
 

 

 

 

N O T I C E 

 

THIS DOCUMENT HAS BEEN REPRODUCED FROM 
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT 

CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE AS MUCH 

INFORMATION AS POSSIBLE 



PRINCETON UNIVERS(TY
School of Engineering and Applied Science

Department of Mechanical and Aerospace Engineering

11'' "TURBULENCE MEASUREMENTS IN HIGH-SPEED FLOWS

BY RESONANT FLUORESCENCE"

Final Report

for

Grant NSG 2366

1/l/79 to 12/31/81

Principal investigator:
Richard B. Miles

Department of Mechanical and Aerospace Engineering
Princeton University

Princeton, New Jersey 08544

MAE Report No. 1565

(NASA-Cit-168934) TURIJULLNCE MBASURE,4LNI S IN	 N82-24447

HIGH-SPEED FLOWS BY h ESONANT 21"IEESENCE
i, ina,l xteport, 1 Jd11- 1979 - -̂1 Duc. 1381

(princeton Uuiv-, N . j-)	 3u ' j) j1C A03/fIl A01	 uncids

CSCL 20D G3/34 099u2

NASA/AMES RESEARCH CENTER
Moffett Field, California	 V9 TDR,^P,

MAY

D
4^ 
VA 1411.14-M, W.

May 1982



ABS MAGr
t

Both mean flow 
and 

turbulence measurements have been investigated

using the Resonant Doppler Volocimeter 
in 

it Mach 3,2 nitrogen flow. Data

is presented showing velocity, temperature and pressure measured point by

point across the flow field, tiis data is compared with conventional pitot

and temperature surveys. rurbulence was induced by a small metal tab in

the flow and observed by both hot wire and RDV techniques. Photographs

of the flow field demonstrate the utility of the RDV for q4antitative flow

field visualizati^-,:..
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1. TECHNICAL DISCUSSION
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A. Introduction

Tito Resonant Doppler Velocimoter (RDV) was proposed by R,B. Miles in

1975 (1 ' `) and demonstrated in hypersonic helium flow by M. Zimmermann and

R. B. Miles. (3,4,51 ') This final report describes the recent development

of the RDV for free: stream and turbulence measurements in a supersonic

nitrogen jet.

Basically, the RDV is a Laser Induced Fluorescence (LIP) technique.

In this particular investigation, sodium atoms were used as tracer parti-

cles. By tuning as narrow linewidth dye .laser through the absorption range

of the sodium D, line, the frequency and lineshape of these seeded sodium

atoms can be obtained. Then, from the Doppler shift of the spectral lines,

one can calculate the flow velocity. From the spectral lincshape, the

static temperature and the static pressure can be derived.

Since an atomic species is used as a tracer, the particle lag prob-

lem, which hinders the application of Laser Doppler Velocimetry (LDV) in

supersonic flow, is avoided. The atomic species can ;follow the turbulent

motion of the flow, thus. the RDV can be applied for turbulent measurements

as well as for the measurements of the mean flow properties. The LIP nature

of the technique makes RDV an excellent point measurement technique.. Fur-

thermore, by taking advantage of the high fluorescence intensity of the

.sodium atoms, it can be used for flow visualization.

B. Experiment Configuration

The experimental setup is shown schematically in Figure 1. The nitro-

gen jet was generated by expanding room temperature nitrogen gas through a



Mach 3,2 nozzle. A small amount of sodium vapor wits injected through it

hoated needle centered 0.5 inch upstream of the throat of the nozzle. $0)110

flow properties of the jet are tabulated 
in 

Table 1. 'rile heat required to

vaporize the sodiwn was provided by a small oven. Tito small amount of purge

nitrogen which flowed through tile oven and the needle wits heated to several

hundred degrees centigrade. Hence tile jet had 
it 

total temperature around

70°C,

The dye laser wits a Spectra Physics model-580 single-froquency tunable

laser modified to include it dye jet stream and pumped by a Coherent Radiation

model-53A argon ion laser. The output wits split into 
Several 

beams for

laser intensity stabilization, frequency selection, and other monitoring

functions as well as data collection. A monochromator and a hot sodium cell

were used to position the dye laser frequency at the sodium D., line. Ali

optical spectrum analyzer wits used to chock the mode structure of the dye

laser and to calibrate the laser frequency, 'rile laser intensity was moni-

tored by a photodiode. Frequency T0feTOIlCC for the V01OCity measurement

was provided 
by 

all atomic beam device. Tito probe beam intersected the

supersonic jet tit 
all 

angle and excited the sodim atoms seeded in the flow.

Four channels of data were sampled by all 1,111 1000 mini- computer system

through a, Preston model MIAD/l A-D converter. 25() data points were sampled

sequentially as the laser was tuned in discrete steps. Tile raw data of a

typical experiment is shown in figure 2. The fluorescence signal gives the

broadened and shifted absorption profile of the sodiumi in 010 nitrogen and

is characteri!;.Ic of the mean 'properties of the flow.

4



4-

C.	 Data Processing

The spectrum in Figure 2 was then least-squares ;fitted to a Voigt pro-

file.	 The fitted result is shown in Figure 3. 	 The abscissa is the relative

laser frequency in MHz and the ordinate is the fluorescence intensity in

arbitrary units.	 The crosses in the figure represent the experimental ab-

sorption spectrum, while the solid line through the crosses is the computer-

generated theoretical sodium D2 line which is the best least-squares fit to
l

the experimental result. 	 The sodium D2 line is in fact a superposition of

six hyperfine lines weighed differently in their intensities.	 The hyper-

fine structure is shown by the vertical bars in the spectrum.	 Five param-

eters were used in the fitting process. They are the spectral intensity for

32S 1/2 , F =2 to 32P2/3 ,
 
F= 3 transition; the background intensity, the fre-

quency half width at half maximum (HMM) of the Voigt profile, the ratio of

the line widths of the Lorentzian profile and Gaussian profile, and the

frequency shift relative to the reference Doppler-free sodium D 2 line.	 From

the last three parameters, one can derive the pressure, temperature, and

velocity of the jet.

Ae data analysis is complicated by the fact that in a sodium-nitrogen

system, pressure shift 	 and quenching and collision broadening effects can-

not be neglected.	 In order to get accurate velocity measurement, the pres-

sure shift collision cross section must be found.	 Sim:early, pressure mea-

surements rely on the knowledge of the quenching and collision broadening

cross section.	 These cross sections are not well documented in the litera-

ture for the lower temperature in the jet.

Both the shift and broadening cross sections can be measured by inter-

q secting the probe laser'beam with the ideally expanded jet at 90°. 	 Since



the jet is ideally expanded, the static pressure is uniformly distributed

across the jet, Thus from the static pressure measured with a pitot prone

and the quenching and collision broadening linewidth obtained from curve

fitting, one can calculate the broadening cross section. Since the laser

beam intersects the jet at 90 0 , there is no Doppler shift. Thus, if there

is any shift in frequency, it is caused by the pressure shaft effect. From

the measured frequency shift, temperature, ar ,d pressure, the pressure shaft

cross section can be determined.

D.jx,.gimental Results

Since the static temperature is not uniform across the jet, the tem-

perature dependence of the broadening and pressure shift cross sections can

be obtained by moving the probe point across the jet. The results of these

measurements are presented in Figure A. Assuming the temperature depen-

dences of these cross sections are in thr form:

aq=kgTa

CTS =ksTs,

a least-squares curve fitting of a and 0 yields 0.302 • 0,051 and -1.101*

0.272 respectively.

After the cross sections were determined, a measurement across an

ideally erpandrd jet was made with an intersecting angle of 127.5 0 ± 0.3.

"The measured velocity, temperature, pressure, and Mach number profiles are

shown in Figures 5 through 8. The velocity and Mach number profiles can be

compared with the profiles obtained from a► pitot survey across the same

jet (Figures 9 and 10). The velocity measured with RDV at the center of

the jet is about 700 m/sec which is about 20 m/sec higher than that
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calculated from the pitot pressure. The di V ,,znnces become larger at the

edges of the jet. This discrepancy has not yet been resolved but it may be

attributable to the large uncertainty in the measured temperature dependence

of the pressure shift cross section,

A similar trend can be seen in Mach number distribution when compared

with the calculated results from pitot survey. The variations from the cal-

culated Mach numbers are due to the uncertainties in the measured tempera-

ture, The uncertainty for the temperature measurement is about ± 20°K.

Similarly the uncertainty in the pressure measurement is quite large, it is

about ± 1.5 torn.

Temperature and pressure uncertainties are mainly due to the limited

scanning of the dye laser frequency. The dye laser can be tuned linearly

for 5 GHz. Yet the HWHM of the Voigt profile varies from 600 MHz at the

center of the jet to 750 Miz at the edge of the jet. Thus, the scanning

range is only about 4 times the spectral linewidth. Due to the importance

of the tails of the distribution, the accuracy will increase substantially

with a larger scan width. 
(
7) Nevertheless, though the precisions of the

temperature and pressure measurements are not very good, they generally agree

with the pitot probe and total temperature measurements.

The pitot pressure measured outside of the jet was 12.7 psi and the

pressure obtained from the RDV was also around 12 psi. The total tempera-

ture calculated from the relation
a

2

Tt = ZC + T

^	 P
r

is presented in Figure 11. This can be compared with the total temperature

profile measured by a thermocouple and corrected with a recovery coefficient

of 0.95 (Figure 12).

,^	 a^ffll	 _	 .. 	 ...	 A>YYrc'.Wtnti+kgrteryCa;Y.C'Yt^.vv'ms"—	 ..s^ 	 z+y.



To demonstrate that the ADV can be applied for turbulent measurements,

the photomultiplier was operated in the voltage mode. The fluorescence sig-

nals were sampled through GMAD/I with a sampling rate of 50 KHz. More than

20,000 data points were sampled each time and the frequency spectrum was

obtained through the fast Fourier transformation of this data. Figure 13

is the frequency spectrum obtained this way. It can be compared with the

frequency spectrum derived from hot wire signal (Figure 14). However, even

though these two spectrum look the same, there is no noticeable frequency

structure 
in 

the free jet. In order to more convincingly demonstrate the

measurement capability of the RDV in a turbulent flow, a thin metal tab

was introduced into the jet to generate large scale eddies. Figure 15 is

the laser frequency spectrum from the fluorescence signal after the metal

piece was introduced into the jet. A peak at 400 Hz can be clearly seen.

The same peak can be found in the corresponding frequency spectrum from hot

Wire signal (Figure 16),

Flow visualization was also demonstrated in 
an 

undeTexpanded nitrogen

jet. The laser was expanded with a cylindrical beam expander into a sheet

of light. Then this light sheet was directed at a small angle against the

jet (as shown 
in 

Figure 17). Due to the mismatch of the jet pressure and

the ambient pressure, a diamond-shaped structure was formed as depicted in

Figuie 17. When this structure was illuminated with the laser Light sheet,

only a portion of the jet with proper velocity will fluoresce. This feature

can be clearly seen in the photograph shown in Figures 18 and 19. Figure 18

shows the low velocity components of the jet. The narrow illuminated region

downstream shows only faint structure because the laser was not focused to

a sheet. Some background fluorescence can also be seen due to the ambient

t



gas. Figure 19 is a picture of the same jet with the laser tuned to high-

light the high velocity components, Note that the 
low 

VOIOCity regions are

now dark and the high V01OCi:ty 
regions are 

bright. Some asymmetry can also

be observed indicating that the flow velocities are not always parallel to

the centerline,

E.	 Conclusion

This work demo. rtrates that RDV is a too) 
for 

flow diagnostics in a

supersonic nitrogen jet, It is not only good for average and turbulent

point measurements but also useful for flow visualization. Due to the rela-

tively high flow temperature and pressure, the laser scanning range has to

be expanded before more accurate results can be obtained from the RDV mea-

surements. Also the pressure shift cross section and its temperature depen-

dence will affect the accuracy of velocity measurements. Two-beam experi-

ments as described 
In 

Ref. 6 should give more reliable measurements of the

pressure shift cross sections. 
In 

order to conduct two-beam experiments in

this system, a larger scanning range of the laser frequency will be required,
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Table

Stagnation Pressure

Plenum Chamber Pressure

Needle Temperature

Throat Diameter of the Nozzle

Exit Diameter of the Nozzle

Cone Angle of the Conical Nozzle

13 psi

12,7 torr

65000

0.086 in.

0,223 in.

a°
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Figure 8. Mach number profile across an ideally expanded nitrogen jet
measured with RDV.
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Figure 9. Velocity profile across an ideally expanded nitrogen jet. The
velocities are calculated from the pitot pressures measured
with a pitot probe.
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Figure 10, Mach number profile across an ideally expanded nitrogen jet.
The Mach numbers are obtained from pitot pressures using the
relation:
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Figure 11. Total temperatore profile across an ideally expanded nitrogen
jet. The total temperatures are calculated with the static
temperatures and velocities measured with RDV.
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,Figure 12. Total temperature profile across the jet measured with total
temperature probe and corrected with a recovery coefficient

of 0.95.
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Figure 14, Power spectrum of the hot wire signal from the free jet.
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Figure 15i Power spectrum Of the RDV signal from the jet with a small
piece of metal in the flow,



I I I I I . I ... I I I I	 . I I I I I . I .

r

I"

4 R

OF POOR QUALITY

-4

in

z
LLJ to

—J
Q

Ur-

uJ 6(n

0-

17

iN

IN

ffl.. . ...........................

. I I I I . I .;••H 111•,}..}14 y'I;1}{I I I I I . 0 1.? 11 . I 	I	 I).;
I I. . I,•.  I . I I I :.L..

V.

I.1..  I I I lirllj I q I Z. 'I'. Wh I

	

...................	 ......

. . I I I . I I I .. I I . I	 ,I)

I . . I I . I . I I . I I I

. . I . I I I .. I I I I I I 1 5 1).	
I1:..},;

	

. . . . I . I I I . I I . I I I . I I . I . I I I	 II..•I.

. .. I .I I. I .

............
.111/11.......1

 .......

I. . ........ I ..... I I..: ...

. . I I I I I I . .	 $
.... . I I I . I . .. I I I I I. I I . . 

I I. I. ..

I . u:. I I I. I I I I .

I I I I I I . . . I I I	 I. ... I I I I I . . I. I I I I I.I I	 I I

I . I I 	 I I I . . I . I I I . I I . I . I I I I I . II . I . I I I . I I I • I

1	 2 1-4
I I I I I I . I . I I I I I I I I I I I I .

. I I I ... I I I I

I I I I I I . I 11 II

	

...............	 I ..... I"-' II 	 1. 51 •r

..........

	

..........	 .......

.............A5II . ....... 1.

1 1 1 1 ' liV	
`1	 1 1113
	 1 1 4ib4	 1	 1 1 1 1 1 #ibs

FREQUENCY

Figure 16. Power spectrum of the hot wire signal from the jet with a small

piece of metal in the flow.
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

Figure 18. Flow visualization with the laser focused to a narrow sheet of
light and tuned to highlight low velocity components. The
diamond shaped structure of an underexpanded jet can be seen
in the photograph. The narrow region downstream shows fluores-
cence from an unfocused laser. Here the structure is washed
out
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Figure 19. Flow visualization of the some jet as shown in Figure 14 except
with the laser focused to a narrow sheet and tuned to highlight
high velocity components.
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