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Velocity Characteristics of Reacting and Nonreacting Flows
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A two-component laser Doppler anemometer (LDA) was used to measure mean and turbulent velocities in
an axisymmetric dump combustor. Data were acquired for the axial and tangential components and provide a
comparison between combusting and isothermal flows. Inlet profiles were carefully documented to provide a
suitable boundary condition for future comparison to predictive models. The results show significant differences
between the reacting and nonreacting flows. One large-scale observable effect was the difference between the
recirculation regions for each case. Combustion decreased the length of the region by approximately 50%, while
increasing the maximum velocities. This made for a more compact, but stronger, recirculation region. The
reduction in recirculation zone size is recommended as a benchmark criterion in modeling studies. The presence
of reaction caused higher turbulent fluctuations near the expansion, and lower fluctuations in downstream
regions. The turbulence was observed to be nonisotropic in both the reacting and nonreacting cases.

Introduction

D ETAILED experimental data are required to evaluate
the validity of numerical models currently under devel-

opment. The application of models to complex turbulent flow-
fields continues to be the focus of many studies, as numerical
modeling of turbulent flows provides a cost-effective and time-
saving method of engineering design. Many experimental studies
have concentrated on understanding the behavior of turbulent
flows and have not been aimed at specifically improving the
accuracy of computational modeling. Lower-order predictive
codes require various assumptions in the solution of the Na-
vier-Stokes equations, and experimental data must be avail-
able to determine the validity of these assumptions. The re-
sults presented herein are appropriate for such comparative
purposes and also provide an analysis of the effects of heat
release on a turbulent flowfield.

The sudden expansion (or dump) combustor provides a
suitable vehicle for both experimental and numerical studies.
This configuration models many important characteristics of
practical combustion devices, including gas turbine burners
and ramjet combustion chambers. The flowfield of a dump
combustor is a complex combination of turbulent mixing, flow
separation, recirculation, reattachment, and various other
phenomena, as shown in Fig. 1. The recirculation region acts
as the main flame holder (without physical interjection) by
providing a low-velocity region and recirculation of hot com-
bustion products and radical species into fresh reactants. Sub-
sequent convection, diffusion, and decay of the structures
developed in the recirculation zone and in the region of high
shear between the recirculation zone and the main flow have
a significant effect on the overall flowfield of the combustor.
The scale, mean velocity profiles, and turbulence parameters
associated with the recirculation zone are primary factors gov-
erning the development of the overall flowfield.
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The main goal of this research effort was to provide a bench-
mark set of flowfield data that could be used in comparisons
with numerical simulations. As a result, the inlet velocity
profiles that have seldom been reported in past studies are
specifically included to provide a boundary condition for mod-
eling comparisons. The second goal of this research effort was
to study the effects of heat release on the flowfield of a sim-
ulated ramjet engine. Understanding the effects of combus-
tion on a particular flowfield should provide valuable insight
that can be used in future experimental and numerical pro-
grams.

Many prior studies have concentrated on isothermal (cold)
flows through dump combustors because of the difficulties
involved with taking velocity measurements in highly turbu-
lent reacting flowfields. Among the most significant of these
are the results of Drewry,1 Yang and Yu,2 Samimy et al.,3

and Nejad et al.4 These studies generally show a recirculation
zone extending approximately 8 step heights downstream from
the dump plane, and peak turbulence levels located in the
region of highest shear between the recirculation zone and
the core flow.

Comparisons of reacting flows to nonreacting cases have
been made in several different geometries, including the coax-
ial studies of Baker et al.,3 Owen,6 and Smith and Giel,7 the
two-dimensional step combustor experiments of Ganji and
Sawyer,8 Banhawy et al.,9 and Pitz and Daily,10 and the cen-
terbody studies of Lightman et al.,11 Schefer et al.,12 and Roe
and Proctor.13 A common conclusion was that existing tur-
bulence models were inadequate to accurately describe the
physics of the combusting flowfields studied.

Flow recirculation Reattachment Point

Fig. 1 Schematic illustration of a dump combustor flowfield. Shaded
area indicates approximate hot region of the flow.
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Fig. 3 Cross-sectional view of dump combustor.

Some information relevant to reacting flows in axisym-
metric expansion combustors is available in the literature.
Stevenson et al.14 compared nonreacting and reacting flows
in a combustor configuration similar to the one used in this
research. Significant differences were observed between mean
centerline velocities and the extent of the recirculation zones.
Turbulent velocity fluctuations were similar in both cases.
Nejad et al.15 conducted a stability and flow-visualization study
on the same combustor used for this study, and compared
some limited reacting-flow velocity data to cold flow data
obtained from a geometrically similar acrylic model. Evalu-
ation of the velocity data led to observations generally similar
to those of Stevenson et al.,14 although the magnitudes of the
flowfield changes accompanying the presence of reaction were
different.

Dump Combustor
All experiments were conducted in a stainless steel model

of a ramjet dump combustor as shown schematically in Figs.
2 and 3. This is the same combustor used in a stability analysis
and preliminary flowfield investigation by Nejad et al.,15 where
a more detailed description may be found. The combustor
wall contained a high-quality quartz window for optical access
to the flow.

A 10.16-cm-diam inlet duct supplied air to the 15.24-cm-
diam combustion section. The combustor had a maximum
length of 162 cm, a minimum length of 132 cm, and terminated
with an unchoked, 15.24-cm-long exit nozzle, with a 60% area
reduction. The inlet air was supplied by high-pressure com-
pressors to achieve a 18.3 m/s average velocity, corresponding
to a 1.18 x 105 Reynolds number. Inlet pressure and tem-
perature were ambient (300 K, 100 kPa) at the dump plane.
A screen was located 46.4-cm upstream of the dump plane to
guard against flashback. An orifice plate was mounted in the
inlet duct downstream of the settling chamber and just up-
stream of the fuel injectors to reduce airflow-coupled insta-
bilities and isolate the reaction region from the large acoustic
resonant contribution of the settling chamber. Provisions for
a swirler immediately upstream of the dump plane are incor-
porated into the design, although swirl was not utilized in this
series of studies.

The propane fuel was injected 3.35 m upstream of the dump
plane through four 0.318-cm-diam injector tubes. Each tube
had a 1.65-mm-diam fuel orifice located in the side, intruded
radially into the flow, and could be adjusted to inject at var-

ious radial positions. Overall equivalence ratio was 0.65; ni-
trogen was used in the nonreacting flow cases to simulate fuel
injection.

Laser Doppler Anemometer
The LDA system was primarily composed of TSI Corpo-

ration components and utilized a Spectra Physics model 164
laser operating in the multiline mode at a total output power
level of 1.5 W. The blue (488 nm) and green (514.5 nm) lines
were used to measure flow velocities. Each of these beams
(blue and green) was split into two beams, with one beam of
each color receiving a frequency shift for directional sensitiv-
ity.

The optical system, which operated in the backscatter mode,
consisted of a standard TSI beam splitter, a frequency shifter
(TSI model 9180-3A) operating at 40 MHz for each channel,
a 3.75 x beam expander, and a transmitting/receiving lens
with a focal length of 450 mm. The entire optical system was
mounted on a three-axis traversing table. Fringe inclinations
were aligned at 45.7 and 135.2 deg from the combustor cen-
terline with the axial and tangential velocity components re-
solved geometrically.

Some in-house modifications were made to the TSI system
and the alignment procedure. These included micrometer ad-
justment screws for the field stop lens system and both re-
ceiving optic modules, which allowed for adjustment to pro-
vide the highest possible data rates and best Doppler signal.
A 20-jLtm aperture was used in the alignment procedure to
ensure all four beams crossing at the same point.

Signal processing was accomplished with two TSI counter-
type systems. The high filter limits were 100 MHz and the
low were 20 MHz; the actual data frequency range was ap-
proximately 30-40 MHz, well within the filter settings. Six-
teen cycles of each burst were evaluated to determine the
Doppler frequency and were validated by comparison to an
8-cycle count, with a maximum deviation of 1% permitted
between the two timings. A 20-/x,s channel-to-channel coin-
cidence window was used to guarantee properly correlated
velocity data.

A custom-made interface linked the two LDA processors
to the data analysis computer. Double-precision calculations
of all statistical moments using standard formulas16 were made
at each measurement location. Postprocessing cutoff limits of
three standard deviations were made on the calculated ve-
locity histograms.
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Fig. 4 Inlet velocity profiles.

The seeding material, TiO2, was produced from the chem-
ical reaction between TiCl4 and the moisture in the ambient
air. The seed size, as determined from samples extracted from
the recirculation zone, was approximately I JJL. TiCl4 injection
occurred just upstream of a flow settling chamber located 3.12
m from the expansion plane. Since the seed was injected far
upstream of the combustor in a low velocity settling chamber
and then accelerated through a long section of inlet duct, the
seed distribution was assumed to be uniform at the combustor
inlet.

In any interpretation of LDA velocity data, the method of
acquisition and analysis must be considered. Edwards,17 in a
report of the special panel session on statistical biasing prob-
lems in LDA systems (held at the 1985 International Sym-
posium on Laser Anemometry), gives recommendations on
how LDA measurements should be treated and reported. This
work follows these guidelines as closely as possible, although
some of the suggested parameters, specifically the Taylor time
microscale, particle arrival rate, and trigger rate were not
readily available.

Stored data rates (coincident pairs of realizations from each
signal processor) ranged from 15 to 500/s for hot flows, and
100-1000/s for cold flows. The data acquisition capability of
the interface/computer system is much faster than this, so the
"validation rate" is the same as the stored data rate. Although
the Taylor time microscale (which is a measure of the time
that the flow needs to change one standard deviation) could
not be determined, the data density is expected to be in the
low category. For the majority of flowfield locations, 4096
velocity measurements were taken. In the near-wall regions,
where data rates were typically low, 1024 measurements com-
prised a data set.

Biasing was minimized by both hardware constraints and
data acquisition techniques. Angle bias was virtually elimi-
nated by the 40-MHz Bragg cells since this frequency is much
greater than the Doppler frequency of the flow. Filter settings
well outside the Doppler frequencies eliminated filter bias
problems caused by roll-off. In an effort to minimize velocity
bias, particle interarrival time weighting (also referred to as
time-between-data-points, or TBD weighting) was imple-
mented. The particle interarrival time method uses the time
between each realization as the weighting factor. The specific
method is described in depth by Nejad and Davis.16

Estimated maximum uncertainties in the experimental re-
sults were established through a series of repetitive experi-
ments at (nominally) fixed conditions, and by comparison of
these data to previous investigations using the same instru-
mentation, seeding system, and combustor dimensions.4J5-16

For the mean velocities, the repeatability was within 5%, with
the major contribution (2.5%) coming from control of the

airflow rate. The turbulent fluctuations were also repeatable
within 5%. Contributors to the uncertainty include seeding
nonuniformity, spatial averaging in regions of high velocity
gradients, and contamination of the window. The sensitivity
of the results to the number of velocity measurements was
also established through repetitive testing, with the number
of data points ranging from 1024 to 4096. Repeatability was
again within 5%.

Experimental Results
Graphical results for mean axial velocities and turbulent

fluctuations in both the axial and tangential directions are
presented and discussed. Velocity data are normalized by
t/ref, the average velocity at the inlet section (18.3 m/s), while
radial and axial positions are normalized by the step height
H (2.54 cm). The mean tangential velocities were zero (within
the accuracy of the instrumentation) since swirl was not used
in this series of baseline studies. More detailed profiles and
local histograms may be found in Gabruk.18

Inlet Conditions
The inlet velocity profile at 25.4 cm (10 step heights) up-

stream of the dump plane is shown in Fig. 4. The reacting
and nonreacting cases had.identical profiles. Both the stream-
wise mean and turbulent velocities (normalized with the av-
erage inlet duct velocity) are shown. As can be seen from the
figure, the mean velocity profile is fairly symmetrical about
the inlet duct centerline, and the turbulent velocities are ap-
proximately 15% of the average inlet duct velocity.

Centerline Measurements
Centerline mean velocity and turbulence results (for both

reacting and nonreacting cases) are shown in Figs. 5-7. These
figures are designed to illustrate the effects of heat release on
the flowfield of the dump combustor. Figure 5 shows a gradual
decay of cold flow centerline axial velocity throughout the
length of the combustor. Other experimental data3-4-14-15 show
similar trends. This is consistent with mass continuity prin-
ciples, i.e., when given constant density, an increase in flow
area will cause a decrease in flow velocity.

It can be seen in Fig. 5 that heat release has little effect on
the mean centerline velocity for axial locations less than ap-
proximately 10 step heights from the dump plane. The sim-
ilarity between the hot and cold flow velocities is due to the
lack of combustion occurring in the high-speed potential core
in the center of the flowfield. The potential core is a region
of the flow where the inlet centerline velocity is maintained.
The length of the potential core is on the order of 9-10 step
heights for the reacting case, and 7-8 step heights for the
nonreacting flow. These potential core lengths are in agree-
ment with the values reported by Stevenson et al.14 It should
also be noted that the end of the potential core is marked by
a regional deceleration in the cold flow case and an acceler-
ation in the hot flow case.

Downstream of the noncombusting potential core, heat re-
lease has a significant effect in the center of the combustor
flowfield. After X/H = 10, the mean axial velocities (for the
reacting case) begin to increase rapidly as the density de-
creases, as expected from continuity requirements.

The cold flow centerline axial and tangential turbulence
intensities (Figs. 6 and 7), on the other hand, increase in the
downstream direction until approximately 18 step heights.
This trend is also typical of the results of other research-
ers.3.4,14, 15 Tnjs increase in turbulence intensity is believed due
to the convection and diffusion of high turbulent energy cre-
ated in the shear layer during flow separation. After 18 step
heights, however, the turbulence decreases as the flow be-
comes more developed. The maximum turbulence level (based
on inlet duct average velocity) is about 20%, at 18 step heights
from the dump plane.

One observation to be made from the turbulent velocity
data is that the axial turbulence levels are always greater than
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the corresponding tangential levels in both reacting and non-
reacting cases (Figs. 6 and 7), although the general trend of
turbulence level with axial location is almost identical. Similar
observations have been made previously.5~7-14-15 This is an
important observation since this means that the flow dem-
onstrates little turbulence isotropicity. Since many numerical
models assume turbulence isotropicity, the results obtained
from these models cannot generally be expected to show good
agreement with experimental data from separated flows, es-
pecially in the presence of reaction.

The differences between the hot and cold flow turbulence
intensities can be partially attributed to changes in the mean
flowfield. It will be seen later in this section that the reacting
case has a considerably shortened region of recirculation, as-
sociated with higher recirculation velocities. Downstream of
the potential core, the reacting flow turbulence levels show
a sharp decline just across the flame front (at XIH —11), and
then a gradual rise throughout the remainder of the combustor
as the mean velocities increase.

Mean and Turbulent Velocity Profiles
Radial profiles of mean axial velocities at various axial lo-

cations are presented in Fig. 8. At axial locations of 0.38-6
step heights from the dump plane, there is very little differ-
ence between the nonreacting and reacting cases in the po-
tential core (rlH less than 0.5). This is expected since there
is very little combustion occurring in the high-speed core near
the dump plane. The reaction zone originates at the step
(rlH = 2.0), and propagates both radially inward and outward
to form a hot, accelerated, annular region, which surrounds
the potential core. At axial locations greater than (about) 10
step heights, however, a rapid acceleration of the flow due
to local energy release is evident, marking the propagation
of the reaction to the centerline and the end of the potential
core flow in the reacting case. This is also seen in Fig. 5. Some
acceleration of the core flow for the reacting case is evident
in the region between X/H = 6 and 10. This is not due to

local expansion of the gases caused by reaction, as the reaction
has not yet reached the centerline. The core acceleration in
this region is caused by a combination of mechanisms; mo-
mentum transport from flow in the rapidly accelerating an-
nular reaction zone, and local expansion due to temperature
increases caused by heat transfer from the surrounding, re-
acting region.

There are significant differences between the hot and cold
flow mean axial velocities outside of the potential core (rlH
greater than 2). This becomes even more apparent as the flow
progresses downstream. At axial locations less than 4 step
heights from the dump, the high shear region between the
potential core and the recirculation region (near the com-
bustor wall) can be clearly identified by the high-velocity gra-
dient. Measurements near the combustor wall show rapid
velocity decay and a region of flow reversal in the corner
recirculation zone.

The corner recirculation region can be more clearly iden-
tified in a contour plot of constant velocity lines (Fig. 9).
Contour 2 indicates the line of zero axial velocity, with the
recirculation length defined by the intersection of this contour
with the combustor wall. The recirculation length is much
shorter for the reacting flow, although the maximum negative
velocity is greater. For the hot flow, the recirculation length
is approximately 3.5 step heights from the dump plane, op-
posed to 6.75 for the cold. The trend in these results is con-
sistent with the experience of other researchers.10-14-15 It is
expected that the extent of the reduction in recirculation zone
length caused by reaction will be related to the specific ge-
ometry and the inlet flow conditions to the combustor section.
Differences in geometry and the unavailability of inlet data
make direct numerical comparisons to the referenced work
infeasible.

The turbulent velocity profiles are shown in Figs. 10 and
11. Although a direct comparison between these figures is
somewhat difficult, it can be recognized that the axial tur-
bulent velocities are generally greater than the corresponding
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tangential turbulent velocities, although the maximum tur-
bulence levels occur at the same radial position. Furthermore,
in the beginning region of the core flow (where XIH is less
than 5), heat release has only a small effect on both the axial
and tangential turbulent intensities, with the exceptions of
higher intensities at XIH = 1 and 2. Examination of Fig. 9
indicates that this region of the core is in close proximity to
the area of maximum negative velocity in the recirculation
zone, which may provide a source for high turbulent energy
transport into the core. It should also be recognized that the
length of the recirculation zone is a time-averaged concept,
and temporal fluctuations in the reattachment length will lead
to velocity fluctuations in adjacent regions of the flowfield.
A relatively sparse data matrix in the results of Stevenson et
al.14 makes a direct numerical comparison to these results
difficult.

In the vicinity of the high shear region, the reacting and
nonreacting turbulence levels differ significantly. As the flow
progresses downstream from the dump plane, the location of
the maximum turbulence level (which usually corresponds
with the high shear region) shifts towards the wall much sooner
for the reacting flow, consistent with the smaller recirculation
region.

Further downstream, where XIH is greater than 4, the tur-
bulence is observed to be lower in the reacting case. This is
not surprising since the recirculation zone length for the re-
acting case is only 3.5 step heights, while recirculation con-
tinues until nearly 7 step heights for the nonreacting case.
This essentially changes the scale of the flowfield. In fact,
some consideration of scaling the overall results based on
recirculation length rather than step height should be consid-
ered in future modeling and experimental comparisons. After
the flame front penetrates the potential core (at locations
greater than 10 step heights from the dump) the axial and
tangential turbulent velocities increase with the mean veloc-
ities.

The turbulent levels near the combustor wall also seem to
be affected by combustion, with an apparent increase at some
downstream locations (where XIH is greater than 6). Steven-
son et al.14 also encountered this trend. One possible expla-
nation for this is that the turbulence in the near-wall region
downstream of the reattachment point is more intense for the
reacting flow. Not only are the mean velocities greater (at
these locations) for the reacting case, but so is the distance
from the reattachment point, allowing more development to
occur. Some of the turbulent energy is being convected ra-
dially inward and appears as an increase in turbulence in the
near-wall region.

Conclusions
The main concerns of this study were to provide flowfield

data, with inlet conditions, sufficient for eventual modeling
comparisons and to document the effects of heat release on
the combustor flowfield. Subsonic, recirculating flow exper-

iments were conducted in an axisymmetric dump combustor
with a combustor-to-inlet diameter ratio of 1.5. The fuel/air
mixture was supplied at an inlet velocity of 18.3 m/s with an
equivalence ratio of 0.65. From the velocity measurements,
it is possible to make specific observations and conclusions.

1) Heat release has a significant effect on the corner recir-
culation region. The reattachment length is about 6.75 step
heights for the isothermal flow and 3.5 for the combusting
flow, a 52% reduction. Furthermore, maximum negative ve-
locities are greater for the reacting case. Hence, the com-
busting flow has a shorter, but more intense, recirculation
region. The recirculation zorie extent is suggested as a primary
criterion for evaluation of modeling studies.

2) The mean and turbulent velocity measurements clearly
identify the potential core for both the nonreacting and re-
acting flows. The potential core is a region in the flowfield
where the inlet centerline velocity is maintained and, for the
reacting case, little combustion occurs. The potential core
persists for approximately 10 step heights for the reacting flow
and 8 step heights for the nonreacting flow. The potential
core lengths are similar for the two cases because only a small
amount of local expansion occurs in the hot flow case.

3) In the far field, at axial positions greater than 4 step
heights from the dump, the reacting flow has lower turbulence
levels than the isothermal flow. This suggests that heat release
causes a substantial decrease in turbulent mixing and transport
in this geometry. This may also be related to the fact that this
region is farther downstream from the recirculation zone and
associated high shear region in the reacting case. The tur-
bulence was nonisotropic in all cases.

4) The turbulent fluctuations near the dump plane and in
the potential core were higher for the reacting flow cases.
This can be attributed to the fact that the hot flow had a more
intense and turbulent recirculation region that convected more
turbulent energy into the potential core.
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