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Confined Swirling Flows with Heat Release and Mixing

David S. Underwood,* Ian A. Waitz," and Edward M. Greitzer*
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

A simplified model is used to illustrate global features and flow regimes encountered in swirling flows with
combustion, as an approach to providing an overall interpretation of the behavior of primary zone flows in lean-
premixed-prevaporized gas turbine combustors. As one example of this, the physical mechanisms that characterize
the interactions between swirl and heat addition are described, including the differing effects on recirculation zone
formation for low and high values of swirl. The model, which is based on a quasi-one-dimensional control volume
formulation, contains many approximations for the relevant flow processes. Nevertheless, comparisons of this
simplified model with results from an axisymmetric Navier-Stokes code support the utility of the approach for
gaining physical insight into the overall behavior of these parametrically complex flows.

Nomenclature

= control volume area

= planar shear layer growth rate

= specific heat of air at constant pressure
= Eckert number, (u, — uz)z/Cp,Tl

= enthalpy

= duct length

= Mach number

= momentum, #mu

= mass flow

= turbulent Prandtl number

= static pressure

= radius of duct

= Reynolds number based on shear layer thickness, AUb/v,
= velocity ratio, u,/u,

= density ratio, p,/p0,

= static temperature

= average axial velocity of core and outer streams
= velocity in axial direction

= velocity in circumferential direction

= velocity in radial direction

= coordinate in axial direction

= arearatio, Ap/A,

= circulation

U = velocity difference, u; — u;

= radius of vortex core

= ratio of specific heats at constant pressure, C,, /C,,
= effective turbulent viscosity

= mixing coefficient

= density

= temperature ratio, 71/ T»

= equivalence ratio

= swirl ratio, I"'/27éu,
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Subscripts

c = centerline

D =duct

m = mixing

pr = product formation due to chemical reaction
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1 = vortex core
2 = irrotational outer stream

I. Introduction

HE behavior of gas turbine combustor primary zone flows im-

pacts ignition, stability, efficiency, and pollutant formation.
Primary zones are typified by swirling flow with heat release in
a variable area duct, where a central toroidal recirculation zone is
formed. The recirculation zone allows the mixing of hot products
with incoming reactants, thereby anchoring the flame.

The work presented in this paper focuses on lean-premixed-
prevaporized (LPP) combustor technology, which has proven ef-
fective in reducing NO, levels.!~> Typical strategies for obtain-
ing low NO, levels from these combustors include tailoring the
inlet swirl distribution and the local fuel-air ratio distribution. This
is a complicated parametric optimization problem, which can be
difficult to tackle efficiently using experiments or, more recently,
three-dimensional numerical simulations. Further, although much
research has been devoted to this area, the degree of complexity is
such that application-specific experimental and numerical studies
often lend little physical insight,*~® which leads to difficulties when
developing new combustors for advanced gas turbine engines.

The objective of this paper is to illustrate the global features of
swirling flows with combustion to clarify and understand the be-
havior of primary zone flows in LPP gas turbine combustors. The
approach taken was to develop a quasi-one-dimensional differen-
tial control volume model, with a set of influence coefficients that
describe the local behavior of the flow. Examination of the influ-
ence coefficients, coupled with parametric studies using the one-
dimensional model, enabled the effects of swirl, heat release, mix-
ing, and area change to be quantified. A limited assessment of the
applicability of the simplified model to flows of interest was carried
out through comparison to an axisymmetric Navier-Stokes code as
a necessary step in supporting the utility of the results.

The paper begins with a description of the quasi-one-dimensional
control volume model in Sec. II followed by presentation and dis-
cussion of the influence coefficients derived from the model in
Sec. IlI. Parametric studies using the quasi-one-dimensional model
are then presented in Sec. IV. Section V presents a comparison
of the quasi-one-dimensional results with Navier-Stokes computa-
tions, and Sec. VI gives a summary and conclusions.

II. Quasi-One-Dimensional Model

The quasi-one-dimensional differential control volume model de-
veloped is an extension of the work of Darmofal et al.,” which fo-
cused on the behavior of confined vortex cores in pressure gradients
with no heat release or mixing. Through comparison with axisym-
metric Navier—Stokes simulations, they showed that the simplified
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Fig. 1 Quasi-one-dimensional model.

model could be used to predict the onset of recirculation zone for-
mation.

Here we consider a more general case of a vortex core in a duct of
varying area, which includes heat release in the core and outer flow
and mixing between the streams. The derivation of the equations,
which follows from and extends that of Khan,'° is described in
Secs. II.A and I1.B.

A. Assumptions

Figure 1 shows a schematic of the model flowfield, which is taken
to be axisymmetric, steady, and smoothly varying in the axial di-
rection. A cylindrical coordinate system x = (r, 6, z) with velocity
components # = (w, v, u) is used. The flowfield is divided into a vor-
tex core of radius 8(z) containing all of the axial vorticity (stream 1)
and an irrotational outer flow (stream 2). The duct radius R(2) is
specified.

The swirl velocity is taken to be a Rankine vortex

(T/278)r/8
I/2nr

O<r=<s

§<r<R

v, 2) = { M
This is not a fundamental limitation of the model; other distribu-
tions may be specified; however, LPP combustor inlet data suggests
that this profile is an appropriate approximation for many flows
of interest.!! The radial velocity is assumed negligible in the quasi-
one-dimensional formulation, and so the radial momentum equation
reduces to

ar ~ "r @
Axial velocities in the two streams are assumed constant over an
axial cross section, although the axial velocities are not necessarily
the same in each stream. This implies infinitely fast mixing within
each stream to enforce uniform profiles. This intrastream mixing
is not the same as the interstream mixing, or mixing between the
streams, which can be specified in the model.

B. Conservation Equations

The application of conservation of mass, momentum, and enetgy,
as well as the state equation and a summation of areas to the two
streams, yields a system of differential equations. Conservation of
mass for streams 1 and 2 can be expressed as

d d dA
oy, dh1 o
o1 u Ay

dpz duz dA2

229 4)
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Conservation of momentum for the two streams gives

duy  dp. 1 _,dA; dmM
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where the different quantities are defined in the Nomenclature. The
terms containing area and density differentials that appear on the
left-hand side of Eqs. (5) and (6) reflect the effect of the swirl com-
ponent of velocity. The source term on the right-hand side of the

equations represents the transfer of momentum from one stream to
the other due to mixing.
Conservation of energy for the two streams yields

dT 14 dh dh
hudl § + 4y ﬂ — pry + m (7)
Tl Cl’l T] /3] C,,lT] Cl’l T]

srnt  dh,

- 8
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dT> u% du, _ dhprz
T2 Cp2T2 Uus - CP2T2

The source terms on the right-hand side of the equations represent
the enthalpy addition due to combustion (dk,,) and the transfer of
enthalpy from one stream to the other due to mixing (d4,,).

The equation of state for the two streams is

Pe P T ®
c T

dl_d_pz_2=o (10)
Pc P2 T2

Summation of areas yields

1dA; ao-1dA;, dAp
- — =2 11
o Al + o Az AD ( )

For the parametric studies presented, the duct radius was specified
by the function

R(z) = alerf(bz —c)+ 11+ Ry (12)

where a, b, and ¢ were chosen to give a geometry typical of gas
turbine combustors.'? The values of a, b, and ¢ are 0.02, 60, and
2.5, respectively. Again, the form of Eq. (12) provides a convenient
expression, but other forms may be used to address other geometries.
Heat release profiles dh,, (z) are also specified for both streams,
with profiles representative of those found in modern combustors.
The total heat release in each stream relative to the incoming flow
enthalpy is set to represent a methane—-air reaction of the form

CH, + (2/¢:) (O; + 3.76N;) — CO, + 2H,0

+1[2/¢:) — 210, + (7.52/¢:)N; (13)

where ¢; is the equivalence ratio of stream i.

The heat release profile is taken the same for both streams except
for the value of the peak, which is set by ¢;. The profile is given by
the function

dhye; = &1 A {erfld 2/ L)] + Lerfele(e/L) — £1} — 1) (14)

where d, e, and f have been chosen to give heat release profiles
typical of gas turbine combustors.'? For all computations, L/ Ry = 5,
d=14, e=7, and f=3. Figure 2 shows heat release profiles for
low and high heat release cases (¢ = 0.2 and 0.8) along with the duct
geometry. Consequences of varying the functional form of the heat
release profiles and duct geometry were not evaluated in the current
study, and only effects of the overall level of heat release were
investigated.

Mixing creates the exchange of momentum and energy between
the two streams. A mixing coefficient & is specified, where E is a
fraction of the mixing rate set by an effective turbulent viscosity v,.
The mixing rate is thus proportional to Ev, where v, is determined
using Prandt!’s second hypothesis'*!3

v, = C\ (U (z/U) (15)
and where b’ is defined as'®
., 03701 —r)(1+51)
N 2(1 + s%r)

)

(1+s3){1 +2.90(1 +r)/(1 = ]}

16)

B=1-
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Fig. 2 Heat release and duct radius profiles.

The constant C, in Eq. (15) is found by assuming an error function
for the velocity profile across the shear layer and using the 5 and
95% points to compute C|, yielding a value of C; = 0.092.

The momentum transfer term dM /s u, can, thus, be expressed
as

dM 1 pi+p2 (uy —up)* 1

S L ol s 17
nh,u, Re,, 21 uf é ( )

and the energy transfer term can be related to the momentum transfer
term by

dhw _ 1 [Lr—l_l_E] (.iM
Cp|T1 r—1 Pr, T miu,

Again, no effort was made to study the consequences of varying the
functional form of the momentum and energy exchange. Only the
sensitivity of the model results to the overall mixing rate, v,, was
investigated. These results are discussed in Sec. I'V.

Equations (3—11) are solved by specifying inlet conditions, duct
geometry, heat release profiles, and mixing rate and then integrat-
ing along the duct in the axial direction. The equations are, thus,
parabolic and downstream influences are not felt. This assumption
has been investigated by Darmofal et al.® for the case without heat
addition and mixing, where it was shown, through comparison with
solutions from a Navier-Stokes code, that a quasi-one-dimensional
model can capture the overall features of the flow, including the
tendency for recirculation zone formation.

III. Influence Coefficients

Influence coefficients represent the sensitivity of various flow pa-
rameters (dependent variables) to changes in area, heat addition,
and mixing (independent variables). Their utility lies not only in
quantitative results, but also in the insight they afford into the roles
that various mechanisms play in determining the flow behavior.
Based on the preceding formulation [Eqgs. (1-18)] influence coeffi-
cients for two streams with area change, heat release, and mixing
have been derived following the method developed by Shapiro and
Hawthorne!? and popularized by Shapiro.'®

There are several features about the flows of interest that lead to
simplifications in the influence coefficient analysis compared to the
full set of equations [Egs. (3—11)]. First, as is the case in gas turbine
combustors, the Mach numbers are low enough that changes in pres-
sure have no significant effect on density, and the state equation is,
thus, oT = const + O(M?). (This assumption implies that the quan-
tity dp/p ~ 0; the quantity dp/pu? is not zero.) Density variations
are, thus, due only to heat release. Further, kinetic energy changes

as)

are also small compared to enthalpy changes. Equations (7-10) then
simplify to

dty _ dhy, | dh,

—_— = 19
Ty C, v Cp T, a9
an _ dhy, syt dhm 20)
T2 Cp2T2 a—lC,,,Tl
d d
@, an _ 0 Q@
Pl T
de + an =0 (22)
J2)) [y

respectively. The influence coefficients are summarized in the Ap-
pendix. Note that the influence coefficients collapse to the results of
Shapiro!® for a single stream with no swirl at low Mach number.

As with the full set of equations, Egs. (3-6), (11), and (19-22) can
be interpreted to yield a complete nonlinear solution. Their greatest
practical use, however, is to indicate the directions and rates of
change of flow variables locally. This type of analysis provides a
pathway for understanding complex fluid behavior over a broad
parametric range.

The trends derived from the influence coefficients are summa-
rized in Table 1. It should be mentioned that these trends are not
dependent on the prescribed geometry, heat release profile, or mix-
ing rate profile because the influence coefficients only describe the
local flow behavior based on local ratios of flow variables.

As an example of the use of the influence coefficients, we can
examine the change in core axial velocity (du,/u,) as a function
of heat release in the core (dhy, /Cp, T1). We focus on this exam-
ple for two reasons. First, acceleration or deceleration of the vortex
core is directly related to the potential for recirculation zone forma-
tion, and many combustors rely on a recirculation zone for flame
stability. Second, this situation illustrates a result that may seem
counterintuitive and appears to us to be difficult to arrive at with
more complex analyses or experiments. Thus, it demonstrates the
utility of the simplified model.

The relation between the core axial velocity and the core heat
release is given by

duy _ 1- 52 (o (s + 1) = 1] dhp, 23
Uy ﬂ Cp|Tl

where 8 is defined as
B=1+r@-1)(s— 12 (24

Examining the denominator of the influence coefficient [Eq. (23)],
the local swirl ratio 2 that yields g =0 can be found. This swirl
ratio, Q. defined as

Table 1 Local trends from influence coefficients

Ductarea Heatrelease Heat release
Parameter change in core in outer flow Mixing (2 — 1)
Pc i) 1, Q< N +
1, 2>
u { Q< t {
1, Q>
773 1, Q<Q3 1 0 1
1t 2>Q
Ay 4 1 { 4
Az tHR<Q 4 + T
3 2> Q3
Puy No effect 1 No effect 4
Pn No effect No effect 3 )
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Qerit = 25)

corresponds to the critical value of swirl ratio at which (locally)
the core growth rate is unbounded. This is of interest because this
condition has been linked to recirculation zone formation.® In the
following discussion, only swirl ratios below critical will be con-
sidered.

When Eq. (23) is examined again and the sw1rl ratio that makes the
numerator of the influence coefficient zero is solved for, a local swirl
ratio is found where the sign of the influence coefficient changes.
This corresponds to a reversal of the effect of adding heat to the core.
Specifically, for low swirl ratios, adding heat to the core accelerates
the core, as is familiar from the limiting case of zero swirl. At high
swirl ratios, however, adding heat to the core decelerates the core.
This transitional swirl ratio between the two regimes is denoted as
) in Table 1 and defined as

2
R AT o

Note that ©, is a function of the local ratios of density, velocity,
and area only. Thus, from the perspective of combustor design, it
is possible for particular choices of local fuel-air ratio and swirler
geometry to lead to acceleration or deceleration of the vortex core,
thereby hindering or promoting recirculation zone formation.

A physical explanation for the described behavior can be given as
follows. Consider the cases of no swirl and strong swirl for a vortex
core in a constant area duct, where strong swirl means a swirl ratio
just below the critical swirl ratio. For simplicity, we assume the core
and outer flow to have the same value of axial velocity upstream of
the region of heat addition, although this is not necessary for the
arguments that follow.

Consider the no-swirl situation first. Heat addition will lower the
density and cause the core to expand, as shown in Fig. 3a. The
streamtube area in the outer flow thus contracts, so that the outer
flow axial velocity increases and the static pressure decreases in
the flow direction. Because the static pressure is uniform across the
duct, this implies an acceleration in the core (pu du = —dp).

Consider now the situation of strong swirl, so that the effect of the
change in axial velocity on static pressure is small. Again, as shown
inFig.3b, the core expands in the region of heat addition. At the outer
radius of the duct, i.e., at the wall, the azimuthal velocity and the
stagnation pressure do not vary along the duct. Radial equilibrium,
thus, implies that in the axial region in which there is heat addition,
and therefore core expansion, the static pressure on the interface
between the two streams will increase in the direction of the flow.
Thus, there is a pressure force pointing upstream on a volume of the
vortex core between stations upstream and downstream of the heat
addition and, hence, a deceleration of the core.

Core Accelerates
Vortex { —_—
Core 7/._-_-_-_-_-_(;_

a) No swirl

WP oommmmmm oo
Core Decelerates
Vortex { —
Core 7/._-_-_-_-_-_02
b) High swirl

Fig. 3 Schematic of circulation generation due to baroclinic torque for
no swirl and high swirl.

The physical basis for the described behavior can also be viewed
from the perspective of vorticity dynamics. Changes in the azimuthal
vorticity, i.e., vorticity oriented in the € direction, at the edge of the
core, are set by a balance between the production of negative az-
imuthal vorticity due to stretching and the production of positive
azimuthal vorticity due to baroclinic torque. Stretching of the in-
terface occurs due to dilatation of the gas in the core, whereas the
baroclinic torque occurs due to nonparallel pressure and density gra-
dients. A net production of negative azimuthal vorticity corresponds
to a deceleration of the core. A net production of positive azimuthal
vorticity corresponds to an acceleration of the core.

Examining the influence coefficients further, two more swirl ra-
tios can be defined where other coefficients change sign. These two,
denoted as €2, and 23, define the boundaries between the low and
high swirl behavior of centerline static pressure with heat release in
the core and outer stream velocity/area with duct area change. The
swirl ratios 2, and €25 are defined as

\/——r2[(a 1) +s5Qa—D]+F
Q=

27
asr? @7
and

Q; =+2s (28)

where F is given by

F=+r(@—1)+sQa — 1)]* + dasr?

As shown in Table 1, several other statements can be made as to
the effect of area change, heat release, and mixing on recirculation
zone formation. A decrease in core axial velocity moves the flow
toward the formation of a recirculation zone, whereas an increase
in core axial velocity moves the flow away from the formation of
a recirculation zone. Thus, an increase in duct area enhances recir-
culation zone formation, as expected. Heat release in the outer flow
hinders recirculation zone formation, as does mixing between the
streams (defined as positive for exchange of momentum and energy
from the outer flow to the core). Finally, there are no regions where
the behavior changes with swirl for heat release in the outer flow or
for mixing between the streams.

IV. Results of Quasi-One-Dimensional Analysis

The local trends given by the influence coefficients were examined
for the whole duct flowfield by using the solution from the one-
dimensional model to calculate values of Q;, £,, 23, and Q.
These values are compared to the local swirl ratio () given by
the solution from the quasi-one-dimensional code to determine the
behavior of the flow in a given section of the duct. Figure 4a shows
the results from a high swirl, low heat release case (¢, = ¢, =0.2),
whereas Fig. 4b shows the results from a high swirl, high heat release
case (¢ = ¢, =0.8). The values of the inlet parameters for these
runs are given in Table 2.

In Fig. 4, the solution from the quasi-one-dimensional model (£2)
is denoted by the asterisks, and six regions are defined, labeled 1-6.
The boundaries of these regions are the swirl ratios where the influ-
ence coefficients, given in the Appendix, change sign. These swirl
ratios, defined by Eqgs. (26-28) and denoted by the solid, dashed, and
dashed—dot lines, respectively, have been computed using the solu-
tion from the quasi-one-dimensional model. The other boundary on
Fig. 4 is the critical swirl ratio defined by Eq. (25) and denoted by

Table 2 Conditions for the high
swirl cases of Fig. 4

Inlet parameter Value
Swirl ratio, Q¢ 1.5
Velocity ratio, ro 0.8
Density ratio, so 1

Area ratio, ag
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b) High heat release (¢; = ¢ = 0.8)
Fig. 4 Flow regime maps for high swirl (g =1.5).

the x. It corresponds to the conditions where the influence coeffi-
cients go to Fo0.

The behavior of the flow at any axial location in the duct is deter-
mined by which region the solution (£2) lies in at that point. Region 1
is below all of the boundaries, and the behavior of the flow is qualita-
tively similar to the zero swirl behavior. Region 2 is above the dashed
line, meaning that the local swirl ratio () is greater than . This
corresponds, as is shown in Table 1, to the case where adding heat to
the core increases the centerline static pressure, counter to the low
swirl behavior. Region 3 lies above both the solid and dashed lines
(2; and £2,, respectively), and so adding heat to the core increases
the centerline static pressure and decelerates the core, as shown in
Table 1.

In region 4, adding heat to the core accelerates the core and de-
creases the centerline static pressure as in the zero swirl case. How-
ever, increasing the duct area increases the axial velocity of the outer
stream and decreases the area of the outer stream. This effect, shown
in Table 1, is again counter to the zero swirl case. Inregion 5, adding
heat to the core increases the centerline static pressure, whereas in-
creasing the duct area increases the outer stream axial velocity and
decreases the outer stream area. Finally, in region 6, adding heat to
the core increases the centerline static pressure and decreases the
core axial velocity, whereas increasing the duct area increases the
outer stream axial velocity and decreases the outer stream area. All
of these effects are summarized in Table 1.

By comparing the low and high heat release cases of Figs. 4a and
4b, respectively, we can see that the shape of the six regions changes

somewhat as does the trajectory of the solution (*s), although the
solution begins and ends in the same regions. Plotting the solution
in this manner is useful for understanding the parametric behavior.
Examination of the solution and its relation to the boundaries for
trend reversal given by the influence coefficients allows the determi-
nation of the effect of heat release for a given set of inlet conditions,
heat release profiles, and geometry.

Note that at no point in either Figs. 4a or 4b does the local switl
ratio approach the critical swirl ratio Q. A case was computed
with a duct-to-core area ratio of 100 instead of 4 and showed a
significant growth of the core as the local swirl ratio approached
critical. This rapid and large core growth, along with a concurrent
drop in core axial velocity toward zero, indicates the onset of reverse
flow and, hence, recirculation zone formation. However, the reversed
flow case is not handled by the current model, and therefore, only
a solution with the swirl ratio approaching, not reaching, critical
can be studied. The likelihood of recirculation zone formation is
greatly increased for larger initial area ratios. This corresponds to
starting with a smaller vortex core for a given initial duct geometry.
Therefore, as the initial area of the vortex decreases for a given initial
duct area, more room exists for the core to expand. This allows the
centerline velocity to approach zero, thereby increasing the potential
for recirculation zone formation. This result is consistent with the
results of Darmofal et al.’ .

When we turn now to the effect of interstream mixing, it can be
seen from Table 1 that no regions exist where the trends change due

(=]

a) Low mixing rate (1)

5 T
a5 —

--Q x
4r -y
35r X Qg x

*x Q

(=)

b) High mixing rate (102;)

Fig. 5 Flow regime maps for high swirl (29 = 1.5) and high heat release
(¢1=¢2=0.8).
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a) No heat release

b) High heat release

Axial Velocity (u/ugin)

-0.1 0.0 0.5 1.0

Fig. 6  Axial velocity contours and streamlines for a Navier-Stokes case with low swirl and varying heat release.

b) High heat release

Axial Velocity (u/uz,in)

-0.1 0.0 0.5 1.0

Fig. 7 Axial velocity contours and streamlines for a Navier-Stokes case with high swirl and varying heat release.
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to mixing. Therefore, the addition of mixing only modifies the shape
of the various flow regimes. Figure 5 shows two flow regime maps
for a high swirl (2 = 1.5), high heat release (¢; = ¢, =0.8) case
with different mixing rates. The mixing rate for Fig. 5a was chosen
to be equal to that predicted by the planar shear layer growth rate
of Hermanson and Dimotakis.!® The mixing rate for Fig. 5b was
chosen to be 10 times that mixing rate.

When we compare Figs. 4b and 5a, it is seen that there is little
difference between the no mixing case and the low mixing case.
Comparing Figs. 5a and 5b, one sees that the shape of the regions
has been altered for the high mixing rate case, but the overall effect
on the solution is small. Therefore, mixing does not change the
parametric flow behavior. Additional flow maps for a low swirl case
with varying heat release and mixing are presented in the thesis by
Underwood.'®

The flow regime maps presented in Figs. 4 and 5 show that al-
though the influence coefficient analysis yields local trends only,
these trends can be shown in a global context. Flow regime maps
provide a useful tool for viewing regions of differing flow behav-
ior and their relation to the local swirl ratio at a given point in the
duct.

V. Comparison with Navier-Stokes Simulations

The quasi-one-dimensional model has been shown to provide
insight into the physical processes present in swirling flows with
combustion, but we need to define the applicability to the flows of
greatest interest, i.e., flows with recirculation. To this end, the quasi-
one-dimensional model has been compared with the results from an
axisymmetric Navier-Stokes code.

The Navier-Stokes code allows calculation of steady and un-
steady reacting flows with recirculation zones.?® The reaction
process is modeled using a flame sheet approximation for premixed
combustion with the heat addition calculated consistent with that
of a methane—air reaction. As a consequence of the flame sheet ap-
proximation, a slip velocity at the wall is allowed because specifica-
tion of a no-slip wall boundary causes the flame front to propagate
upstream to the inlet in the wall boundary layer. Only steady solu-
tions were examined for comparison to the quasi-one-dimensional
model.

Comparison of the one-dimensional model and the Navier-Stokes
code was carried out for a recirculating case. Heat release was varied
for the same inlet conditions to test the validity of the influence
coefficients for suggesting trends in flow behavior. Specifically, the
low/high swirl behavior with heat release in the core was examined
by observing changes in size and location of the recirculation zone
for varying heat release. The results are shown in Figs. 6 and 7 for
the low and high swirl behaviors, respectively.

A low swirl (€2¢=0.5) case with zero and high heat release
(¢ =0, 0.8) is shown in Figs. 6a and 6b, respectively. Contours of
axial velocity are plotted along with the streamlines. Figure 6 shows
that, for low swirl, increasing heat release causes an acceleration of
the streamtube on the centerline, which results in a weaker recircu-
lation zone located farther downstream, as would be expected for
the limiting case of no swirl.

A high swirl (€2p=0.8) case with zero and high heat release
(¢ =0,0.8) is shownin Figs. 7a and 7b, respectively. Figure 7 shows
that for high swirl, increasing heat release causes deceleration of the
streamtube on the centerline, resulting in a stronger recirculation
zone, which is located farther upstream, in accord with the trends
from the influence coefficients. These results support the utility of
the quasi-one-dimensional model for developing insight into the
parametric trends of swirling flows with combustion.

VI. Conclusions

A quasi-one-dimensional analysis including an influence coeffi-
cient formulation has been developed to examine the behavior of
swirling flows in variable area ducts with heat addition and mix-
ing at conditions representative of LPP combustor flows. The one-
dimensional analysis showed that there are regimes where the behav-
ior differs depending on the level of swirl. Comparison with results
of a Navier-Stokes code showed that trends for recirculation zone

formation suggested by the one-dimensional analysis were borne
out by the Navier—Stokes simulations.

Based on the results from the influence coefficients, quasi-one-
dimensional model, and Navier-Stokes code, several conclusions
can be drawn.

1) For low swirl ratios, heat release in the core hinders recircula-
tion zone formation.

2) For high swirl ratios, heat release in the core enhances recir-
culation zone formation.

3) For all swirl ratios, heat release in the outer stream hinders
recirculation zone formation.

4) Mixing hinders recirculation zone formation.

5) Increasing duct area enhances recirculation zone formation.

6) Vortex cores with a smaller initial area are more susceptible to
recirculation zone formation.

Physical mechanisms for these trends have been described.

Appendix: Influence Coefficients

The influence coefficients described in Sec. [T are presented in
Table Al. They represent the sensitivities of the dependent vari-
ables (shown in the leftmost column) to changes in the independent
variables (shown in the top row).
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