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ABSTRACT

Seal, Michael I1II, Damian, M.S.A.A., Purdue University,
May, 1988. An Experimental Study of Swirling Flows as
Applied to Annular Combustors. Major Professor: John P.
Sullivan. '

This thesis presents an experimental study of
swirling flows with direct applications to gas turbine
combustors. Two separate flowfields were investigated: a
round, swifliné jet and a non-combusting annular combustor
model. These studies were intended to allow both a further
understanding of the behavior of general swirling flow
characteristics, such as the recirculation zone, as well
as to provide a base for comparison for the development of
computational models.

In order to determine the characteristics of swirling
flows the concentration fields of a round, swirling jet
were analyzed for varying amounts of swirl. The
experimental method used was a light scattering
concentration measurement technique known as marker
nephelometry. Results indicated the formation of a zone of
recirculating fluid for swirl ratios (rotational speed X
jet radius over mass average axial velocity) above a

certain critical wvalue. The size of this recirculation



xiv

zone, as well as the spread angle of the jet, was found to
increase with increase in the amount of applied swirl.

The annular combustor model flowfield simulated the
cold-flow characteristics of typical current annular
combustors: swirl, recirculation, primary air cross jets
and high levels of turbulence. The measurements in the
combus£of model, made by the Laser Doppler Velocimetry
technique, allowed the evaluation of the mean and rms
velocities in the three coordinate directions, one
Reynold’s shear stress component and the turbulence
kinetic energy:. The primary cross jets were found to have
a very strong effect on both the mean and turbulence
flowfields. These cross jets, along with a large step
change in area and wall jet inlet flow pattern, reduced
the overall swirl in the test section to negligible
levels. The formation of the strong recirculation zone is
due mainly to the cross jets and the large step change in
area. The cross jets were also found to drive a four-
celled vortex-type motion (parallel to the combustor

longitudinal axis) near the cross jet injection plane.



INTRODUCTION

In an economically driven society air travel is a
neceséary part of business. As corporations, companies,
and individuals strive for success in national and
international markets, lowering these travel costs is a
necessity. One way to reduce these costs is through the
improvement of the gas turbine engine and its various
components.

Improvements in gas turbine engines come in many
forms: increased efficiencies, longer life expectancies
and reduced maintenance costs are three of the many
possible forms. Increased efficiency means that an
aircraft can fly farther for a given amount of fuel.
Longer life means that the replacement of the various
components need not occur as often. Reduced maintenance
costs, partially due to the increase in life expectancy in
combustor components, can lead to fewer personnel required
to maintain the engines, reducing labor costs. All of
these improvements can reduce the expense of travel.

In order to develop these improvements a major
research program was initiatéd: HOST (turbine engine HOt

Section Technology). Sponsored and directed by NASA Lewis
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Research Center, this program was designed to
significantly upgrade the~existingutechnology and
understanding of operating conditions in the gas turbine
engine hot section. This thesis describes and discusses
experimental work performed at Purdue University for the
HOST Aerothermal Modelling Program.

Previously, nearly all gas turbine engine combustion
chamber developments have been empirically based. Today,
the drive is towards design procedures maximizing
prediction methods and minimizing experimental methods. In
order to reduce the amount of required experimental work
accurate modelling methods must be developed and utilized
with confidence. Benchmark quality experimental data is
neeced to be used as control values in the assessment of
these advanced turbulence and scalar transport models.

Thus, the main objective of this research project was
to perform a series of experimental measurements on a
flowfield of geometric interest relative to current
combustors which would provide a good base for comparison
with various analytical codes and models. The flowfield
chosen for these measurements was a model annular
combustor, a model which simulates the cold flow
characteristics of typical current annular combustors:
swirl, recirculation, primary jet cross flow, and very
.high levels of turbulence.

The swirl is imparted to inlet annular jet flow

through the use of vane-type swirlers. The recirculation
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zone generated by the applied swirl anq the large step
change in area is very strong with a large amount of
recirculated mass flow. The cross jets are designed to
reduce the length of the recirculation zone in order to
reduce the overall combustor length, as well as provide
dilution air for the combustion process. The mass flow
through both the inlet annular jets can be controlled to
allow variability of flowfield conditions. The five inlet
annular and ten primary cross jets all have very large
average velocities compared to the bulk average and are
the main contributors to the high levels of turbulence.

The measurements in the combustor model, acquired
with a single-component Laser Doppler Velocimeter system,
represent the three-dimensional nature of the flowfield.
Mean velocities in the three coordinate directions (X,Y,2)
were made, as well as the root-mean-square (rms) values
which also allowed the calculation of the turbulence
kinetic energy. At the onset of this research the complete
Reynold’s stress tensor was desired, but in the end only
one of the three cross terms was determined.

The recirculation zone is the most important
characteristic in the combustor flowfield as it has a
direct effect on the combustion stability and, hence, the
combustor performance. In order to obtain a more complete
understanding of the recirculation zone and it'’s
formation, as well as associated flowfield

characteristics, a second study was undertaken, a study of
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two-dimensional seed particle>concentration fields of a
swirling, round, turbulent jet.

These concentration fields, color enhanced images in
the form of flow visualization, were acquired through the
use of marker nephelometry, a light scattering method for
particle concentration measurement. These planar images
(plane§ parallel to the jet axis) illustrate the various
concentration patterns of the seed particles, added to and
well-mixed with the jet inlet fluid, which follow the
trajectories of the fluid issuing from the jet exit. The
images allow analysis of the changes in the flowfield
structure with changes in applied swirl.

From these studies a much better understanding of
swirling flows and their application to annular combustors
is realized. The measured characteristics can be used to
analyze computational codes and models, allowing the
improvement of the design of future combustors.

The main body of this thesis consists of five
chapters. Chapter 1 includes a general overview of
swirling flows, describing the characteristics associated
with swirling fluid motion, and a literature review. The
literature review outlines previously published works
related to swirling flows and combustor flows as well as a
short review of HOST-related research performed by a
previous student at Purdue University, Dean Barron.
Chapters 2 and 3 cover the experimental swirling Jjet and

combustor model studies, respectively, with thorough



5
desriptions of the experimental configurations and
presentations and discussions of the results. Chapter 4

includes a summary of this research and the conclusions.



CHAPTER 1: BACKGROUND

This chapter gives the reader background information
on thé subject matter considered in the research presented
in this thesis. A general overview of swirling flows
discusses the characteristics associated with swirling
flows while a literature review discusses previous
published work pertinent to the research results’

presented.

1.1 General Overview of Swirling Flows

For many years the effects of swirl in reacting or
combusting flows has been utilized. Swirl flows are a
result of the application of a spiraling motion to mean
flows such as jets. This spiraling motion can be applied
by various means (swirl vanes, axial-plus-tangential
entry, solid-body rotation, etc.) and results in the
production of a tangential, or swirl, velocity component.

Studies have shown that the application of swirl has
‘several large scale effects on non-reacting flowfields:
increased jet growth, entrainment, and decay. For reacting
flows flame size, stability, and combustion intensity are

similarly affected by the presence of swirl.



Swirl flows can be characterized by ‘the swirl number,
S, a non-dimensional number representing the ratio of
axial flux of tangential momentum to the axial flux of

axial momentum times the effective nozzle radius,

MR '
where
Mg = [(pUW + pUW)R%dr (2..2)
0

M, = [(p0% + pu? + (p-p.))rdr (1.3)
0

u,v,w= components of velocity in (x,r,9)
cylindrical coordinate system.
Due to the obvious difficulty in obtaining accurate values
for the swirl number caused by the evaluation of the
respective integrals (1.2) and (1.3), approximations are
made to (1.1) or other non-dimensional numbers are used
to characterize the flows; Since this research was
concerned with swirling flows generated by solid-body
rotation and vane-type swirlers, a method of
characterizing the corresponding amount of swirl is
necessary. For swirl flows generated by solid-body
rotation the amount of swirl is usually characterized by

the swirl ratio, N, a non-dimensional number defined as



(1.4)

ave

where
R= jet radius
w= rotational frequency
U,ve= mass averaged velocity.
Fbr swirl flows generated by vane-type swirlers the
amount of swirl is usually characterized by an

approximation to the swirl number, S,

4. 37
, 1 - (—)
s = < ° | tan¢ (1.5)
< I
- do

where
¢ = swirl inlet angle,
d; = inner diameter,
d, = outer diameter.

For general swirling flows, as the amount of inlet
swirl is increased beyond zero very noticeable changes in
the flowfield can be observed. For low amounts of swirl
(S<0.5,N<0.8) increased jet growth or spread, increased
mixing with the co-flowing fluid, and increased decay are
found. As the amount of swirl is further increased a
‘critical condition is reachéd. At this critical swirl
number (S=0.6,N=1.0) the flow along the jet axis is found

to oscillate between forward flow and backflow.




When the amount of swirl is increased beyond this
critical value a definite region of backflow can be
identified. The physical characteristics of this region
being a function of the amount of swirl applied. The
formatioh of this reverse flow region, known as the
central toroidal recirculation zone (CTRZ), .is due to the
progréssive development of a positive axial pressure
gradient with increasing swirl. The axial pressure
gradient is formed through the downstream decay of
tangential velocity. Near the jet exit the swirl is at a
maximum, with a large centrifugal acceleration creating a“
positive radial pressure gradient. Downstream, with the
decay in the tangential velocity, the centrifugal
acceleration is reduced allowing a higher pressure than at
the jet exit. The axial pressure gradient is thus produced
by the decay in tangential velocity and increases with
increasing swirl.

One major difference between a freely swirling flow
and swirling flow in, say, a gas turbine combustor is the
effect on the flowfield by the confinement. The high
entrainment rates associated with a large amount of swirl
($>0.6,N>1.0) may cause the swirling jet to attach to the
wall, mainly due to the initial part of the jet entraining
and causing backflow. In géneral confinement causes an
increase in the recirculated mass flow, resulting in the

lengthening of the CTRZ.
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Designers of gas turbine combustors take full
advantage of the CTRZ for several reasons. THe
recirculation zone has a large and important role in flame
stabilization since, in reacting flows, the CTRZ consists
of a regibn of well mixed combustion products that act as
a storage of heat. The CTRZ eliminates the need for bluff
body surfaces such as stabilizer disks thereby eliminating
the problem of the solid surface deterioration due to
corrosion and pitting. One necessity for a stable flame is
the matching of flame speed and flow velocity; this
requirement is easily satisfied since the velocity of the
fluid goes to zero at the CTRZ boundary. The downstream
distance at which the flame becomes stabilized is much
shorter, resulting in a more compact combustor.

Turbulence intensity has been seen to reach high
values in recirculation bubbles. Measurements have shown
large variations of absolute turbulent kinetic energy
levels as well as general non-isotropy of the flowfield.
The applied swirl creates a faster decay of the velocity
and nozzle fluid concentration from the jet exit through

the increased levels of turbulence.
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1.2 Literature Review

1.2.1 Swirling Jet Literature

In recent vyears the structure of swirling jets has
been investigated by many researchers. Most of these
studies have involved the measurement of méan velocities
and turbulence characteristics, usually intended for the
analysis of the behavior of decay, ambient fluid
entrainment, or mass flux with varying swirl.

Gore and Ranz [25] investigated the formation and,
characteristics of recirculation zones in swirling flows
with a test apparatus which allowed variability of
geometric conditions. With the application of a weak
amount of swirl the general jet cross section was found to
be expanded. No backflow was evident but velocities on the
jet centerline were reduced from the zero swirl case,
indicating the existence of an axial pressure gradient. As
the amount of applied swirl was gradually increased the
flow near the axis was found to oscillate between forward
and backflow; this critical swirl condition depended on
geometric conditions. Beyond this critical swirl the
backflow region was clearly evident, with both the forward
and rear stagnation points well defined.

In general, Gore and Ranz found the jet spread angle
(the radial spread of the half-velocity radius with

downstream distance) to be a function of the applied
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swirl. One very interesting case was that of swirl
generation (by a rotating swirl plate) at the jet exit.
For very large amounts of applied swirl the jet expanded
at right angles (spread angle of 180 degrees) with the
entire region in front of the jet in backflow. When the
swirl plate was recessed into the jet the jet spread angle
only reached a limiting value of around 40 degrees.

Chigier and Chervinsky [12] also found the jet spread
angle to be a function of the applied swirl, with their
experimental results indicating that the spread angle
increase continuously but approached some asymptotic -
value. Kerr and Fraser [30] were able to obtain higher
levels of applied swirl than Chigier and Chervinsky by
using a different method of swirl generation, with their
results indicating a linear relation between the spread
angle and swirl number, up to a swirl number of 1.2.

Pratte and Keffer [40] found that a free jet with a
moderate amount of swirl issuing from a planar surface
will spread in an almost linear manner, but at an angle
nearly twice that of the non-swirling jet. Also discussed
is the fact that the region immediately downstream of the
jet exit is the region most affected by the method of
swirl generation.

Several investigators have utilized the concentration
field measurement technique of marker nephelometry to

study the structure of jets, but only of the non-swirling
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variety. Rosenweig, Hottel and Williams [47] were the
first group to apply the method with their chosen
flowfield being the turbulent_jet. |

Long, Webber and Chang [36] performed instantaneous
two-dimensional concentration measurements utilizing a
laser illuminated sheet and a high speed video camera. In
a very similar experiment Long, Chu and Chang [35] also
performed two-dimensional concentration measurements of a
turbulent jet, obtaining temporal as well as spatial
flowfield information by alteration of their data
acquisition system. Their results, in the form of -
concentration contours as a function of either two
position variables, C(X,Y), or one position variable and
time, C(X,t), show the behavior of the large scale
structures. From the C(X,Y) contours the existence of
large scale coherent structures can be seen, while the
C(X,t) contours give the relative convective speeds of
these structures as they dissipate and coalesce.

Dahm and Dimotakis [14] investigated entrainment and
mixing in the self-similar region of a turbulent jet.
Instantaneous radial concentration profiles were found to
not resemble the averaged profiles, indicating that the
large scale structures could possibly play a more
important role than previously thought.

Vranos and Liscinsky [(54] performed both two-

dimensional imaging and gas sampling for the concentration
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measurements in the self-similar region of a turbulent
jet. The agreement between the two methods was found to be
very good, thus allowing confidence in the use of the

marker nephelometry technique.

1.2.2 Combustor Model Studies

In recent years, several researchers have reported
experiments related to swirling combustor flowfields.
These experiments have utilized many various geometries,
methods of swirl generation, and measurement techniques.~
Most of the published results for experimental work
pertaining to combustor flowfields are for axisymmetric
geometries. This differs from the work presented in this
thesis, which pertains to a model combustor of three-
dimensional, rectangular geometry. This presents no real
problem since the overall features of the flowfields will
be roughly independent of the geometry, whether it be
axisymmetric (cylindrical) or rectangular (cartesian).

In a very recent work, Brum and Samuelson [9]
reported simultaneous two-component LDV measurements in an
axisymmetric combustor model with coaxial swirling jets.
Of particular interest is that the often-implemented
assumption of isotropy is shown to be reasonable, except
in regions of high one-dimensional shear. Also of interest
is that the Reynold’s stress was measured directly,

whereas in most other published works the Reynold’s stress
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is found algebraically, using time averaged quantities.
These Reynold’s stress results <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>