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Measurements of Reactive Recirculating
Jet Mixing in a Combustor

Gary D. Smith,* Thomas V. Giel,t and Carl G. Catalanoil
The University of Tennessee Space Institute, Tullahoma, Tennessee

A ducted, subsonic, hydrogen/air turbulent jet mixing flowfield was experimentally investigated, both with
and without combustion. The geometric configuration approximated a sudden expansion or ‘‘dump’’ com-
bustor with a central air jet surrounded by a low-velocity hydrogen stream at an overall equivalence ratio of
0.12. The ratio of the duct to inner nozzle diameter was 2.5. Radial distributions of mean axial and radial
velocity, axial and radial turbulent intensity, velocity cross correlation, gas composition, static temperature, and
total pressure, as well as axial distributions of wall static pressure, were obtained for axial stations 0-6 duct
diameters from the combustor entrance. The data indicate that mixing is slower in the chemically reactive
flowfield than in the nonreactive flowfield, and that the presence of combustion has a significant effect on the
size and location of the recirculation zone within the mixing duct.

Nomenclature

=mass flow rate of air, kg/s

=duct inner diameter, 13.31 cm

=mass flow rate of hydrogen, kg/s
hydrogen mass fraction

pressure, N/m?

=radius, cm

=temperature, K

=velocity, m/s

=velocity cross correlation, m?2/s?

=radial velocity, m/s

=mass flow rate, kg/s

=axial location from primary nozzle exit, cm
Ap =wall static pressure minus wall static pressure at
nozzle exit plane, N/m?
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Subscripts

c =centerline

D =duct

P =primary jet property

r =reference value

s =gsecondary

T =total or stagnation conditions
0 =centerline value at jet exit
Superscript

) =standard deviation

Introduction

HE purpose of the study reported herein was to obtain

data to aid in the development and evaluation of
analytical techniques to analyze and predict the turbulent
mixing and combustion phenomena which occur in a wide
variety of engineering applications. Development and
evaluation of analytical models for ducted, recirculating flow
configurations have been hampered by the lack of detailed
flowfield measurements for such configurations. This
development requires data on different flow configurations if
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the techniques are to be general and applicable to more than a
limited range of parameters. In this study radial distributions
of total pressure, mean axial and radial velocity, turbulence
intensity, gas composition, velocity cross correlation, and
static temperature, as well as wall static pressure distributions
were obtained in a confined, axisymmetric, recirculating
flowfield typical of a dump combustor. The measurements
were obtained both with and without chemical reactions for
one fixed stoichiometry at axial stations from 0-6 duct
diameters from the combustor entrance. A more detailed
description of the investigation together with a complete
tabulation of the experimental data can be found in Ref. 1.
These data complement data previously obtained in similar
flows2? where the duct-to-jet diameter ratio was 10 compared
to a diameter ratio of 2.5 in the current apparatus.

The essential features of the recirculating flowfield are
shown in Fig. 1. For a certain range of fluid influx conditions,
jet mixing of the coaxial streams leads to the creation of an
eddy of recirculating fluid which exists on a time-averaged
basis as a toroidal, highly vortical region with high turbulent
intensities and relatively low average velocities.

Apparatus
Test Cell

The test cell, which is a modification of the one used by
Schulz? and Chriss,? is shown in Fig. 2. The test chamber
consists of a 1.52 m (5 ft) long stainless steel duct with an
inside diameter of 13.31 cm (5.24 in.). A hydraulically driven,
axially traversing nozzle assembly mounted inside the duct
was traversed in discrete steps during the testing to vary the
distance between the primary jet nozzle exit plane and the
radially positionable pitot pressure and gas sampling probe.
Two O-rings provided a seal between the moveable nozzle
assembly and the duct. As is shown in Fig. 2, 2 0.635 cm (0.25
in.) wide slot centered at the axial plane of the traversing
probe tip provided optical access for the laser in-
strumentation. A quartz window assembly sealed the slot.
Additionally, an optical port, located on top of the test cell in
the measuring plane, allowed passage of the pulsed laser beam
for the laser Raman system (LRS). An energy dump opposite
the optical port dissipated the pulsed laser beam energy.

The primary nozzle assembly consisted of a 5.273 cm (2.076
in.) i.d. circular pipe which introduced the primary air jet at a
nominal bulk flow velocity of 102 m/s (335 ft/s). An annular
secondary injector assembly provided hydrogen at a nominal
bulk velocity of 0.914 m/s (3 ft/s). The secondary hydrogen
flow passed through two porous plates and a screen pack,
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shown in Fig. 2, to establish a reasonably uniform secondary
flow. External water spray nozzles were positioned outside the
duct to cool the walls. A spark plug was located downstream
of the traversing probe to ignite the combustible hydrogen/air
mixture.

Instrumentation
Pressure and Temperature

A water-cooled total pressure and gas sampling probe of
the type described in Ref. 4 was installed in the duct. By
changing the positions of the axially traversing nozzle
assembly and the radially traversing probe, axial and radial
surveys were made in the recirculating flowfield. The total
pressure was sensed with both a variable capacitance trans-
ducer and a strain gage transducer to obtain maximum ac-
curacy over the range of pressure encountered.

In addition to the probe assembly, 41 static pressure orifices
0.102 ¢m (0.040 in.) in diameter were installed approximately
2.54 ¢cm (1 in.) apart along the duct wall. The orifices were
connected to a water manometer which was photographed
during the tests to record the wall static pressure distribution.

The total temperature of the gaseous supplies of hydrogen
and air were measured with copper-constantan thermocouples
located upstream of critical flow venturis, which were used to
measure the primary and secondary supply flows.

Gas Concentration

The mass fraction of hydrogen present in the probe-
extracted gas samples was measured using two different
techniques. Gas samples from the nonreactive tests were
analyzed with a thermal conductivity cell apparatus similar to
that described in Ref. 5. The cell was calibrated prior to each
test period with known mixtures of GH,/GN,. Gas samples
from the reactive tests were analyzed using an infrared
emission/absorption apparatus similar to that described in
Ref. 6. Prior to analysis, reactive gas samples passed through
a platinum-wound catalytic heater to insure completion of the
chemical reaction. Since the emission/absorption system
measured water vapor mass fraction, the entire gas sampling
system was steam heated to prevent water vapor con-
densation.
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Additionally, for the case of flow with chemical reactions,
species concentrations and static temperatures were measured
using an in situ laser Raman spectroscopy apparatus which is
described in detail in Ref. 7. The Q-switched ruby laser beam
was transmitted vertically through the test cell so that the
spectrometer could collect the stronger Raman scattering
perpendicular to the laser beam. The resulting measurement
volume was 0.99 mm (0.039 in.) in diameter by 0.318 cm
(0.125 in.) long. Temperature and air number density were
determined by measuring the intensity of the N,/0,
rotational Raman lines as described in Ref. 7. The laser pulse
width was 20 ns, and the repetition rate was 15 pulses/min.
Only 15 pulses were obtained per data point, resulting in a
relatively broad statistical confidence interval.® For a 95%
confidence level the mean temperatures in the recirculating
eddy have a confidence interval of nearly 20%. The results
obtained for the mean temperature and species number
density are, therefore, only approximations to the true values
of these parameters.

Velocity and Turbulence

Axial and radial velocities were measured in the duct with
the individual realization laser velocimeter. A Bragg-
diffracted system, as described in Ref. 9, was used both to
distinguish the two velocity components and to measure the
flow directionality. The 514.5 nm wavelength line from an
argon-ion laser was split by the Bragg cell and the four lowest
order beams were directed and focused to a measuring region
or probe volume in the flowfield. Particles passing through
the probe volume scatter light which is analyzed to determine
the particle velocity and direction for the axial and vertical
coordinates. Scattered light is collected in the backscatter
direction to simplify optical access and traversing
arrangements. Off-axis collection was used to reduce the
probe volume size to an approximate cylinder of 0.3 mm diam
and 1.2 mm length. Generally, measurements were restricted
to about 1500 simultaneous measurements of both axial and
radial components so that mean turbulent intensities and the
u’v’ correlation could be determined concurrently!® with a
reasonable statistical confidence. The system has the
capability to measure velocities over an axial velocity range —
75<U=<215m/s (—250=<U=<700 ft/s) and a vertical velocity
range —75<V=75m/s (~250< V<250 ft/s).

At the temperatures in the chemically reacting flowfield,
not enough natural particles survive to obtain velocity
measurements within a reasonable time period. A particle
seeding device was developed with which the primary air-
stream was seeded with uniform I-um-diam alumina par-
ticles. A discussion of seeding effects and statistical bias
errors are given in Ref. 1, as well as a detailed discussion of
test procedures. Additional details of the laser Raman
procedures are given in Ref. 7. Measurement uncertainties,

. presented in Table !, were obtained with techniques described

in Ref. 1.

Resuits and Discussion

Experimental data were obtained for both reactive and
nonreactive flow. A complete tabulation of the experimental
data is presented in Ref. 1. The nominal test conditions are
presented in Table 2. The fully mixed temperatures were
nominally 291 K (65°F) for the nonreactive case and 977 K
(1300°F) for the reactive case (assuming chemical equilibrium
and negligible wall heat transfer).

Pressure Measurements

The axial distribution of wall static pressures is shown in
Fig. 3. The pressure distributions clearly indicate that one
significant effect which the chemical heat release has on the
recirculating flowfield is to change the rate of wall static
pressure rise. The radial distributions of total pressure are
shown in Figs. 4 and 5. A comparison of Figs. 4 and 5,
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Table1 Measurement uncertainties
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Parameter

Representative
value of parameter

Uncertainty,?
% of value

Wall static pressure
Probe pitot pressure
LV measured axial velocity

LV measured radial velocity

Hydrogen mass fraction
(nonreacting)

Hydrogen mass fraction
(reacting)

Primary air mass flow

Secondary hydrogen mass flow

Probe radial position

Probe axial position

Laser Raman measured

273 N/m? (0.04 psig)
20.7 kN/m? (3 psig)
91.4m/s (300 ft/s)
—30.5m/s (— 100 ft/s)
9.14 m/s (30 ft/s)
3.05m/s (10 ft/s)

0.03

0.04

0.263 kg/s (0.580 tbm/s)
0.00071 kg/s (0.002 1bm/s)
7.62 c¢cm (3in.)

76.2 cm (30 in.)

1111 K (2000 °R)

+5.0
+2.0
+3.0
+4.0
+3.5
+8.0
+5.0

+16.0

+2.0
+6.0
+6.2
+1.4
+10.0

temperature

2 Uncertainty determined from the technique detailed in Ref. 1.

Table 2 Nominal test conditions

Parameter Nominal value
F/A 0.00345 kg H, /kg air
W (air) 0.263 kg/s (0.580 1bm/s)
W (H,) 0.0009 kg/s (0.002 1bm/s)
P (exhaust) 94.4 kN/m?2 (13.7 psia)
Ty (air) 289 K (520 °R)
Ty (H,) 311 K (560 °R)
u (air) 102 m/s (335 ft/s)
u (H,) 0.914m/s (3 ft/s)
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Fig. 3 Axial distribution of wall static pressure.

particularly for X/D greater than 2, reveals that the total
pressure decay is slowed by the chemical heat addition, in-
dicating that the effect of the chemical reaction is to reduce
the rate of momentum transport between the two coaxial
streams. The shape of the total pressure profiles also
demonstrates the reduced mixing rates.

Laser Velocimeter Measurements

Representative radial distributions of mean axial velocity,
mean radial velocity, axial turbulence intensity, radial tur-
bulence intensity, and the velocity cross correlation are shown
in Figs. 6-10 both with and without chemical reaction. The
velocity data are nondimensionalized by the one-dimensional
primary jet flow velocity #, and the axial and radial distances
are ratioed to the duct diameter and radius, respectively. Data
are presented for three representative axial locations.

Totat Pressure, Py/PTp
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Fig. 4 Radial distribution of total pressure in nonreacting flow.
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It should be noted that only the center jet flow was seeded
with alumina particles. Since the outer jet bulk velocity was
low, it was thought that if only the center jet were seeded, the
recirculation eddy would act to distribute the seed material
throughout the flow and this did occur for the nonreactive
case.. However, for the reactive case, the alumina deposited on
the walls and as a result the recirculation eddy did not



FEBRUARY 1983 REACTIVE RECIRCULATING JET MIXING IN A COMBUSTOR 273
1.8 0.25
Nonreacting Reacting Primary Nozzle Exit Sym  X/Dp
L6 b Radius, RIR) - 0.4 D 0
La | Primary Nozzle Exit Radius, R/ = 0.4 Sa 020~ . 2.0
2 A 6.0
s ML £ st s
Y : m
g 0.6 %
S 006}
0.4
Nonreacting Reacting
0.2 0 | L ! ] I L 1 |
. b\q\ﬂ 0 0.2 0.4 0.6 Uéa8dia| Loca(iion, R”g.Dz 0.4 0.6 0.8 1.0
0.2 I 1 ! | | | | | Fig. 9 Radial distribution of radial turbulence intensity.
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 1.0
Radial Location, RfRy
" Fig. 6 Radial distribution of mean axial velocity. . . . .
reaction. However, the axial location of the maximum tur-
bulence intensity (not shown)“is reached closer to the primary
01 nozzle exit plane in the nonreacting case because in each case
Nonreacting Reacling the location of the maximum turbulence intensity occurs near
Primary Nozzle Exit Radius, RiRy, - 0.4 SJOE X% the midpoint of the length of the mixing zone, which extends
0 = — o z% -] farther downstream with chemical reaction. The turbulence
W s D intensity becomes essentially constant by X/D=4 for the
. l , 1 . ‘ \ l nonreactive case, whereas -significant nonuniformity still
L exists at X/ D=6 for the reactive case. Note by comparing the
2 . data in Figs. 7 and 9 that the magnitude of the radial rms
z . M&N t velocity fluctuations is much greater than the mean radial
2 velocity at nearly every point in the flowfield. The velocity
g cross correlation u’v'/ufJ shown in Fig. 10 also indicates a
o I L L L L L I L considerable effect of chemical heat release on the Reynolds
stress field.
bty The decay of the mean axial velocity along the duct cen-
0 S . terline is shown in Fig. 11. As implied from the previously
presented data, the measurements reveal that the velocity
o X A 1 . ; ] ’ . decays lc?ss rapid!y in th.e reactiye case than in the naneactive
0.2 0.4 06 03 0 0Z 04 06 0.8 1.0 case. This result is consistent with results presented in Ref. 3,

Radial Location, RIRp,
Fig. 7 Radial distribution of mean radial velocity.

Primary Nozzle Exit

Axial Turbulence Intensity, u‘/up

31 I e S

0.06 Radius, RiRp - 0.4
Nonreacting : Reacting
0 | i 1 I L L 1 i
0 0.2 0.2 0.6 0.8 0 0.2 0.4 0.6 0.8 1

Radial Location, RIRp

Fig. 8 Radial distribution of axial turbulence intensity.

distribute sufficient seeding material across the outer stream
in the region near the primary nozzle exit plane. Therefore,
velocity measurements could not be obtained in the flow near
the duct wall in a reasonable sampling time.

The data presented in Figs. 6-10 show radial profiles of
velocities both with and without chemical reactions to
demonstrate the effects of the chemical heat release. It is
evident from the mean axial velocity variation (Fig. 6) that
chemical heat addition broadens the profile and reduces the
axial velocity decay. The profiles of radial velocity (Fig. 7)
also indicate, although less dramatically, the sustained high
axial core velocity resulting from the chemical reaction. The
maximum values of both turbulence intensities, »’/u, and
v'/u, (Figs. 8 and 9), are about the same with or without

but a complete explanation for this phenomenon has not been
given. It is recognized that, for constant area duct flow with
mixing and heat addition, the average velocity in the duct
must be higher for the reactive case for the same pressure and
mass flow because of the higher temperature. However, the
reason for the delayed decay of the potential core region in the
reactive case, where neither mixing nor burning has taken
place, is not obvious.

Figure 12 shows the location of the locus of points of zero
mean axial velocity in the recirculation flowfield, both
reactive and nonreactive. Note that the locus does not
represent the dividing streamline and in fact corresponds to
the dividing streamline at only two points, the forward and
rear duct wall stagnation points (Fig. 1). Figure 12 clearly
demonstrates the effect of the chemical heat release on the
location and extent of the recirculation zone. The downstream
reattachment point lies between X/D=3 and 4 for the
nonreactive case and near X/D =6 for the reactive case. The
result is significantly different from the results obtained by
Schuiz? and Chriss® on a similar configuration but with a
mixing duct to primary jet diameter ratio of 10.0 rather than
the present diameter ratio of 2.5.

The radial distributions of elemental hydrogen mass
fraction Fy for the nonreactive case are shown in Fig. 13.
Because of the mixing process, the centerline value of Fj,
increases and the near-wall value decreases with increasing
axial distance from the primary nozzle exit plane. Note that
no pure hydrogen was measured, even close to the exit plane.
This was expected since the velocity data indicate that the
recirculation zone extends nearly all the way back to the exit
plane. In addition, the low values of F,, and the highly tur-
bulent velocity field near the wall indicate that counterstream
turbulent diffusion of species apparently caused dilution of
the hydrogen stream. This result is consistent with the results
of Chriss? for the diameter ratio 10 configuration.
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The radial distributions of F, for the reactive case are
shown in Fig. 14. As before, the centerline value of F,, in-
creases and the wall value decreases with increasing axial
distance from-the primary nozzle exit plane, and no pure
hydrogen was measured in the flowfield. However, the data
indicate that the mixing is less rapid in the reactive than in the

nonreactive case, causing the dilution of the hydrogen stream’

to be less rapid.

The axial distribution of F,, along the mixing duct wall is
presented in Fig. 15 for both the reactive and nonreactive
cases. The data show that Fy decays less rapidly in the
reactive case, indicating more rapid mixing in the nonreactive
flowfield, which is consistent with the previously presented
data. The nonreactive F,, decays to the fully mixed value by
X/D =6 while for the reactive case mixing is not complete at
this station. The data also indicate that the upstream diffusion
of species extends to the primary nozzle exit plane since F, is
less than unity in this region.

Laser Raman Measurements

Radial distributions of mean static temperature are

presented in Fig. 16 for five axial locations in the recir- -

culating, reacting flowfield. The mean temperatures were
obtained by calculating a value of temperature for each of the
15 samples measured per data point and then arithmetically
averaging to obtain a ‘‘mean’’ value. The temperature
distributions, as expected, show that the temperature is low
on the centerline in the near field and increases with radial
distance toward the duct wall to some peak value in the
turbulent recirculation zone. The radial temperature
distribution in the far field (X/D=6) is relatively flat at a
level consistent with the fully mixed fuel/air ratio when the
heat loss to the cooled duct wall is considered.

Mean temperatures at the level of stoichiometric
hydrogen/air combustion (2300 K) were not measured
anywhere in the flowfield. However, examination of a typical
set of 15 samples of temperatures (Fig. 17) shows that in the
near field (X/D=1) instantaneous values of approximately
stoichiometric flame temperature did exist. The number of
samples obtained was not sufficient to define the statistical
behavior; nevertheless, the 15 points clearly show huge
temporal fluctuations in temperature (and hence con-
centration) in the near field with a mean value of 1411 K and
fluctuations between 700 and 2300 K (stoichiometric).
Temperatures measured in the far field (X/D=6) where the
flow approaches being fully mixed, are also presented in
Fig. 17 and the temperature fluctuations are much smaller.
The implications of the initially large temporal fluctuations of
temperature and concentration on the mean flow properties
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Fig. 13 Radial distribution of H, mass fraction in nonreacting flow.

and the reaction kinetics are such- that the generally
satisfactory prediction of the details of reaction kinetics in
such combustor flows must account for the existence of the
huge fluctuations.!!

Conclusions

Ducted, hydrogen/air, nonreacting and reacting, recir-
culating flow experiments were conducted in a combustor
with a ratio of duct to inner nozzle diameter of 2.5. Analysis
of the data leads to the following conclusions:

1) The size and location of the recirculation zone are ap-
preciably altered by the presence of chemical reactions. This is
indicated by differences in the locus of zero mean velocity
locations in the recirculating zone and in the wall static
pressure distributions for the reactive and nonreactive cases.
This result is very different from the result obtained in the
diameter ratio 10 configuration.? The clear implication of this
result is that the historical approach of modelling combustor
flows by cold-flow testing techniques is not always
satisfactory and hot-flow testing is required to verify designs.

2) The gases in a ducted, axisymmetric, reacting, recir-
culating flow mix more slowly than those in a nonreactive
system of the same configuration and fuel/air ratio. The
decay of concentration and velocity is less rapid, and the
radial distributions of concentration and velocity approach
uniform profiles less rapidly for the reacting case.
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3) The maximum value of the turbulence intensity
referenced to the jet exit mean velocity is about the same for
the reacting and nonreacting cases, approximately 0.25.
However, the location of the maximum turbulence intensity is
reached closer to the primary nozzle in the nonreacting case

AIAA JOURNAL

because in each case the maximum turbulence location occurs
near the midpoint of the length of the mixing zone, which
extends farther downstream with chemical reaction. The
magnitude of the radial velocity standard deviation is much
greater than the mean radial velocity at nearly every point in

* the flowfield.

4) The hydrogen mass fraction, velocity, and turbulence
intensity profiles indicate that counterstream turbulent
diffusion dilutes the secondary hydrogen stream back close to
the nozzle exit plane.

5) The extremely large temporal temperature fluctuations in
the reacting flow as shown by the laser Raman temperature
data indicate that in future turbulent combustion applications
a data sample of at least 150 laser pulses per data point is
required to provide data with a reasonably statistical con-
fidence in mean values. Even larger sample sets would be
required to assure confidence in measured variances. The
large temporal fluctuations clearly indicate the requirement
that any physically perceptive prediction technique must
account for the huge fluctuations in temperature and con-
centration.
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