variable ¢ at the node P

may be solved directly for the new value of ¢. The new estimate of ¢

is given by
i

k Zci¢i + S .
4P = C ; i = E, W, N, S (4.5)

P
To reduce the rate of change in ¢, the new value of ¢ is under-relaxed,

i.e., the next estimate of ¢ in the solution process is calculated from

4.; = R4.; + (l-R)¢POld (4.6)

The relaxation factor R varies in the range

0 < R j_1 (4.7)

Using relaxation factors less than one slows down the solution

process, but is necessary to insure stability. For the current problems,
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the relaxation factor for each dependent variable was not optimized.

For the simpler problems, relaxation factors of one may be used without

any stability problems. For the more complex swirling flows, including

turbulence calculations, the relaxation factors shown in Table VIII

were used.

4.3 Comparisons with Experimental Data

The final results to be presented are comparisons of predictions

from PRIMCO with measured data from the experimental laboratory—scale

burner. These comparisons are for isothermal flow in the lab-scale

burner. The predicted Velocity field from PRIMCO was compared to the

experimentally measured Velocity field for the isothermal air flow.

The isothermal air flow case considered was chosen as representative

of stable operating conditions with the low HV gas combustion. These

calculations differ from those in the preceeding comparisons in three

key areas; one, the presence of the swirl Velocity, two, the complexi—

ty of the geometry involved, and three, the two inlet Streams at

different velocities.

The operating conditions for the isothermal example are shown in

Table IX. As in the turbulent pipe flow example, the two equation

turbulence model was employed in these calculations. All inlet Veloci-

ties were assumed to be uniform and the inlet turbulence kinetic energy
4

and dissipation rate were calculated as in the turbulent pipe flow

example. A grid system of 48l nodes (24 x 2l) was used.

Typically, the calculations involving swirl, the two—equation

turbulence model, and more complex geometry converged much slower than
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Table VIII Relaxation Factors

Variable U V W P f k 6 ut

Factor 0.3 0.3 0.7 0.5 1.0 0.5 0.5 0.2
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Table IX
Operating Conditions for Isothermal Measurements

Average Primary Inlet Velocity 61.5 m/sec.

V Average Secondary Inlet Velocity 12.5 m/sec.

Average Tangential Inlet Velocity 9.0 m/sec.

Swirl Block Setting - 0.40

Theoretical Inlet Swirl Number 0.62
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the simpler examples already presented. Whereas the less complex

examples, such as the turbulent pipe flow case, required 50 to 100.

iterations to achieve an adequately converged solution, the swirling

flow calculations require approximately 500 iterations to converge.

For the more complex examples, the choice of initial estimates of the
dependent Variables and the optimization of relaxation factors is much

more important.

The predicted and measured axial and swirl Velocities are shown

in Figures 4.12 through 4.19. In each of these figures, the Velocity

profile is shown as a function of the radial position. Each plot is at

a fixed axial position. The axial position is measured from the inlet

to the combustion chamber or the exit plane of the burner nozzle as

shown in Fig. 3.1. A11 of the measurements were performed in the

combustion chamber, as illustrated in Fig. 3.6. As shown in these

figures, the measured and predicted results show excellent agreement.

In particular, the swirl Velocity predictions are quite interesting.

The inlet swirl Velocity prescribed as the inlet condition for the

numerical computations was calculated from Grant‘s relationship, Eqn. 3.1.

As shown in Figure 4.16, the peak swirl Velocity at the inlet to the

combustion chamber is slightly overpredicted. This is as expected since

Grant's simplified analysis should overestimate the tangential Velocity

at the exit of the Vanes. The swirl in this case is insufficient to

produce a recirculating region similar to that shown in Figure 1.2. The

swirl is sufficient to produce a significant deceleration of the high

Velocity primary fluid, as shown by the measured and predicted results.
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Althouth there is no experimental data for comparison, it is

interesting to note the predicted distribution of the turbulence

kinetic energy. A plot of the radial distribution of the turbulence

kinetic energy at three axial stations is shown in Figure 4.20. The
first axial position is upstream of the combustion chamber. At this
axial location, a single peak in the turbulence level is observed at
the high shear boundary between the inlet primary and secondary flows.

. The second axial station is downstream of the combustion chamber inlet.

At this axial station, there are two relative peaks in the turbulence

energy. The first peak corresponds to the same peak shown at the first

axial position. The second peak corresponds to the high—shear edge of

the swirling jet. The profile at the last axial position shows the decay
of the turbulence level towards a uniform level at the downstream station.
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5.0 SUMARY AND CONCLUSIONS _

This dissertation represents one phase of a larger overall project

in combustion research.” The overall project is aimed at developing com-

plementary experimental and analytical techniques for the investigation

of basic combustion processes involving swirl burners. The principle

application in mind is the combustion of synthetic low HV gases. The

objective of the current dissertation was to develop the required analyt-

ical techniques to model such a system and to demonstrate the validity of

these techniques by comparison of predicted results and measured

results for a laboratory scale swirl burner.

After a thorough review of the literature on numerical modeling tech-

niques that could be applied to the analysis of a swirl burner for low

HV gas combustion, the development of a numerical algorithm was initiated.

The resulting computer code, PRIMCO, incorporates several features found

in other such analyses appearing in the literature. The solution algo-

rithm embodied in PRIMCO was given the acronum CENCIS (for CEntered-Cell-

Implicitly—Staggered). The basic algorithm follows the work of Patankar

and Spalding [7] and the work of Harlow and Welch [8] in a primitive var-

iables (velocity and pressure) formulation of the Navier—Stokes equations.

The algorithm also features an implicit pressure solution procedure which

follows the previous work in this area. The main departure from the

previous work in this area involves the use of a non-staggered grid sys-

tem. The previous algorithms used staggered spacial locations for the

velocity and pressure values.

The PRIMC0 code is a two—dimensional axis symmetric analysis that

includes variable density and viscosity effects. The code models

l2l
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turbulent flow using a two—equation turbulence model to provide an

effective viscosity. ”The current form of the code features a simplified

i infinite reaction rate combustion model. Radiation and conduction heat

transfer are not accounted for.

The use of the non—staggered grid system in the current work has

proved satisfactory for the class of problems that has been considered

thus far. It should be noted, however, that a very limited class of

problems has been considered here and that the staggered grid approach
u has been successfully applied to a very wide range of problems. In par-

ticular, the problems considered in the current work have been limited

to flows where the flow is predominantly in one direction. The major

portion of the pressure gradient has been in the principle flow direction.

The CENCIS algorithm has not been used in a case where the principle

flow direction may change in various regions of the geometry.

As part of the verification of the basic solution algorithms, a

simplified code was developed to solve a basic test case. This sample

code, CENCIS—T, was applied to calculate the developing laminar flow in

a planar duct. The results of this analysis were compared to results

of an analytical solution for this problem from Schlichting [43]. The

results were also compared to numerical predictions for the problem ob-

tained with a stream—function—vorticity formulation. The results were

in agreement in all comparisons.

The PRIMCO computer code was verified by comparisons with results

obtained from several sources including a known analytical solution, other

numerical calculations, and experimental data. The PRIMCO predictions
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for developing laminar pipe flow were compared to results obtained from

numerical computations published by Spalding and Pun [41]. The PRIMCO

results were also compared to the known fully developed velocity profile

for laminar flow in a pipe. In both of these comparisons, the PRIMCO

predictions were satisfactory and in close agreement.

The final step in the development process for the PRIMCO analysis

was the comparison of PRIMCO predictions for the experimental swirl

·burner with the measured isothermal velocity distribution. The compari-

sons showed that the code could predict the performance in all areas

of the flow field where measured data was available.
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6. RECOMMENDATIONS
4

p

In the following-section, recommendations for further areas of

work are presented. The recommendations that are presented are limited

to areas concerned with the current combustion project. There are numer-

ous other possible applications of the numerical techniques presented

here. The recommendations presented are separated into two general cat-

egories considering extensions to the existing analysis and additional

experimental work.

6.1 Extensions to the Existing Analysis

There are several areas of improvement to the basic analysis that

can readily be incorporated into the existing computer code. First, of

prime importance to a combustion analysis in particular is the inclusion

of heat transfer effects, particularly radiation heat

transfer. Since this is a departure from the previous assumption of a

physically controlled equilibrium combustion process, an additional par-

tial differential equation will have to be added, i.e., the energy equa-

tion. The energy equation can readily be incorporated into the existing

computer code since it can easily be put into the same form as the gener-

al conservation equation outlined in Chapter Two. The source term for

the energy equation would include the radiation heat transfer, for exam-

ple. Energy release terms for the combustion reactions can also be in-

cluded in the source terms.

6.l.l Radiation Heat Transfer

The radiation heat transfer can be handled in a manner that can be

124
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conveniently included in the current solution algorithm. Such an ap-

proach is the finite-flux method outlined in reference [44]. This ap-

proach, combined with a specified surface temperature boundary condition,

could be used to model combustion within a furnace, for example. The

calculations can be used to predict the wall heat flux and other parame-
4

ters of particular interest to furnace designers.

6.1.2 Reaction Kinetics ‘

A second area of possible extension of the existing analysis would

be to include a more complex combustion model in the analysis. Instead

of the infinite rate reaction model employed in the current analysis, any

number of finite—rate reactions may be considered. The number of reac-

tions considered will be limited by computational limits of computer time

and storage. Again, because of the structure of the CENCIS algorithm,

this feature could be easily incorporated into the existing computer

code. The governing equation for each reaction to be considered is the

conservation of mass species for each species to be considered. For ex-

ample, the formation of nitric oxide can be calculated from the conserva-

tion equation for the mass fraction of the NO. The source term in the

governing equation in this case becomes, for example, an Arrhenius type

rate equation. Note that this conservation equation also fits the form

of the generalized conservation equation. The solution of this and other

such similar equations will require little additional computation since

the required finite difference coefficients are the same as for all of

the previous equations. l
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6.1.3 Particle or Droplet Combustion ”

An additional area in which the analysis may be extended would be

the extension of the analysis to model particulate or droplet combustion.

This extension is more difficult than the two examples already discussed.

This area is of particular practical importance, however, since this

Uwould allow the modeling of pulverized coal combustion and fuel oil com-

bustion. Such particle—fluid models have been developed [35]. These

models would be coupled with the momentum and mass conservation equations.

These techniques consider the interaction of the fluid and particle com-

ponents in the flow field.

6.2 Additional Experimental Studies

[Further experimental work is required to use fully the potential of

the existing experimental apparatus. The current work did not report

temperature measurements and the current apparatus is capable of provid-

ing temperature measurements. The current work also only examined flow

fields with relatively low swirl numbers. The flows did not include re-

circulation zones because of the relatively low swirl numbers. To achieve

higher Swirl numbers, however, the fuel would have to be introduced with

a swirl component of velocity similar to that of the air. The idea of

swirling the fuel, discussed by Grant also [19], seems to offer consider-

able benefit for the low HV gas combustion.

There are other areas of experimental investigation which are of

considerable interest but would require considerably more experimental

equipment than is currently available. These measurements would include

local turbulence levels within the flow field, Species concentration



l27

profiles, and heat transfer rates. The current mathematical model

with the two-equation turbulence model requires much additional

experimental verification. One particular area of importance is the

inlet turbulence level. That initial turbulence energy distribution

must be specified as input to the numerical model. Experimental

measurements are needed to provide guidelines for specifying these

initial values of turbulence energy for various inlet geometries

and flow conditions.

The state—of—the—art in the numerical computation of turbulent

transport processes such as those under consideration here has reached

the point that much more experimental work is needed to further develop

and verify these techniques. These numerical techniques require more

basic experimental measurements on very localized levels. The level of

complexity and detail of numerical techniques and the level of com-

plexity and detail in usable experimental data is directly related.

The rate of progress in the development of numerical computations such

as those presented here is strongly dependent on the availability of

such data.
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„ Appendix A. Finite Difference Equations

The general governing equation in cylindrical coordinates is

equation 2.2.3, which is repeated here as

EL 12 - L LL L L LL}
r r Br + S¢ (AJ)

This equation is to be integrated over the control volume

illustrated in Fig. A.l. The resulting integral is

x+ 1:+ dxdr =
x- r-

x+ r+. EL LL L L LL}fr [ax {V¢ 6};}+ 1- az ‘°V¢ ar dxdr
x- r-

+/"‘+‘/"’+ sw axdr
x— r- (A.2)

Each of the above integrals in equation A.2 may be integrated

once to yield
V

r+ x+ ldr dx
r- x-

r+
- LL _ @1_
fp

[glich dr

x+ x+
Ä; M A(-3)
X- x- .
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Notice that the mean value theorem was employed to evaluate

integrals containing l/r, i.e.. l

1-+ PI-8 8 8 8 9 >„ _ ... d = -—- ——— rpv¢ drfllr 6r{I"""’}] I ar (AA)

Referring to Fig. A.l, the above expression is evaluated as _

II 1 6"“"{IOV¢}dI=Q._[IDV¢| — I°DV¢|I II r *°+ Y- (A.s)p
Each of the integrals in equation A.3 is then integrated by

assuming that each of the integrands is constant with respect to the

A dependent variable in that particular integral. The result of

integrating equation (A.3) under this assumption is then

1 I ·

= @9 _ @9
[Po 3xI x+ Pd) öxl x- AI

g

L @9 @9
I

+ rp
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1 Multiplying equation A.6 by rp, yields ·
W

-
— Apu¢!x+AX pu¢IX_Ax+ ov¢II_*_A1_+ ov<1>Ir_ I,_

-ä+1 ..Ä¥P.A+1~üA—1‘—A (A-7)_ F¢ 3x x+Ax P¢ 8x|x— x- ¢ 3Ylf+ Y+ ¢ 3YIY‘ Y'

Where the areas of each face of the control volume in Fig. A.l, per

unit circumferential angle, are Ax, AI+, and Ar_. These areas are

given by

Ax = rpAr (A.8)

Ar_ = r—Ax (A.9)

AI+ = r+Ax (A.l0)

and the volume of the control volume per unit circumferential angle is

V = rpArAx (A.ll)

Equation A.7 forms the basic finite difference equation. Note that

the terms on the left side of equation A.7 comprise the net convective

transport of ¢ for the control volume. The first four terms on the

right side of equation A.7 form the net diffusive transport of ¢ for

the control volume. The last term in equation A.7 represents the net.

source of ¢ within the control volume. Each of the terms appearing in

equation A.7 must be evaluated in terms of the variables stored at the

node locations. The node locations do not coincide with the control n
volume faces and therefore some scheme for interpolating the required

values must be employed. E
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To illustrate the use of central differences, the convective
and diffusive transport of ¢ across the east face of the control
volume, with a uniform Ax and Ar, are given by

u¢| ANPN+P UN+U ¢e+¢p X+ X IPAI (A.l2)

Qg_ N F + P ¢ — ¢1};, 6I|I+ Ax Q I AI (Aa;)2 Ax p

Similar expressions are used for the remaining convective and
diffusive terms at the other three faces. Finally, the source term,
S¢, is assumed constant over the control volume.
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APPENDIX C.
Sample Program Results
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AAFTER 50 ITERATIÜN8

1 SUN ÜF NÜNENTUN EON RESIDUALS = 1.1715-01

A SUN ÜF CÜNTINUITY EON RESIDUALS = 4.3475-O3

A _ U-V5

- · 1.0005+00~4.5985+01-2.90é5-01-2.3755-01-2.1935-01
1.0005+00 4.5985-01 2.90bE-01 2.3755-01 2.1935-01

. A 1.0005+00 8.1125-01 7.01U5-01 6.2655-01 5.8875-01
1.0005+00 9.8585-01 9.55YE-01 9.10C5-01 8.7715-01
1.0005+00 1.0815+00 1.1015+00 1.0955+00 1.0835+CC
1.0005+00 1.1355+00 1.1895+00 1.2115+00 1.2185+00
1.0005+00 1.1645+00 1.2355+00 1.2775+00 1.3015+00
1.0005+00 1.1795+00 1.2585+00 1.3135+00 1.3475+00
1.0005+00 1.1855+00 1.2685+00 1.3285+00 1.3675+00
1.0005+00 1.1855+00 1.2685+00 1.3285+00 1.3675+00

-2.0555-01-2.0315-01-1.9315-01-1.9635-01-1.9455-01
A 2.0955-01 2.0315-01 1.9815-01 1.9635-01 1.9635+01

5.6525-01 5.5155-01 5.4145-01 5.3355-01 5.3355-01
8.5405-01 8.3785-01 8.2535-01 8.1705-01 8.1705-01

· 1.0705+00 1.0595+00 1.0515+00 1.0445+00 1.0445+00

·
1.2195+00 1.2195+00 1.2175+00 1.2165+00 1.2165+00

· 1.3155+00 1.3255+00 1.3315+00 1.3365+00 1.3365+00

· 1.3715+00 1.3885+00 1.4015+00 1.4115+00 1.4115+00

· 1.3955+00 1.4175+00 1.4345+CO 1.4465+00 1.4465+00

· 1.3955+00 1.4175+00 1.4345+00 1.4465+00 1.4455+00
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V-VE

0.0005-O1 3.4255-O2 5.5785-O3·1.02B5—O3 3.7265-O4
0.0005-O1-4.2545-02-5.07bE-O3-b.6725-O4-8.2185-05
0.0005-01-8.2425-02-1.71éE-O2-6.4625-03-2.7145-O3
0.0005-O1-9.1325-02-2.3505-O2-1.1395-02-6.1575-O3
0.0005-01-8.8325-02-2.4735-02-1.4275-02-8.3145-03
0.0005-O1-7.2775-02-2.1995-02-1.4045-02-8.8305-O3
0.0005-01-5.5985-O2-1.7105-02-1.1345-O2-7.4855-03
0.0005-01-3.2925-O2-1.0645-02-7.4385-03-5.0505-O3
0.0005-O1-1.2325-02-3.6375-O3-2.4775-03-1.7095-03 »
0.0005-01 1.2325-O2 3.6875-03 2.4775-03 1.7095-03

2.2945-O4 1.6655-04 1.0305-O4 3.0655-04 0.0005-O1
-6.6465-05-3.1955-05 4.5495-Ob-3.0b5E-04 0.0005-O1
-1.5bOE-03-1.0575-03-6.6365-04-9.é025-04 0.0005-01
-3.7925-03-2.5575-03-1.7905-O3-1.7295-O3 0.0005-O1
-5.4885-O3-3.3275-03-2.7675-O3-2.4435-03 0.0005-01
-6.1385-03-4.42äE-03-3.2915-O3-2.3135-03 0.0005-01
-5.4165-03-4.0245-O3-3.0555-03-2.6315-03 0.0005-01
-3.7305-03-2.8195-03-2.1755-03-1.8655-03 0.0005-O1
-1.2885-03-9.3795-04-7.6675-O4-6.7275-04 0.0005-01

1.2385-03 9.8795-04 7.6675-04 6.7275-04 0.0005-01

PRES

0.0005-01-1.0045-01-2.@045-O1-3.7035-01-4.4é75-01
0.0005-01-1.0045-01-2.3045-01-3.7085-01-4.4&7E-O1
0.0005-01-1.1095-01-2.7825-Ol-3.7005-01-4.4545-01
0.0005-01-1.2175-Ol-2.7425-01-3.é915-01-4.4&15-01
0.0005-01-1.3045-01-2.@935-01-3.éB05-01-4.4535-01
0.0005-01-1.3éWE-01-2.5445-01-3.bbS5-01-4.4545-01

' 0.0005-01-1.4155-O1-2.ö045-01-3.6595-01-4.4505-O1
0.0005-01-1.4445-01-2.5755-O1-3.6525-01-4.4475-01
0.0005-01-1.4595-Ol-2.5615-01-3.6435-01-4.44éE-01
0.0005-01-1.4505-C1-2.5605-01-3.6435-01-4.4465-01

-5.1455-01-5.7755-01-é.33ö5-01-7.0435-01-7.4505~01
-5.1455-O1-5.7795-01-5.38ßE-O1-7.0485-O1-7.4505-01
-5.1435-01-5.7775-01-é.3ööE-01-7.0435-01-7.4505-01
-5.1425-01-5.77éE-01-é.3355-01-7.0435-Ol-7.4505-01
-5.1415-O1-5.7755-01-5.3355-O1-7.0435-O1-7.4505-01
-5.1395-01-5.7745-O1-b.3335-O1-7.0435-O1-7.4505-01
-5.1375-O1-5.7735-01-6.3345-01-7.0435-01-7.4505-01
-5.13ö5-01-5.7725-01-6.3345-01-7.0435-01-7.4505-01
-5.1355-01-5.7725-O1-6.3335-O1-7.0435-01-7.4505-01
-5.1355-O1-5.7725-01-6.3835-O1-7.0485-O1-7.4505-01





“ r
EXPERIMENTAL AND PREDICTED PERFORMANCE FOR4 THECOMBUSTIONOF

A LOW HEATING VALUE GAS IN A SWIRL BURNER
by

James G. Rice

(ABSTRACT)

The combustion of a low heating value gas in a swirl burner is in-

vestigated. The investigation covers the development of a finite differ-

ence analysis of the flow and combustion processes in such a burner. In

conjunction with the analytical work, an experimental program was con-

1 ducted to provide detailed measurements of the three—dimensional velocity

distributions within the flow field. The dissertation emphasizes the

development and solution of the mathematical model.

The finite difference analysis uses the primitive variables of ve- -

locity and pressure to describe the flow field. Features of the solution

algorithms of several previous authors are incorporated into the analy-

sis. A unique feature of the current approach is the use of a non-stag-

gered grid system. An additional feature is a very straightforward tech-

nique for handling boundary conditions which eliminates the need for

special treatment of the finite difference equations at boundary points.

The solution algorithm is given the acronym CENSIS, derived from CENtered—

Cell-Implicitly-Staggered. To illustrate the incorporation of the algo-

rithm into a computer code, a sample program is developed to solve a

simplified problem which has a closed form solution. This program,

CENCIS-T, is included. Calculations are presented for the swirl burner,

and the predicted results are compared with experimental data. The pro-



—

I
I gram used for the calculation of swirl burner performance is a more gen-

eral code called PRIMCO. The PRIMCO code includes variable density and

viscosity effects and incorporates a two-equation turbulence model for

the Reynolds stress terms. The PRIMCO code also uses a simplified, in-

finite reaction-rate combustion model.

Because of the use of the non—staggered grid system, the CENCIS

solution algorithm is less complicated than previous algorithms. As com-

pared to a staggered grid system approach, the current algorithm requires

approximately one—third the computations of the former approach. These

advantages make this approach considerably easier to code and relatively

‘ easy to apply.
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