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SUMMARY

The results of turbulence measurements at the entrance to the diffuser duct of a JT9D gas
turbine engine are presented in this report. A series of hot film and hot wire measurements
were made with state-of-the-art probes over the range of engine operating conditions per-
mitted by the probe endurance. The measurements were made in the experimental JT9D-20
engine X686 used for the Phase 111 Experimental Clean Combustor Program. Three engine
tests were conducted from Idle (T4 = 450K) to rich approach (608K). Several features of the
turbulence in the diffuser duct were documented:

The tarbulert intensity at the 1.D. (25 percent span) and midspan locations increases
graaually from 6 +1 percent at idle to 7 =1 percent at approach; the turbulent intensity
at the O.D. (75 percent span) locadon increases from 7.5 0.5 percent at idle to 15
+0.5 percent at approach.

The energy in the velocity waves is unitormly distributed over 4 0.1 to § kHz bandwidth.
The axial length of the fourie: component within this bandwidth varies from 0.021 to
1.05 m.

The cut-off frequency of the turbulence (- 3 db) s approximately 3 kHz and is not a
function of the engine operation. Above the cut-off frequency, the fourier com onents
of the wave decrease at a rate proportional to 2.5201 Ninety percent of the energy
of the waves is contained within a 0.1 to § kHz bandwidth.

Determination of the origin of the high level of turbulence at the diffuser O.D. requires
further information on the development of the turbulence along the diffuser.

The turbulence at the diffuser O.D. is of sufficient amplitude and scale to affect the flow
to the front end sections of the bumer.
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INTRODUCTION
L]

The objective of this addendum to the Phase 11 Fxperimental Clean Combustor Program was
to conduct a series of measurements in order to document the turbulence characteristics of
the compressor discharge ows within a JT9D engin.  This report describes the program con-
ducted and the results, The turbulent intensity and scale are of interest to advanced lean
burning prevaporized-premixed combustor designs because of their potential effect on the
tuel prevaporization and premixing near the entrance of a combustor and attendant changes
i emissions nerformance.

This report is organized in four chapters. A summary of the program plan and schedule is pre-
sented in Chapter I, Chapter 1t contains a descnpiion of the experimental JTOD engine and
turbulence measurement probes used for the program work and a description of the test and
analysis procedurcs, The turbulence program results are discussed in Chapter I and the
concluding remurks are presented in Chapter IV,
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CHAPTER |
PROGRAM DESCRIPTION
A, PHASE I ECCP PROGRAM

The turbulence program addendum was conducted concurrently with th. latter stages of the
Experimental Clean Combustor Program (ECCP) Phase 1. which is de .cribed in a separate )
report | Reference 1),

The ECCP Phase 111 program, consisted of a detailed evaluation of 4 low pollution combustor,
fuel system, and fuel control concept in a JTOD engine. The general objective wis to demon-
strate significant pollution reductions with an advanced combustor which meets the perfor-
mance, operation, and installation requirements of the engine. The test progrem included
steady-state and transient pollution and performance evaluations. Details of the work are
contained in Reference 1. The turbulence measurcments were made during the aceeleration/
deceleration test portion of the ECCP program.

B. TURBULENCE MEASUREMENT PROGRAM

The turbulence measurement program was conducted during the second halt of 1976, A
series of hot film and hot wire measurements were made with state-of-the-art probes over the
range of engine operating conditions permitted by the endurance of the sensing probes.

The program was accomplished in four tasks: Task |, Instrumentation, included the procure-
ment, fabucation. and calibration of the required hot wire/hot film type probes: Task 11,
Testing and Data Acquisition, with the engine operating in a steadv-state mode and at power
levels ranging from sub-idle to the maximum consistent with the probe design: Task 111, Data
Analysis: and Task IV, Reporting.
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CHAPTER NI
EQUIPMENT AND FXPERIMENTAL PROCEDURES
A, TEST ENGINE AND COMBUSTOR

Experimental JTOD-20 engine X-080 was used as the test vehicle for the Phase 11 Experi- '
mental Clean Combustor Program and the turbulence measurement addendum program, A

detailed description of the engine is available in reference 1; a cross sectional schematic of a

JTOD-TA reference engine is shown in Figure |,

A light-type nacelle normally was not employed for either experimental or production JT9D
engine testing. A cylindrical core engine exhaust nozzle was used in place of the plug-type
flight design; a pair of bifurcated fan ducts was used in place of the annular fan duct. The fan
and core nozzle arcas were sized 10 provide aerodynamic characteristics equivalent to -« flight
nacelles. The bifurcated tan ducts facilitate nstallation of special instrumeniation and test
hardware, and are readily removed for access to the core engine. The instrumented engine
shown with the biturcated tan ducts installed and ready for test is shown ‘n Figure 2.

The engine was run in the P<6 test stand in an ambient inlet indocer test cell located at the

Pratt & Whitney Aircraft facility in Middletown. Connecticut, The cell contains the instru- .
mentation and data processing equipment required for the automatic temperature recording

system and low=emission combustor development programs. The facility is equipped with a

moaorail engine handling system to facilitate movement of the engine into and out of the

test cell. A schematic view of the test cell layout is shown in Figure 3. All engine controls,

data logging, and computer face equipment are located in the test cell control room.

Cross section drawings of the Phase 1 Vorbix (vortex burping and mixing) comoastor is
shown in Figure 4. The Vorbix concept incorporates two burning zones separated axially by
a high velocity throat section. The pilot zone is a conventional swirl-stabilized, direct-injec-
tion combustor employing thirty tuel injectors. 1t is sized to provide the required heat re-
lease rate tor idle operation at high efficieacy. Emissions of carbon monoxide and unburned
hydrocarbon. are mimimized at idle operation conditions primarily by maintaning a suffi-
ciently high pilot zone equivalence ratio to allow complete burning of the fuel.

At high power conditions, the pilot exhaust equivalence ratio was reduced as low as 0.3 (in-
luding pitot dilution air) to minimize formation of oxides of nitrogen,  The minimum cqui-
valence ratio for the pilot zene was determined by the overali lean blowout limits, combustion
efficiency, and the need to maintain sufficient pilot zone temperature to vaponze and ignite
the main zone fuel. Main zone fuel was introduced through fuel injectors located at the outer
wall of the liner downstresm of the pilot zone discharge location. Sixty fuel injectors were
used. Main zone combustion and dilution air was introduced through sixty swirlers positioned
on each side of the combustor. A more extensive description of the equipment, hardware

and test procedures is found in the companion ECCP Final Report | Reference 1.
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While the two-stage Vorbix burner is a significantly different concept than the current pro-
ducton combustor, since compressor and burner pressure loss are the same as the bill-of-
material, the measured turbulence levels in the diffuser should be representative of those in
most JTOD-7 engines.

B.  PROBE DESCRIPTION AND LOCATION

Turbulence measurements were conducted at six circumferential and three spanwise positions
near the entrance to the diffuser. The locations of the probes are shown in Figure 5. At each
circumferential position, the probes were located at 25, 50 or 75 percent Lpan locations.
Three types of wire and wedge probes were used during the tests. A summary of the probe
locations and types in the three engine tests which were conducted to measure the turbulence
i the diffuser is presented in Table 1.

The primary devices used in the tests were wedge type probes consisting of an alumina coated
platinum thin film sputtered near the leading edge of a quartz wedge (TS1 949K, Thermo-
system, Inc.). A line drawing and photograph of this probe arc shown in Figures 6a and 6b.
A wedge probe located in a probe mounting adaptor is shown in Figure 7. Probes were re-
tracted in the shield during installation and then inserted to a prescribed location determined
from prior engine build measurements. The angular orientation of the probes was established
by aligning scribe marks of the probes with the engine axis. The probes are insensitive to
changes in the angle of attack within 10 degrees of the mean flow direction.

Two types of wire probes were also used. The probes 370u diameter stainless steel or 12u
diameter Pt-Ir wires werz suspended between support posts of a TSI 1226AB probe (Figure
8). These probes were installed in the engine in the same manner as the wedge probes.

Five PT4 and five TT4 probes were located at the compressor discharge as shown in Figure 5§,

C  DATA ACQUISITION SYSTEM

The probes were used with a Thermosystems 1033A anenometer and the signals were re-
corded with a Hewlett-Packard 3960 magnet.c tape recorde, with frequency modulated (FM)
and direct record and »layback modules. Using both FM aad direct record modules, it was
possible to record data within a 0 to 50 kHz bandwidth. The bandwidth of the data was de-
termined by the transfer function of the probe/lead/anenometer circuit; this transfer function
was experimentally determined and used to obtain data within a 0-20 kHz bandwidth (see sub-
sequent section). Since the diffuser turbulence was measured primarily within a 100-5,000

Hz bandwidth, the data acquisition system bandwidth did not limit or affect the turbulence
measurements,

Noise levels measured in the engine prior to the test were ~0.9 mV. This electrical noise
corresponded to an equivalent input noise turbulent intensity of 0.2 percent at flight idle

and reduced to ICss than 0.1 percent as the engine thrust increased. Data was recorded after

a five minute stabilization at cach test point. There was no evidence of drift in the turbulence
charactenistics after the stabilization penod.
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TABLE 1

PROBE TYPES AND LOCATIONS

Type
370u diameter Stainless Steel Wire Probes

TS1 949K Hot Film Probes

TSI 949K Hot Film Probes

TSI 949K Hot Film Probes

370u diameter Stainless Steel Wire Probes
120 Pt-Ir Wire Probes

Type
370u diameter Stainless Steel Wire Probes
370u dinmeter Stainless Steel Wire Probes
370u diameter Stainless Steel Wire Probes

370u diameter Stainless Steel Wire Probes
21 Pt - 1r Wire Probes

Type
TSI 949K Hot Film Probe
TS1 949K Hot Film Probe
TSI 949K Hot FFilm Probe
TSI 949K Hot Film Probe
T8I 949K Hot Film Probe
TSI 949K Hot Film Probe

8ee Figure 5 for Probe Locition

Angular
Location
323° 05’
358° 22/

17° 52
143° 04'
178° 18

217° 25’

Angular

Location

323° 05’
358° 22
17° 52

178° 18
217° 258’

Angular

Location,

323% 05’
358° 22!

17° 52
143° 04’
178° 18’
217° 25’

Spanwise Location
__ fPercenty
25, 50,75
25, 50, 75
25, 50,75
25, 50,75
25, 50,75
25,50,75

Spanwise Locittion
25,50, 75
25,50,75

25, 50,75

25,50, 75
25, 50,75

Spanwise Location
. (Percent)
25,50, 75
25,50,75
25, 50,75
25,50,75
25, 50,75
25,50.75

(Percent)




STAIN! €35 STEEL BACKING ‘

QUARTZ ROD
0.06 INCH (1.5 mm) DIAMETER

‘\ PLATINUM FILM BAND
-2 D ALUMINA COATED
90

FLOW

SENSING SIZE TWOWEDGE SURFACES EACH 0.005 INCH (0.12 mm) WIDE BY
0.04 INCH (1.0 mm) LONG

(a)

(b)

Figure 6 Wedge Tvpe Probe (77-444-9004)
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Figure 7

Stration 4 Probe Adaptor

Figure 8 Wire Probe

(77-441-9142)

(77-444-90024 )



© e S g —ye 9

D. CALIBRATION PROCEDURES

The probes were subjected to a series of calibrations procedures prior to use in an engine test,
The stability of the wedge probes was checked by heating the probes to 516K for approxi-
mately 30 minutes and measuring the changes in the film resistivity, Irreversible resistance
changes of the probes used in the engine tests were found to be less than 0.2 percent. Typical
resistances of the probes between 297K and 589K are shown in Figure 9.

nr
WEDGE (C-729)
WEDGE (C-736)
[ =
! Gl=
g
; '%D
4
E r' WIRE (C-261)
o
=
2 1 1 1 1 1 Sk
300 400 500 600 700 800
| | TEMPERATURE ~ K |
0 200 400 600 500 1000

TEMPERATURE ~ F
Figure 9 Dependence of Probe Resistance on Temperature

The heat transfer to a probe in a gas stream is described by the one dimensional heat balance
equation at the surface of the probe,

R
hA(T-T;) = W(I:3-l{(3) (h

where h = heat transter coefficient, KW/m? K

A = surface arca, m?®

T = average surface temperature, K

T(j = average gas temperature, K

R = sensor resistance. 82

R, = resistance of resistor in series with sensor in anenometer circuit, §2

I = bndge voltage in test environment., V,
and, E. = bndge voltage in quicsceni environment, V.,

8
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In equation | the left side represents the heat liberated due to convection and the right side
is the heat liberated due to joulian heating. The convection heat transfer coefficient is
specified by the velocity, temperature, and pressure of the environment; the general rela-
tionship is written

h = Ku"
where K = K [PT]
Substituting this expression into equation 1 and simplifying yields:
u' = C(E? - EL?) (2)

R
KA(T-T R+ R)

where C =

The velocity, u, and bridge voltage, E, can be separated into the steady state and wide band-
width components, giving

& v
U=T+u=0( +=—)
and, -_'IT
— L — l:
E=E+E=EF (l+=)
I

Assuming W/i << | and T/E << | the following simplifications apply:

W' = [+ =)]"*u (1 +n =)
u 1
and,
- [
!;J _'I":zll"':r)
I

Substituting these approximations into equation 2 and simplifying vields an expression for
the average velocity, u, and the turbulent intensity. Wu , written

I/n

U= (CET BT

and (3)

R )y e - - g




Probe calibration consisted of determining the values of n and E_. for use in equation 3. E;
values are reasured separately in a laboratory fumace. Examples of the dependence of E.
on the temperature of wedge and stainless steel wire probes are shown in Figure 10,

Taking the log of both sides of equation 2 yields

lou(Ez-Ele = nlogu - logc¢

A log-log plot of (E? - l‘.(.’ ) versus u values measured in a known velocity gas stream gives a
straight line with constant slope. Although the value of C varies with temperature, pressure
and overheat, AT, (where AT is defined as T-T,, ), the slope remains constari, Therefore,
ambient conditions are used for this calibration procedure, The experimer cal arrangement for
determining the dependence of the probe voltage (E? - I-ft,’ ), on the mean velocity of a cold
jet is shown in Figure 11. Example (E? - Ec *) vs. u curves are presented in Figure 12 where
it is seen that the slope for a given probe is indecd constant over the experimental range of
velocities.

The transfer functions of the probes also were determined in the cold jet. The output of the
probes was compared with the output of a 6y platinum wire probe which had a flat response
over the bandwidth of interest. An example transfer function of a wedge probe is presented
in Figure 13. These transfer functions were not found to be a strong function of Reynolds
number,

28—

2.0h= WEDGE (C-729) 167K AT

WEDGE (C-735) B3K AT

24—

2.2

2.0p=
WIRE (C-261) 83K AT

WEDGE (C-729) 83K AT

Ec ~ VOLTS

WIRE (C-261) 167K AT
1.6p=

1.4

300 400 500 GOO 700 80O

TEMPERATURE ~ K
L | | | | 4
0 200 400 600 BOO 1000

TEMPERATURE ~

F

Figure 10 Dependence of Quiescent Environment Bridge Voltage On Temperature

ORIGINAL PAGE IS
OF POOR QUALITY

4



16

Figure 11
Experi
imental Ari
Arrangeme
gement for Anemometer Velo
ocity Calibra
tions
(X-3094])
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) 0.480
-
WIRE (C-261) 167K AT
b
0.441
y « 0,202
o= WIRE (C-261) B3K AT
=
= WEDGE (C-736) 83K A1 0.338
n 0.200
. WEDLGE (C-720) 187K AT
5—
b--
WEDGE (C-720) P AT
1 | s 1 o B 5N N S ]
" oo 100
VELOCITY ~ m/sec

Figure 12 Ancmometry Probe Velocity Calibrations
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E.  DATA REDUCTION PROCEDURES

The properties of turbulence of most interest to the engine designer and analyst are (a) the
total kinetic energy of the longitudinal turbulent Nuctuations (proportional to turbulence
intensity or mean deviation of the velocity [ ie., toy” w /T where uis the instantaneous mag-
nitude of the velocity component in the streamwise direction), (b) the integral scale A (which
is the average size of all turbulent eddies, a measure of mixing length), (¢) the microscale A
(which is the average size of the smallest eddies, where viscous energy dissipation to heat tak s
place), and (d) the frequency spectrum of the turbulent velocity fluctuations (revealing the
presence or absence of any strong disturbances at discrete frequencies). i the turbulence in-
tensity is below 010 and if the frequency spectrum is relatively smooth and featureless, then
only classical free turbulence is present (generated by wakes and wall friction effects far up-
stream ). In this type of turbulence the caleulation of /u® | A, A are straight forward | Refer-
ence 2] and the interpretation clear. It the intensity s above 0.1 or the spectrum contains
peaks, then phenomena other than ¢tassical free turbulence are present (e wall stall, dis-
crete vortex streets, plug flow oscillations, or other non-random mechanisms. )

These features of the velocity waves were determined from the recorded signals. First, the
data were analyzed with a spectrum analy zer (Federal Scientific Model UA 500) to obtain the
individual fourier components of the waves, Due (o the nature of the turbulence, it was
found that a full scale analyzer range of 20,000 Hz was sufficient to include all the fourier
components of the turbulence, The data in the range 50 Hz to 20,000 Hz were separated
into 399 components of 50 Hz bandwidth. The data was averaged for 25 seconds to obtain
accurate values of the fourier coefficients,

The 399 channels of information were transferred to a PDP-11/40 mini-computer where each
value was corrected for the gains or attenuations encountered during amplification, recording,
and spectral analysis. The signals were also adjusted to compensate for the experimental
values of the transfer tunction (Y(1), according to the relation

[ (1)
I-‘ ‘l Basse 4§ owmems
8 () A, YD

where F.alﬂ = corrected anemometer voltage V

E(N) = anemometer voltage measured with the spectrum analy zer
Y = anemometer transfer function
A, = sum of gains and attenuations in the data recording and analysis circuits

The Power Spectral Density function, PSD (f), defined as

b 2
PSD (f) = —x0)

(4)
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where a superscript bar indicates a time-averaged quantity and where b is the bardwidth
per channel, was computed from a combination of equations 3 and 4.

e 2

n it

Ll et
T

PSDif) = . s (5)

e - . B N

1-{(1) 2 E u (m/sec)”

h n |'|:j2 I'(.zl Hz

Where, F was determined by measuring the average D.C. voltage recorded on the FM channel,
The average velocity, u was estimated from a conservation of mass analysis at the axial loca-
tion of the sensors. The values of nand E . were obtained from the probe calibrations
conducted prior to the engine test. The individual PSD components were plotted as a func-
tion of frequency. The RMS value of the turbulence, Tu, or the power distribution function,

PSD, is defined as
" W= L R
Tu = I' u_(n df
' h

where [ and 1 are the upper and lower limits of the frequency range of interest, or

S — r‘_—_—-_“
PSD = v,“ PSDU(E) df
1

|
where Tu = PSD

The turbulei:ce intensity is defined as Tu/iv

The power distribution function was < euded from the 399 samples of data ot 50 Pz
bandwidth, using the summation

—— n
PSD ‘/so T PSD ()

e e
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Microscale and macroscale were calculated from the power spectral density curves using the
classical definitions | Reference 2].

u [PSD (100)]
Macroscale A = — —_— (7)
4 u’
| TTu

Microscale A =

where u =
Tu =

f =

PSD (1) =

(8)

Var o /T P PSDn] df

mean velocity
rms turbulence level
frequency (Hz) Bais

power spectral density function. [PSD (f)] df is the contribution to (u )2
of the frequencies between fand 1+ df,

The minicomputer in the block diagram of Figure 14 provided the means to accomplish this
standard calculation, since all the quantities of equations (7) and (8) were already available
in the minicomputer. This procedure is exactly equivalent to that used in Reference 3 in
which analog signals proportional to u and du/dt are processed as follows:

o A=u [Var /@)

b) A is obtained by playing the tape into an autocorrelator to obtain a plot of auto-
correlation versus time delay (7). The integral scale is equal to the time delay at
which autocorrelation vanishes (7 ) multiplied by stream velocity (u).

The availability of the minicomputer and the use of equations (7) and (8) provided better
accuracy (less reprocessing of raw analog signals).

L L T




CHAPTER i
RESULTS AND DISCUSSIOHN

Three engine tests were conducted to measure the turbulence levels in the diffuser. A sum-
mary of the test points is presented in Tables 1 through IV with the Aiffuser duct tempera-
ture. A complete description of the engine and diffuser performance parameters is presented
in Table V. Asseenin Table 11, all three types of probes were used in Test 1. Probes |

and 6 failed immediately at the first idle point. Probe 5 remained partially intact, although
it was damaged and provided erratic and aphysical data; the probe failed completely at the
first approach point. Probe 4 also generated erratic data which was not reproducible when
the engine was returned to idle. The problem appeared to be due to a ground loop.

Probes 2 and 3 provided reliable data throughout the engine test; a summary of the turbu-
lent intensities are presented in Table 11 While the probe 3 data was more reproducible at
idle than the probe 2 data, both scts of data are in reasonable agreement. There appears to
be a gradual increase in the turbulent intensity with engine thrust.

The diffuser gas temperature in Test | was limited to 616 K, the maximum operating tem-
perature ol the wedge probes. In Test 2, the stainless steel and Pt-IR wire probes were used
in an attempt to obtain data above 616 K T, ;. The anemometers were set for operation
ataclimb T, of 736 K and the engine was started. idled for S minutes and immediately
accelerated to the climb test point. Probe 6 (Pt-1r) was destroyed during installation; the
remaining probes were intact after the idle engine equilibration. Probes 1, 2 and 3 broke
during acceleration to the climb test point. At the climb test point, probe 5 failed and the
test was terminated.

Test 3 was more successful. Six wedge probes were used to obtain turbulence data from
idle (T4 = 450 K) to approach (T, = 616 K). Probes 3 and 5 were unstable, apparently
due to intermiteni connections at the probe, but the remaining probes provided reliable,
reproducible test data during the entire engine test.

At the 25 percent span position, the data are in agreement with the initial data; again,
there appears to be a gradual increase in the turbulence with engine thrust., The turbulent
intensity is not a strong function of the engine thrust. At the 75 percent span position, the
turbulence level is higher at each test point and shows a much more marked dependence on
the engine thrust level (Figure 15). The approach value of ~ 15 percent was unexpected.,

The PSD functions of the velocity waves measured at all the locations and engine operation
levels except for blade passing frequency were quite featureless. Example PSD functions at
the 25 percent and 75 percent span location at idle and approach are shown in Figures 16
through 19. The corresponding PSD functions are shown in Figures 20 through 23. Over
the entire operating range of measurements, the PSD functions were flat with a cutoff (-3
dB) frequency of approximately 3 kHz. The cutoff frequency was not a function of the
engine thrust. Above 3 kHz, the PSD function is proportional to f~ %92 {he amplitude
of the velocity fourier components decays at a rate proportional to f = 2-5°%1 ~ Approxi-
mately 95 percent of the power in the velocity waves is contained in frequency components
below 5 kHz.
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Figure 15 Dependence of Turbulence cn Engine Operation
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Figure 23 Test 3, Probe 4 (Wedge Tvpe) Spectral Distribution for Approach Power Condition
at 75 Percent Span

Macroscale and microscale computed as described in Chapter 11 are listed in Table VI The
values lie between 0.5 ¢m and 3.3 ¢,

A 3 kHz component corresponds to an axial scale of 3.53 ecm, Since 90 percent of the
energy in the wave is contained i the 0.1 to 5 kHz bandwidth, the axial length of the fourier
cor ponents of the velocity wave vary from 0.021 to 1.05 m. The turbulence measured in
the diffuser is of quite a large scale. Although the turbulence levels at the 75 percent span
were unusually large, there were no qualitative changes between the PSD functions measured
at the 25 percent and 50 percent span locations and the 75 percent span.

A distinct peak in the PSD function is observed at blade-passing frequency {(about 10kHz)
and at higher multiples of blade-passing frequency in some cases. This would be expected
in the turbulent flow at any compressor exit for a distance of at least 20 chord lengths be-
hind the rotor.

At idle, evidence of a weak 800 to 200 Hz peak was observed consistently at the 75 percent
span location (Figures 22, 2+, 2. and 20) and periodically at the 28 percent span location
(Figure 21). This peak is unexplaned since it lies well above N5 (80 Hz) or Ny (50 Hz) and
well below blade-passing frequency (7200 Hz) at this condition,
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While the origin of the large values of th= 1w Sulence cannot be described by the present
experimental data, it can be pointed out that tne turbulence level at the 75 percent span is
large enough to affect airflow from the diffuser to the front end of the burner. For example,
if the local ratio of the static pressure across the burner liner, AP, and the dynamic pressure
of the diffuser flow, q, is 2.5, a £30 percent (£ 2 tu) change in the local velocity will cause
the AP/q value to vary from 1.48 to 5.1, The discharge coefficient of the vurner liner holes
will vary markedly over this range of AP/q values. The scale of turbulence is sufficiently

large that significant areas of the burner will be affected simultancously by the flow pertur-
bations,

Finally, it can be pointed out that the increased turbulence at the O.D. diffuser wall may be
useful in improving the performance of the diffuser. Independent measurements show that
increasing the turbulence near a diffuser wall can reduce separation of the flow through the
additional local mixing caused by the turbulence. A more aggressive diffusion of the gases
near the O.D. wall may be possible due to the high ievel of turbulence in this area.

U
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Figure 24 Test 3, Probe 2 (Wedge Type) Spectral Distribution for ldle Condition at
75 Percent Span
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CHAPTER IV
CONCLUSIONS

The turbulence in the diffuser duct of a large gas turbine has been measured from idle to
approach engine conditions. Sevural features of the turbulence have been documented:

I. The turbulent intensity at the L.D. (25 percent span) and midspan locations increases
gradually from 6 1 percent at idle to 7 £1 percent at approach; the turbulent intensity
at the O.D. (75 percent span) location increases from 7.5 0.5 percent at idle to 15
+0.5 percent at approach.

EJ

The energy in the velocity waves is iniformly distributed over a 0.1 to 5 kHz bandwidth,
The axial length of the fourier component within this bandwidth varies from 0.021 to
1.05 m.

3. The cut-off frequency of the turbulence (-3 db) is approximately 3 kHz and is not a
function of the engine operation. Above the cut-off frequency, the fourier components
of the wave decrease 2t a rate proportional to f 2 *%1 Ninety percent of the energy
of the waves is contained within a 0.1 to 5 kHz bandwidth.

4. Determination of the origin of the high level of turbulence at the diffuser O.D. requires
further information on the development of the turbulence along the diffuser.

5. The turbulence at the diffuser O.D. is of sufficient amplitude and scale to affect the flow
to the front end sections of the burner.

6. Velocity fluctuations at blade passing frequency were identified at all span-wise posi-
tions. These fluctuations are probably of not sufficient amplitude and scale to affect
the flow inside the combustor.

7.  Measurements at higher engine power levels are lacking due to senzor probe durability
limitations. Data is still needed at higher power levels to determine whether shifts in
either the amplitude or scale occur. Use of L.D.V. (Laser Doppler Velocimeter) optical
instruraentation should be considered for studies at high power.
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