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FOREWORD

This interim report was prepared by the University of Dayton Research Institute
(UDR!), Dayton, Ohio 45469 under Contract No. F33615-78-C-2005, Project No. 3048,
Task 364805, Work Unit 96 with Dr. W. M. Roquemore (AFWAL/POSF) Government Project

Monitor.

The report describes the laser Doppler anemometer (LDA) constructed for use with
the combustor in Room 20, Building 18, Wright - Patterson Air Force Base. The LDA was
used to measure axial velocities in both isothermal and combusting flows, under a varie.y
of operating conditions. Velocity profiles were taken, radially and axially, and they are

presented in this report. The computer interfacing and computer data proce:ssing software
are described in an accompanying technical report.

This report concludes the effort on the one-dimensional measurement series. A new
two -dimensional LDA will be constructed and utilized for measurements in the same
combustion facility during the remainder of this program. This report ccvers the effort
trcm January 1979 through September 1980.

The authors are Dr. Allan J. Lightman, Principal Investigator of this project, and
Mr. Peter D. Magill. Project management is provided by Dr. E. H. Gerber. The
contributions of Cr. W. M. Roquemore and Mr. R. Bradley (AFWAL/POSF) are gratefully ac-
knowledged. Mr. C. Reeves (AFWAL/POSF) was especially helpful in the preparation of
those graphs taken from the jointly authored AIAA publication. The Air Force personnel's
assistance in conducting the experimants wa, most helpful. A special note ot thanks is
extended to Dr. L. Krishnamurthy (UDRI) whose understanding of the flow processes was
invaluable. The assistance of Ms. P. Stewart, Ms. A, Cochran and Ms. R. Fannin in the
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F NOMENCLATURE
a air stagnation location
d fuel tube diameter
D ceaterbod, ciameter
E fl) Dopoier frequency
f‘ tuel stagnation location
Fs frequency shift
: K propagation vector of laser light
] L fuel fiow development length
r radial position
R duct radius
E U velocity in X direction = U «u
. v velocity vector = UX + V,Y\ + Wi
\Y velocity in Y direction = V o+ v
: velocity in Z direction = W + w
k
E WA average annulus velocity
g WF fuel wvelocity
[ Wo fuel velocity at entrance plane
; X horizontal coordinate normal to centerline
Y vertical coordinate normal to centerline
| z axial coordinate
ls fuel stagnation location
‘ A wavelength of laser light

the bar above a quantity indicates the time -averaged value whiie the lower
case velocity designates the fluctuating component

;i designates a unit vector in the indicated direction
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SECTION |
INTRODUC THON

1.1 OVERVIEW

The objective of this research was to measure the axial wvelocity flowfield in an Air
force combustion tunne! to provide data for model evaluation studies. The combustor is
located in the Air Force Wright Aeronautical lLaboratories, Aero Propulsion Laboratory
(AFWAL/PO). The tunnel is characterized by a bluff body centered in the airflow duct.

Fuel is injected from the center of the blufi body and air flows through the annuiar
region. In combusting flow, the diffusion flame is stabilized by the recirculation region
established in the wake of the centerbody. A description of the physical system is given
in Paragraph 1.2.

A one-dimensional laser Duppler anemometer (LDA) system was constructed to probe
the axial component of the flowfield velocity. It was mounted on a moweahle table, and

its probe wolume could be traversed through the flowfield. The operation of the system

T R T e -

was integrated into the Modcomp computer that is also used to monitor various combustor
parameters. A description of the LDA apparatus is given in Section Il. The computer
controls and the data reduction and analysis programs are discussed in the accompanying

Computer Software and Interfacing Report.]

R T e

Section !l presents the results of the inlet conditions measurements. These
measurements are a necessary starting point for any model of the flowfield. Measurements
were made of the wvelocity decay in the fue: jet with a negligible annulus flow rate and

are presented in Section 1V. Section V contains the results obtained for annulus and fuel i

tube flowing, in isothermal and combusting flows. Flowfields for wvarious operating
: conditions of the combustor are postulated in Section VI and the results of the i
experimental measurements are interpreted within that framework. Conclusions concerming

the operation of the LLDA apparatus are drawn in Section VIl.

1.2 COMBUSTOR DESCRIPTION

The test section of the combustor, shown in Figure 1(a), consists of a cylindrical
duct having a concentric centerbody with a flat end face. There are three viewing
stations for optical access available from three sides at each station, through windows

F 7.62 cm X 30.48 cm. The centerbody face protrudes 5 cm into the field of view of the

| first window, permitting the LDA to approach the face as close as the LDA optics allow.

[ L i e . s — - s
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The window height limits the wvertical scan possible when using the side windows. For
axial scans there are zones where no signal can be recorded, such as between the windows.

This serves to limit the range of variation of the inlet conditions while maintaining the

"

region of interest at an accessible location.

Fuel s injected at the center of the centerbody face through a 4.8 mm diameter
fuel tube, and air flows through the annular passage between the outer duct and the
centerbody. The fuels used in this program were air and CO; in isothermal flow and
C3Hg in combusting flow. Flow through the fuel tube is denoted *fuel® to distinguish it

from the air flow in the annulus.

3 The centerbody is 14 cm in diameter and 79 cm long. The upstream surface of the
{ centerbody is aerodynamically shaped to minimize disturbances in the annulus air flow. A
é, 31.8-mm long square-cell honeycomb flow straightener, with cell size 4.8 mm x 4.8 mm,
and two number 16 mesh screens are mounted in the annulus. The inside diameter of the
duct is 25.° cm. The centerbody shown in Figure 1(a) has been modified to accept other

fuel tubes and the new face is shown in Figure 1(b).
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SECTION I
LASER DOPPLER ANEMOMETER

The operating principle of the LDA system is the linear relctionship between the
velocity of a scattering site and the Doppler frequency generated. This is covered in

detail in many puwlications, for instance Durst, et al.2

I, TR

2.1 OPTICAL SUBSYSTEM

The optical arrangement used in this study is that of the differential Doppler system.
Two optical beams, monochromatic and in phase, are crossed at the region of interest.
The Doppler shifted light scattered from the two beams is heterodyned and the resulting
Doppler frequency is independent of the directions of the ind.ividual nput beams, depending
instead on the difference in their wave vectors. If the input beam wave wvectors are

Ky and K ( K| = 2n/}), as shown in Figure 2, the resulting Doppler signal is
1 2

o

(kg = k,)ev (1)

If |Ky| = |K2 ], as it is when both beams are derived from the same laser, their
difference (?1 - f(’z) = K is aligned perpendicular to the bisector of the angle they form.
Thus, the Doppler frequency produced is directly proportional to the velocity (v,) of the

b scattering site perpendicular to the bisector. To get information on other directions of

motion, it is necessary to utilize other LDA systems aligned for the directions desired.

Mttt
F3 2
~

Figure 2. Incoming Laser Beams with Wave Vectors K1 and l:z, Scatter from the
Particle Shown and the Doppler Signal Produced is a Measure of Ve

SRR N
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The actuval physical layout of the equipnient is shown in Figure 3 with the optics
detailed in Figure 3(a) and the electronics in Figure 3(b). The argon ion laser operates
at 514.5 nm. The beam is passed through a spatial filter and beam expander coinbination.
The spatial filter ensures that the light is a clean Gaussian TEMy, beam with no higher
order modes to modulate the signal and create interferences. The beam expander
accomplishes two things. First, it expands the beam (~2x) so that the focussed wolume in
the combustor is smaller. Second, by adjustment of the collimating lens, it ensures that
the laser beams cross at their waists. This minimizes the interrogation wolume and ensures

that the Doppler frequency generated is uniform throughout the wvolume.

The pentaprism deflects the beam 90° into a symmetric beamsplitter with a 50-mm
beam separation. An acousto-optic Bragg cell shifts one laser beam 40 MHz in frequency
from the other so that directional ambiguity is eliminated. The directiona! ambiguity
results from the fact that the signal processor, which measures the Doppler period, cannot
differentiate between the period due to the f requency -l: . \7 from i: © (-V)e By adding a
shift frequency, Fs, the directionally opposed scattered signals yield frequencies
Fg + K+ V and Fg = K+V. Provided Fg > & - _;)max: the directions are resolved. A
compensator is used in the reference beam path to ensure that both beams trave. the same

optical path length and remain in phase.

Some additional optics are needed to ensure that the beam intensities are equal and
that they cross properly after passing through the focusing lens (f = 381 mm), The
forward scatteied radiation is collected by a spherical mirror (f = 280 mm) ard, due to
space restrictions, it is returned through the combustor unfocused. The light is fccused by
the lens used to cross the input beams, deflected by a mirror s:tting between the input
beams, and passed to a mu'tiplier shototube (MPT), usually through a laser line filter and
a pinhole filter. The last two items serve respectively to remove extraneous radiation
coming from the flame and to limit the field of view of the detector.

The system was constructed to withstand the expected acoustic and thermal
environments in the test facility. The signal is obtained by scattering from titanium
dioxide particles introduced hoth upstream of the centerbody and into the fuel line through
fluidized-bed seeders. The seeder designs are similar to that described in Reference 3.
With the Bragg cell modulator turmmed off, the measurement wolume (spot) is an ellipsoid
measuring 75 um in diameter by 250 um in the foiward (optical) direction. However,

when the modulator is turned on, the spot is distorted and the ellipsoid measures
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150 :m by 250 um in cross section and 1.5 mm in length. The region of interest s
scanned by moving the entire ontical bed, with all components remaining rigidly fixed.

2.2 ELECTRONIC SUBSYSTEM

The scattered Doppler signal is processed by a counter processor. In the present
design the frequency range of the signal is limited from approximately 10 to 50 MHzx
corresponding to a welocity range of +120 m/s to -40 m/s respectively. The processor
has a feature allowing selection of the number of cycles in the Doppler burst. Sixteen
cycles are used to restrict data to that obtained near the center of the scatiering wolume

In the electronic processing system shown in Figure 3(b), the detector is connected
to the processor through 30 meters of coaxial cable. The alignment oscilloscope and
spectrun analyzei are disconnected during experiments so that the cable is continuous and
properly terminated to prevent reflections. Cable loss is minor at all frequencies of
interest (Figure 4). The multichannel analyzer proved essential during alignment and in
setting amplifier gains, etc. Signal distortions, gain broadening, and gain f requency -shift
effects were readily visible so that amplifier g in, laser power, and MPT voltage could be
adjusted below the level where signals become distorted by too high a gain. In practice
the MPT woltage ar . laser power were left fixed and only the amplifier gain was adjusted.

e $ oY b)) v = = wm S o wm mm am e s ‘
\
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© i
\
\
-1 - (1) o \
)] “
) ° \
2 \
hd 0. \
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-4 3AB/octave
T T LI T 1 T ] 1 Al
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Figure «. Transmission Characteristics for Cable Carrying Detected Doppler Signal from
Test Cell to Control Room.
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2.3 MEASUREMENT CONSIDERATIONS

The LDA system was checked against measurements made by Pitot -static and hot -film
probes. As both of these instruments are accurate only in nonrecirculating and low-
turbulence flows, the comparisons were made in the annular flow near the entrance plane
with the Pitot tube and in the fuel jet (with no annular air flowing) with the hot film.
The hot-film probe was profiled through the jet and both the welocity and turbulence level
were monitoreds. The agreement of the LDA meaturements and those made with the
conventional probes was within the anticipated accuracy of 1 percent at low turbulence

levels and within 5 to 10 percent at higher turbulence lewvels.

In a recirculation zone, the direction of flow at a given location can change with
time. The use of individual realization LDA instruments to measure average welocity in
multifluid -mixing regions may result in biased data if the seed density in each flow is not
proparly adjusted. The average velocity is biased in fawor of the wvelocity in the flow
direction containing the highest number of seed particles. in practice, it is very difficult
to equalize the seeding densities in two separate streams for mixing region measurements,
and no concerted attempt was made to do so in the present study. Instead, the extreme
variations in the results were determined by the use of first one seeder exclusively and
then the other. The results show changes when conditioned by seeding only one of the
flow streams, but the changes are not substantial in that the fuel stagnation points move
21 cm, and the air stagnation points show no effect. Also, the velocity profiles remain
similar even in the most adverse seeding conditions. Howewer, the absolute value of the
mean wvelocity can change substantially for certain conditions such as combusting fiows near
the fue! stagnation points The precision of the velocity data is typically better than 10
percent except near stagnation points where a change in wvelocity of a few meters per
second can result in a very large percentage error. Careful studies are needed to examine
the possible effects of welocity biasing due to differences in seed densities in flows

coming from different directions.




SECTION NI
ENTRANCE FLOWFIELDS

Predictive studies require the entrance conditions as boundaiy values in the numerical
modeling. These values were measured both for the annulus and for several fuel tubes,
under a variety of flow conditions. The measurements also served as a check of the LDA
accuracy by computation of the mass flux and comparison with the mass flowmeter
readings. This comparison is made with the tunnel measurement in which there is the
highest degree of confidence znd thus provides the best test.

3«1 ANNULUS MEASUREMENTS

In the annulus measurements the LDA apparatus was positioned 1 mm upstream of the
centerbody face. Sufficient scattering was intercepted by the collection mirror to permit
radial scans to within 1 mm of the centerbody. At this point surface scattering and
shadowing created a sufficient background to make the signal uninterpretable. At the
outside boundary, the window, interference was more severe and the closest approach was
limited to within 5 mm. The seed particles and dirt adhered to the window and strongly
scattered the incident light. rhe detector could not see the weaker signal intensity in the
presence of this background. An effort was made to clean the windows and then run, but
the windows became dirty with the first puff of annulus air. A window flush was tried
but this disturbed the flowfield in the measurement region. As a result, measurements
were not obtained up to the boundary.

The LDA results for velocity and turbulence intensity as a function of radial position
are shown in Figures 5 and 6, respectively. Measurements were made at four flow
conditions, 0.5, 1.0, 1.5, and 2.0 kg/s correspondir.} to the range of normal operating
conditions. To compute the mass balance, the profiles were extended to within 0.5 mm of
the boundaries using a best guess continuation. In the last 0.5 mm it was assumed that
the velocity went to zero linearly. The boundary region is small and its contribution to
the mass flux is insignificant. The results of this computation are given in Tabie 1. All
computations exceed the venturi flow measurements by 3 to 4 percent. The agreement was
considered satisfactory and gave confidence in the LDA measurements. The discrepancy is
small but consistently positive, suggesting that there is a calibration error. This couid be
in the venturi calibration, in the calibration of the LDA's frequency -to-welocity conversion

factor (it is difficult to measure this factor to better than 2 percent), in the LDA
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measurement wolume positioning, in the teinperature (density) measurement, or in any
nunber of other sources. The agreement was considered sufficient and no further effort

was expended to imp ove it.

TABLE 1
VELOC!ITY MEASUREMENTS OHSERVED IN ANNULUS
T mm UPSTREAM OF CFNTEZRBODY FACE

Mass Flowmeter Computed Mass Flux |

o Kksss) e (kg/s) !
i 0.50 (£0.02) 0.52

1.00 (£0.02) 1.03

1.50 (20.03) 1.56

2.00 (%20.04) 2.07

Two observations should be made from Figuras 5 and 6: fa) the annulus flowfield
velocity is not constant and shows the influence of the centerbody, the wvelocity field

curvature becoming more pronounced at higher mass fluxes; and, (b) the turbulence

intensity does not go below 5 percent and there is a substantial increase at the

: boundaries.

The measured values reported here were usually obtained from a distribution of 2,000

samples. It was determined (Appendix A) that rhis number of camples was sufficient to
ensure that the variables of interest: average vaiue, standard deviation, skewness, and

kurtosis, had stabilized. ]

3.2 fUEL TUBE STUDIES

Three fuel tubes were investigated in this program. Two have diameters of 4.78 mm

and length-to-diameter ratios (L/d) of 1 and 15. They will be referred to as the short ]
taper (ST) and "regular® tubes respectively. The third fuel tube has a diameter oi
4.50 mm and an L/d of 80. The ST tube was designed to produce a flat-top velocity
profilee. The 4.50-mm tube has a sufficiently long L/d that the flow in the tube is fully b
developed at the combustor entrance plane. The “regular® tube is so called because it was
used most often. Its L/d resulted in the entrance flow being characteristic of a flow-

development -transition region.

The LDA instrument was used to profile the eutrance planes of the nozzles in situ. 3

As a result of the shadowing effect of the centerbody, the closest axial approach to the ]

11




entrance plane that could be achieved was 4 mm downstream. The profiles shown were
measured at this location. The scans were taken in the Y (vertical) direction because the
LDA measurement spot is an ellipsoid with axes of approximately 1.5 mm in the X direction
and 0.1% mm in the Y direction. When the instrumental profile is taken into account (see
Appendix B) the X profile will be considerably distorted. The Y profile will be affected

at the edges of the flow only and a correction can be made more easily.

Fuel tube profiles were taken for the 4.78-mm tubes with CO, as the fuel, at flow
rates of 4 and 8 kg/hr, with little or no air flowing in the annulus. Lack of time
precluded the measurement of the 4.50-mm fuel tube with CO; as a fuel, so a previous
measurement with air as the fuel at 5 kg/hr is included. The results hawve been
normalized to the centerline velocity (W,) and the two sets c¢f measurements for the two
flow rates for each 4.78-mm tube are overlayed. The results are similar for each flow
through a particular tube so that the welocities scale linearly with the mass flux.
Computed mass flows for these profiles agree with flowmeter readings to within 25
percent. If a correction is applied to account for instrumental broadening, the agreeinent
is within 5 to 10 percent. The mass flux is extremely sensi‘ive to the contributions at
the edges (due to the large area), and small changes in velecity vroduce substantial mass
flux changes. Since the fuel tubes are so small (rac:.s < 2.5 mm), even the Y cross
section of the LDA spot is too large (G.15 mm) to produce a suitable profile, one yielding
a mass flux comparison better than 5 to 10 percent. If velocity profiles are to be studied
in more detail, a microscopic LDA volume will be required and the fuel tubes will have to
be operated outside the tunnel. This change would permit the LDA to approach closer than

4 mm and eliminate the possibility that entrainment is increasing the mass flux.

The similarity profiles of the wvelocity for the ‘regular,” ST, and 4.50-mm fuel tubes
are showmn in Figure 7. The turbulence intensities for these tubes are shown in Figure 8.
Figure 7(b) shows the flat-top structure desired for the ST fuel tube, extending over
80 percent of the diameter. The corresponding turbulence intensities, Figure 8(b), are
low (<4 percent) across most of the tube. The ‘regular® fuel tube experimental details
indicate higher turbulence intensities in the flow at the fuel tube edge and a more limited
region of low turbulence intensity (=60 percent of the diameter) than for the ST fuel
tube, as seen in Figure 8(a). This pnint is, for now, the only difference in the entrance
profiles of the “regular" fuel tube compared with the ST fuel tube. In the next section it
will be shown that downstream measurements of the velocity probability density functions

(pdf's) are markedly different for the °regular’ tube compared with the other two.
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The entrance profiles for the “regular® tube were also measured with annulus flows of

4 1.0 and 2.0 kg/s¢, at 4 and 8 kg/hr CO, fuel tlow. The velocity profiles, normaliz. . to the
centerline velocity (W,), and the turbulence intensities are shown in Figures 9 and 10

respectively. The annular flow around the centerbody sets up a recirculation zone ard a

reverse flcw jet opposing the fuel flow (Section VI). If this jet is strong enough it can

affect the tuel tube profiie, as seen by a spreading of the fuel jet. The peak wvelocity is

also reduced but this is not observable on a normalized plot. The turbulonce intensities are

aiso affected, shoown by a broadening of the region with higher turbulence (at the edge of

E the foel tube). Also, at a fuel flow of 4 kg/hr with an annulus flow of 2 kg/s, the
centerline turbulence intensity increases sharply. In this last case a plot of w would haw

been almost constant across the tube.

Earlier in this section it was stated that the existence of similarity profiles iadicates
a linear variation of wlocity with mass flux. This fact was used as a calibration check.
The LDA measurement volume was positioned on centerline v front of the fuel tube, and

velocities were measured as a function of mass flow. This relation is linear and the slope

repeats (Figure 11). It was noted that there was a departure from linearity at 120 m/s.
| After considerable effort this was traced back to the processor's front end filters {(Appendix
C). At 120 m/s the signal pecestal produces hammonics that are sufficiently high in
F frequency to be passed by the high-pass filter. These higher harmmonics are then processed
L as a Doppler burst and their period is similar to the period the real signal produces when

downshifted trom the Bragg cell reference. As a result, the signal interpretation is

b

ambiguous and reiiabie measurements couid not be made. Tihe opticai and eiectronic system

will be modified during the next phase of this program to overcome these problems.

In an effort to characterize the fuel tube flo.vfield. a computer analysis was made of

the spectral content of the welocitv history measured in front of the fue! tube. This was

oone by taking tne autocorrelation function of the welocity history and then Fourier

trausforming, following the technique of Mayo. et al.4 A representative power spectral

density is shown in Figure 12. The contribution around 250 Hz occurs for each fuel tube.
Outside the potential core, downstream, this feature either disappears or is washed out
g behind a broad spectral structure. The 250 Hz fwature also shows up in power spectral

densities computed for annulus data taken at the entrance. This interesting feature will be .

investigated in the future studies.
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Figure 11.
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Puel Tlow (kg/hr}

AIR

1 L 1 1

Plot of Mass Flow Rate versus Centeriine Velocity from the Regular Fuel
Tube. The linearity demonstrates the self-similarity of the inlet profiles at
The ratio of the slopes of the two curves equals the ratio

all flow rates.

60 80 100 120
velocity (n/s)

of the densities of the fuels (CO,, air).
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SECTION |V
FREE JET MEASUREMENTS

Measurements were made of the axiz! wvelocity as a function of axial position along
the centerline to characterize the fuel tube performance in the duct. It was expected that
ali the fuel tubes (described in Section Il11) should show the traditional free jet decay in
velocity outside the potential core. The expected behavior is

W/Wo « d/1 (2)

where W is the axial component of welocity, measured a (, W, is the value of W at the
entrance, and d is the fuel tube diameter.

An extensive study of the literature has been compiled by Harsha,d The free jet
decay consistently shows the dependence in equation (2). Typically the data are plotted as
log (W/W,) versus log (Z/d) with a slope of -1. The knee position varies considersbly in
the data shown while its distribution appears to be within the limits 5 < I/d < 10

Witze® has stated that the free jet decay dependence should have the form

W/W_ =1 - exp(a/(1-1/1)) 1>1 (3)

1 - exp(A/(B-1/d)) (4)

where o ,Z., A, and B are constants that can be evaluated from the measured results. For
Z/d >> A, B

W/WO= A(d/7) (5)

*This variation may be the result of the Mach number dependence o. the flow or the inlet
profile conditioning as prepared by the various researchers whose data are used. In the
data presented here the inlet profiles show substantial variation, yet the data can be
reduced to a single curve.
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For free jet decay in this rcgime Pai/ has evaluated the dependence with the result
A = boS-

] The results of the measurements of the wvelocity for the three fuel tubes available,
with fuel flows of 4 and 8 kg/hr of CO, through each, are shown in Figure 13. The data
have been fit to Equation (4) with the result

W/Wo= 1 - exp(7.5/(6.5-1/d)) (6)

This result is shown as the solid curve in Figure 13. The parametcrs have been evaluated
tobe A =75 2 5% and B = 6.5 £ 10%. Thus the res. . is different from that obtained
by Pai’ or that of Lau, et al.8 who obtained A = 6.5 for a free jet at a Mach number
of 0.28, but it appeais to be within experimental errorss A much more detailed study is

necessary to ascertain if the discrepancy is real.

The turbulence intensicies for the three fuel tubes and two flow conditions,

(Figure 14), also show th~ traditional behavior.? The turbulence intensity remains low in
the potential core, rises in the transition region, and then peaks at about 23 percent when
the flow has become fully developed. The results for each fuel tube appear to be
»5 consistent, with no individual trends clearly evident. This belies the fact that there is, in
fact, a substantial difference in the properties of the flowfields of the fuel tubes. This
can best be seen wher the probability density functions for the measurements at each

location are examined.

T T i

Figures 15 and 16 show the pdf's for the "regular® fuel tube and the 4.50-mm fuel

tube, respectively, measured at the same downstream locations. The plots have a

L logarithmic vertical scale, severely compressing the result. The differences are more
dramatic on a linear plot, as -een in Figures 17 and 18. Both the 5T and the 4.50-mm
fuel tubes give the same shape pdf's at each normalized location. The "regular® fuel tube
shows the existence of discrete structures in the pdf. These structures appear in the
trahsition region of the flowfield and fade away as the flow becomes fully developed. It
is now thought that the emergence of these structures may be a result of the inlet profile
of the ‘regular” fuel tube (Section Ill), as this is the only difference observed in the
experimental conditions between the runs. More detailed conclusions will have to await

further study.
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Noce that the vertical
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SECTION V
ISOTHERMAL AND COMBUSTING FLOW MEASUREMENTS

Sections V and VI have been adapted, in part, from the paper by A. ). Lightman, et
al., "Velocity Measurements in a Bluff-Body Diffusion Flame," AIAA-80-1544, july 1980.

5.1 MEAN VELOCITIES

The results of two types of experiments are described in this section. In the first
type the annular air flow rate is fixed and the fue! flow conditions are varied, while in
the second type the fuel flow rate is fixed and the air flow rate is varied. Both types of
experiments inwlve isothermal and combusting conditions with measurements confined to the
near-wake region of the bluff body. CO, is used in isothermal flow to provide a fue'

with the same molecular weight as C3Hg used in combusting flows.

The mean axial velocities were measured along the centerline for various flow rates
through the central fuel jet. The air flow rate through the annulus was fixed at 2 kg/s.
This corresponds to an average annular velocity of 47 m/s and a Reynolds number (Re) of
5.4 x 10 bacnd on the duct diameter of 25.4 cm. For the isothermal experiments, either
CO2 or air wa> ejected from the fuel jet. Centerline velocity profiles were measured for
fuel flows within the limits given in Table 2. Velocity profiles, normalized to the average
annulus velocity (W), are shown in Figure 19 for five different CO; flow rates. The
shapes of the velocity profiies obtained with air in the central fuel jet are similar to
those given in Figure 19 and are not presented. However, the stagnation points obtained
from these data will be discussed late: in this section. Figure 20 shows axial welosity

profiles made 1 cm off-centeriine for COy fuel injection.

TABLE 2
CENTRAL FUEL JET TEST CONDITIONS USING
AIR, CARBON DIOXIDE, AND PROPANE

Fuel Flow Est. Exit Avg. Fuel

Rate Temp . Exit Velocity Re
Fuel Condition (kg/hr) (K) (m/s) (X_10~4
Air Min 2 294 27 0.9
Air Ma x 9 294 117 4.1
€O, Min 4 294 35 2.3
€O, Ma x 16 294 135 8.9
C3H8 Min 4 445 53 3.0
C3Hg Max 12 400 140 8.6
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The centerline velocity profiles shown in Figure 27 are for combusting flows. The
largest uncertainties in the mean velocity measurements occur for these conditions. Durao
and Whitelaw'0 also found this to be the case 'vith LDA measurements in the near-wake
region of an annular jet. Most of the data points in Figure 21 represent average values
of two to six sets of measurements made at different times. Error bars representing plus
and minus one standard deviation are shown on sewral of the data points to indicate the
precision of the data in different regions of the fiame. It is evident that the errors are

largest near the fuel stagnation point.

Figure 22 shows the centerline locations of fuel and air stagnation points for the
range of annulus air flow rates given in Table 3. The fuel flow rate was fixed at
4 kg/hr. COp was used for the isothermal experiments and C3Hg for the combusting
experiments. The locations of the stagnation points were determined from velocity profiles
similar to those in Figures 19 and 21 except that the profiles were confined to regions
near the stagnation points.

TABLE 3
AIR FLOW TEST CONDITIONS

Air Mass Annulus Ref. Velocity Re
Flow Rate Velocity In 25.4 cm In 25.4 cm Duct
Condition (kg/s) Wa (m/s) Duct (m/s) (X 1079y
Min 0.50 11 8 1.4
Max 2.00 47 33 5.4

The wvelocity profiles presented in Figures 19 through 21 and the location of the
stagnation points cannot be directly compared with previous results, since no previous
results appear in the literature for the centerbody configuration. Howewver, the profile for
zero fuel flow can be compared with similar data obtained for an annular jet. Durao and
whiteiaw'1 used an LDA instrument to measure centerline profiles of mean axial wvelocities
for various air flow rates and various disk diameters. The jet, with an outer diameter of
20 mm, was ejected into still room air. Since the size and design of Lurao and Whitelaw's
annular jet is very different from that used in this studv and since the flow rates are
also very different, a direct comparison of results cannot be made. However, the general
shape of the zero fuel profile in Figure 19 is similar to their profiles. This is best

illustrated by considering their profile for a 14.2-mm diameter disk with a 39.5-m/s air
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3

flow rate. In this case, their profile shows a peak negative veiocity of W/WA = -0.42 at
I/D = 0.5 and a stagnation point at Z/0 = 1,0. This is almost identical to the zero fue!
profile shown in Figure 19 where a peak negative velocity of W/W, = -0.42 occurs at 1/D
= 0.4 and a stagnation point occurs at 2/D0 = 0.9. They also observed that as the air
] flow rate increased, the location of the stagnation point moved towards the disk until a
location was reached, /0 = 1.0, where an additional increase in flow rate did not change
the location of the stagnation point. This trend is illustrated somewhat for the air

stagnation points for isothermal flow shown in Figure 22.

The influence of the fuel flow rate on the lo..tion of the fuel stagnation point has
been examined in .etail. The centerline results for isothermal flow for both air and
CO, and for combusting flow are shown in Figure 23. Because of the early penetration of
the fuel jet along the centerline, only three data points are available under combusting
conditions for the 2 kg/s air flow rate. The data exhibit a linear behavior for the

centerline fuel stagnation point distance with the initial centerline fuel elocity. As

expected, the slope of the straight line for combusting flow is less than that for cold
¢
i flow. Although not shown in the figure, the off-axis data for CO, also reveal a linear

dependence of the fuel stagnation point distance with the initial fuel welocity and with a

slope about the same as that for the centerline data. The observations of the linear
behavior of the fuel stagnation point are somewhat surprising since the near-wake region g
is characterized by a strong recirculation zone. To gain insight into the flow conditions :
in the vicinity of penetration (both for position and mass flux conditions) some radial

profiles were measured. Figure 24 show profiles taken slightly upstream of the fuel

aiaio (IR L

stagnation position so that the zero fuel flow condition will show the recirculation zone.
As the fuel flow is increased the jet becomes evident and eventually penetration occurs

along the centerline.

In another set of data in which the annular flow was varied, the fuel flow necessary

to maintain the fuel stagnation point at a fixed location (Z/U = 0.4) was determined.

Again there appears to be a linear dependence between this set of variables (Figure 25).

5.2 TURBULENCE INTENSITIES

The centerline turbulence intensity profiles in Figure 26 are associated with the

: mean axial velocity profiles in Figure 19. A comparison of the zero fuel flow profiles in
5 these two figures shows that the peak turbulence intensity occurs very near the air

| stagnation point. Similar results are noted for the off-axis zero fuel flow profiles in
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Figure 25.

Figure 26.
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Figures 20 and 27. In additicn, these off -axis profiles show that the minimum turbulence
intensity occurs at the same Z/D location as the peak negative welocity. These results are
somewhat different than those obtained by Durao and Whitelawll for the annular jet.
Their centerline profiles show a gradual decline in turbulence intensity as Z/D increases;
however, theie are two peaks corresponding approximately to /D locations of the maximum
negative velocity and the air stagnation pointe The magnitude of the turbulence intensities

for their jet and those presented here agree within about 7 percent.

The maximum turbulence intensity for the axial component of the wvelocity occurs near
the fuel stagnation point for both isothermal and combusting flows. This is noted for
isothermal flows by examining the centerline profiles in Figures 19 and 26 for a CO5 flow
rate of 12 kg/hr. The turbulence intensity peaks at a Z/D = 0.65 and the fuel stagnation
point occurs at /O = 0.7. Just downstream of the fuel stagnation point the turbulence
intensity decreases rapidly and then becomes essentially the same as that for a zero fuel
flow. This description also applies to the off -axis profiles shown in Figures 20 and 27
except for the flow rates of 4 and 16 kg/hr that do not have fuel stagnation points. A
comparison of the centerline profiles for combusting flows in Figures 21 and 28 also
shows a similar resu't even to the point where the turbulence intensities downstream of the
fuel stagnation points have about the same magnitude as the isothermal zero fuel flow

profile shown in Figure 26.

5.3 VELOCITY PDF'S NEAR STAGNATION LOCATIONS

The phenomena of well-defined velocity "modes” were noticed in the centerline
flowfield measurements, similar to the free jet observations. In the case where the
annulus is also flowing, similar "mode” structures become evident in the vicinity of the air
stagnation point. They are present for all the fuel tubes, indicating that they result from
the fluid dynamic interaction of the entire system and not from the inlet flowfield alone,
as indicated for the free jet observations. Examples of the pdf's are shown in Figure 29,
plotted linearly. ‘When examined in detail, the *modes’ appear to be at fixed wvelocities,
the same velocities for each measurement location. But the relative probabilities change,
vielding the smooth variation in average velocity reported. The velocities at which the

‘modes" occur are dependent upon the operating conditions of the combustor.
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SECTION VI
FLOWFIELD IM PLICATIONS

The discussion in this section is concerned with the welocity profile data in the
near-wake region of the bluff body, their implications on the flowfield, and combustion
characteristics within the framework of certain predicted flowfields.12 The combustion
tunnel can be viewed as dual coaxial jets with the annular air comprising one jet an