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Abstract

An extensive measurement program was carried
out at 70-100 diameters downstream of the exit of a
1 in. axisymmetric turbulent jet. Measurements of
all the components of velocity were made and all

moments to fourth order were computed. The
experiments were performed wusing hot-wire
anemometers and laser Doppler anemometers.

are made between the LDA and the hot-
wire measurements. Considerable discrepancies
exist which are largely attributable to the hot-
wire errors in high intensity flows.

Comparisons

Nomenclature
f(n) Similarity function for mean velocity
M, Jet exit kinematic momentum
U,u Mean and fluctuating axial velocity
Up .,y Axial Velocity measured by hot-wire
uv Shear stress
Ug Centerline velocity
u? u® 2nd and 3rd moment of axial velocity
v Fluctuating radial velocity
Vi Radial velocity measured by hot-wire
vz, 2nd and 3rd moment of radial velocity
w Fluctuating azimuthal velocity
w2 W 2nd and 3rd moment of azimuthal velocity
n r/x

Introduction

The axisymmetric turbulent jet is of primary
importance for the verification of turbulence
closure schemes. The ease with which it can be
generated in the laboratory in addition to the fact
that it contains most of the mechanisms of
importance in turbulent shear flows make it a very
attractive flow for investigation. Most
investigations to-date were carried out using hot-
wire anemometry. Measurements in axisymmetric jets
were performed by Corrsin (1), Wygnanski and
Fiedler (2), Rodi (3) and numerous others.
Corrsin’s measurements were made with Pitot tubes
while hot-wires were used for the measurements made

by Wygnanski and Fiedler and Rodi. Capp (&)
reported measurements with burst-mode LDA
techniques.

15904

The measurement of the axisymmetric jet is
very difficult because of the high turbulence
intensity, 25% at the centerline, and specifically
because the local turbulence intensity increases
with increasing radius. At these turbulence
intensities the hot-wire rectification and cross-
flow errors cannot be ignored, v. Tutu and Chevray
(6) and Beuther et al. (9).

The objective of this paper is to use two sets
of comprehensive data collected in the same
axisymmetric jet to compare the measurements
between hot-wires and the laser Doppler
anemometers. Assessment is made of the effect of
cross-flow and rectification errors on the velocity
moments. These errors are found to cause very
large discrepancies in the third and fourth
moments.

Experiment

The jet facility was used in a large 5m x Sm X
25m long room to minimize the momentum loss from
the external flow generated by the return flow in
the enclosure, v. Capp (4). The jet was mounted on
a table 2.5 m above the floor to minimize the
ground effect. The jet facility has a set of two
contractions. The first contraction is 16:1 and
made of a third order polynomial. The last
contraction reduces the diameter to 1 inch and is a
9:1 fifth order polynomial. This fifth-order
polynomial was chosen since it provides a much more
uniform mean velocity at the exit (7). The exit
velocity was a top-hat profile to within 3%. An
exit velocity of 55 m/s was chosen since it gives a
high enough Reynolds number while still ensuring
the compressibility effects to be negligible. Since
the Reynolds number is proportional to the exit
diameter a large exit diameter is needed, but it
has to be small enough to enable one to obtain
measurements at large x/D. Using these two criteria
an exit diameter of 1 inch was chosen. This is
also large enough to enable one to neglect the
boundary layer effect in determining the exit mass
and momentum conditions. These conditions
correspond to an exit Reynolds pumber of 100,000
and turbulence Reynolds number u? /ve of 19,000.

were taken at 70 and 100
diameters downstream of the jet. The collapse of
the profiles when scaled with the centerline
velocity and downstream distance indicates a well
established similarity region. Measurements of all
the components of the velocity were made and all
the moments to the fourth order were computed.
Care was taken to ensure that record lengths were
long enough to ensure that statistical convergence
was achieved, and that the dynamical ranges were
adequate to minimize adversely affecting the higher
moments by clipping the tails of the probability
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distributions. The axisymmetry of the jet was very
carefully documented. A three dimensional
traversing system designed for this experiment was
utilized to obtain velocity contours which show
very good axisymmetry. These contours were
measured at 50, 60 and 70 diameters from the exit
of the jet (8). The virtual origin of the jet was
found to be 2.7 diameters from the exit, The
temperature in the room was monitored throughout
the experiments.

The hot-wire measurements were made with
single and x-wire configurations. The tungsten
wires used were 5 microns in diameter and 1.5 mm in
length. The anemometers were operated in a
constant temperature mode with an overheat ratio of
0.6. Radial and azimuthal contributions were
measured simultaneously by using two x-wire probes
in close proximity, but differing by a 90 degree
rotation about the streamwise axis. The wires were

calibrated for velocity using fourth-order
polynomials and for angular dependence using a
velocity dependent k-factor. (These techniques

were described in detail in George et al.(5) and
Beuther et al.(9)). Data were sampled digitally
using a PDP 11/84 computer and a 15 bit Phoenix
A/D converter. Linearization and component
separation were accomplished digitally. Low
velocity calibration to 0.3 m/s was accomplished
with a very accurate volumetric flow meter since
for the values of x/D in this experiment (70-100)
the wire is exposed to velocities that are quite
low. (For instance the centerline velocity is 3.4
m/sec at x/D = 100.) The hot-wire was calibrated
against a pressure transducer for velocities
between 1 m/s to 20 m/sec and a manometer for
velocities above 20 m/sec.

The LDA measurements were taken using a Dantek
55X two-color Argon ion system with 55L90a counters
(4). A Spectra-Physics Argon-ion model 165 laser
was mounted on a folded bench with the optical
components. Flow reversals were accurately
measured by using a 40 MHz frequency shift. The
optical bench and the laser were mounted on a
computer controlled three-dimensional traversing
system. Both single channel and two channel
operations were utilized, the 1latter utilizing a
time interval board to assure near simultaneous
arrival of the data on both channels. The counters
were specially modified to include 10 bit fringe
count registers with reset to avoid overflow when
used with frequency shift in low velocity regions
of the flow. The data were processed using the
residence time-weighting described in references
(4) and (10). The glycerine smoke used as seeding
was generated using a heater in a container of
glycerine, and circulated throughout the faciliey
before measuring to insure that the whole
environment was uniformly seeded. The seed
concentration was carefully monitored throughout
the experiment. The particle time  constant was
estimated to be about 4 x 10" s, a wvalue
sufficiently small to ensure that all scales of
motion in the flow were followed by the particles.
Care was taken to ensure the absence of biases by
using the appropriate amount of frequency shift and
residence time weighting of all statistics, and to
satisfy the constraints on measuring accuracy
described in references (4) and (10).

As shown in Figure [1] the mean velocity
measurements were found to be consistently higher
than the LDA measurements which is consistent with
the expected cross-flow errors on the hot-wires.

The mean flow characteristics are summarized as

follows:
Hot-Wires LDA
Momentum Ratio 1.131 0.952
N1y = r,/,/x 0.102 0.094
c = U.x/Usy 5.9 5.8

where x is the distance measured from the virtual
origin of the jet, U, is the jet exit velocity and
U. is the centerline velocity. The momentum ratio
is given by the local momentum integral (obtained
by integrating the x-momentum equation including

the pressure terms)
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divided by the jet exit momentum M,=xd? HZ .

George et al. (11) have shown that the induced
back-flow in the enclosed room causes the momentum
ratio to be reduced from unity. This has been the
source of error in many earlier experiments. As
shown above the LDA measurements reasonably satisfy
the momentum integral constraint on the flow. The
hot wire measurements, on the other hand, show a
gain in momentum. This is consistent with the fact
that the cross-flow errors cause the measured mean
velocity from hot-wires to be higher than the
actual velocity.

Figures [2a] and [2b] show the measured shear
stress GV/Ug as a function of n=r/x for the hot-
wires and LDA respectively. Also shown on the
figures is the shear stress determined from the
similarity form of the momentum equation.

uv " uZ—? vi-w?
;—Z-l—fj f'ld'7+n[u—U'§—y—]+'lr‘UTd'l
c n o c n M )

where f = u/u,. Both the results from the full
equation above and that from only the mean flow
(first term on left) are shown. It is seen that
for the hot wire (Figure 2a) the mean flow
contribution is higher than the measurements of the
shear stress. The shear stress determined from the
full momentum equation is even higher since the
main second-order term (second term on the right
hand side of equation (2)) is positive. The peak
value indicated by the momentum balance is 23
percent higher than the value measured by the wire.
This discrepancy is entirely due to hot-wire
errors. The LDA measurements for uv are shown in
Figure [2b] and are in excellent agreement with the
momentum balance determination. This is consistent

with the difference in the centerline decay
coefficient between the two sets of data. We know
that the LDA measurements satisfy the momentum

constraint to within a few percent and yield a
decay coefficient of 5.8. The hot wire results
show the coefficient to be 5.9 which says that the
momentum balance is increased by the fact that the
wire measured mean velocities are larger than the
actual values. These are contrary to the earlijer
hot-wire results of references [2] and [3] which
were presumably contaminated by backflow resulting
in both narrower mean profiles and more rapid decay
than observed here.



The centerline values for the normal stresses
are 0.075, 0.045 and 0.047 from the LDA and are not
too different from 0.078, 0.057 and 0.057 from the
hot-wire for u?/UZ, vZ/UZ and wZ/UR respectively.
The discrepancies occur off-axis at higher
turbulence intensities where the hot-wire profiles
decrease much more rapidly with radius. The values
are roughly 75% of those from the LDA at a radius
of n = 0.1. These second order moments are subject
to much more cross-flow errors than the mean values
since the errors enter at only one level higher
(third). Equations (5) and (6) in the Appendices
show that the leading errors of second-order
moments due to the cross-flow errors are negative,
hence the LDA values should show higher values than
their hot wire counterparts. Figures [3], [4] and
[5] all show this at high turbulence intensities.
Furthermore the magnitude of these errors are quite
close for the azimuthal and normal stress as shown
in Figures [4) and [5].

The profile of the axial normal stress
measured with the LDA shows a distinct off-axis
peak whereas the hot-wire profile is nearly flat

. near the centerline. This off-axis peak has also
been predicted from model calculations, and is
consistent with the strong off-axis peak in the
production of turbulent energy by the Reynolds
stress working against the mean shear.

The triple correlations show considerable
discrepency between the hot-wire and LDA
measurements. Figure [6] shows that the results
for u¥ are about the same at the centerline but the
peak of the LDA value is about twice that of the
hot wire. Results for uv? and Uw? shown in Figures
[7] and [8) respectively are negative near the
centerline whereas the hot-wire results are
positive. Figures [9] and [10] show that the
profiles for the radial transport of uZ and vZ? do
not peak at the same n. The LDA results for the
radial transport of u? show negative values near
the centerline' while the hot-wire results do
not.These differences are due to cross-flow errors.
The results of the vu? term are also negative near
the centerline for the LDA measurements while the
hot-wire values are positive. These negative
regions in the LDA data have not previously been
observed, but are consistent with the expected
energy fluxes due to the off-axis production peaks.
The positive values measured by the hot-wires are
due to the relative magnitude of the cross-flows
errors and the smaller values of the moments near
the axis.

Concluding ‘Remarks

Measurements of velocity moments were made in
the far field of an axisymmetric turbulent jet.
The experiments were taken using both hot-wires and
LDA, and the results for the higher moments show
considerable differences. The hot-wire measurements
were subject to significant amounts of cross-flow
errors and the discrepancies between the two sets
of data are attributed to these errors. The
integral and differential balances of the momentum
constraint are satisfied by the LDA measurements.
The third order correlations uv?, uw? and vu? all
show negative regions in the LDA measurements.
This is not the case for the hot-wire results but
is consistent with the expected turbulence
transport. The results of this paper show that the
measurement of high turbulence intensity flows with
hot-wires cannot be reliably made with stationary

hot-wire probes.
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Appendix

Cross-Flow Errors

(9) and Tutu and Chevray (6)
have shown that hot-wire cross-flow errors can
amount to significant values in high turbulence
intensity flows. Here we will present equations
containing the leading error terms obtained from
binomial expansions of the measured velocity.
These equations break down rapidly for turbulence
intensities above 50%, and do not account for
rectification effects. Note that the contamination
of the shear stress arises entirely from the errors
in determining the mean velocity.

Beuther et al.

Mean Value

1 w2 uw?Z | ufu? 2t
U = UL g [ G u—]}

Single Wire:

1 (w2 uw? u3y? 1wt
Up = U 1*5[@*?*14—717]} *

Second Moment

Cross-Wire

— 2
5 _ 3 2 uw?  u?w? wt w?
7 w uZ 2 - -
Un = u {1 * Tz [EYU a7uz t oTuE FU?]}
(5
Single wire
— —2
= .7 uw?  u?w? w1 w?
U “{“:TTU a7z * ooz ~ 5 ez | ()

Shear Stress

References

1. Corrsin, S. (1943) "Investigation of Flow in
an Axially Symmetric Heated Jet of Air", NACA
Wartime Report, W-94.

2. Wygnanski, I. and H.E. Fiedler (1969). "Some
Measurements in the Self-Preserving Jet", J.
Fluid Mech. 38, 577-612.

3. Rodi, W. (1975) "New Method of Analyzing Hot-
Wire Signals in Highly Turbulent Flow and Its
Evaluation in Round Jets", Disa Information
No. 17.

4. Capp, S.P. (1983) "Experimental Investigation
of the Turbulent Axisymmetric Jet", PhD
Dissertation, University at Buffalo, SUNY.



2, K., P. p. Beuther, and A
/) "Polynomial Callbrations for
4hermally arying Flows", Proc,
€rma] Anemomet » Cinnp. OH,
lncinnatl, [0)
Tutu, N and

. R, Chevray (1975)
Anemometry in Ry

Intensity Turp
+ 785-800

/. Tan~atichat (1980)
Ax1symmetr1c Concractions of Turbulence
arioyg Scales", Php p Sse ation,
Instityte of Technology.

8. Peng, D (1985) "Hot~Wire Measurements in g
Homentum-Conservi g Axisymmecric

esis, Unlversity at Buffg ©, SUNY.

9. Beuther, P ;A Shabpj and y g George © 0909 .__ssssvs_‘h—‘.
(1987) "X-Wi e Response in Turbulent Flows o O
with High Intensity Turbulence d Lﬁ: Mea? °B9§£5~:\b\
elocity", roc of Syp 20 Therma -
Anemometry, Clnclnnatl, OH ASME . NY. ° N

4\g
10, George, y K (1988) "Burst-mode Processing of 9 0600 a8
Ser po ler Anemomecer Signals", Exp, Jour,
of Therma] and F1y, Science Vol. 1. wi
vz
11. George, W.K s .P, Capp, A.A. Seif, C. B,
Baker and p g Taulbee (1983) "A Study of the
Turbulent Axis etric Jegen Pr
nd

00309
s oceedings of
Onference Beijing, Chi

\

lna

e —
o
':e\.

' :::::: e / @ 0000 050 008

% W !
\ i Fi:
!
'\\
" '\\
'
\3§&x\

G 0400
\\' _
r\r\'\,\'\w\'\'\r\v\ vd
(X ] L2 ] .1 0K
"

L 3]

(Ij
¢
Figure 1
00200
Shear Sress  from hot-wire BEASHremant o
405
O daty ¢q,
Ly flow
lmenluq
"t ny,
SEAN

0 ooen

LX)




10.

11.

George,

George, W.K., P. D. Beuther, and A. Shabbir
(1987) "Polynomial Calibrations for Hot Wires
in Thermally Varying Flows", Proc, of Symp. on
Thermal Anemometry, Cinn. OH, ASME, NY.
Cincinnati, OH.

Tutu, N. and R. Chevray (1975) “Cross-Wire
Anemometry in High Intensity Turbulence", J.
Fluid Mech. 71, 785-800.

Tan-atichat, J. (1980) "Effects of
Axisymmetric Contractions of Turbulence of
Various Scales", PhD Dissertation, Illinois
Institute of Technology.

Peng, D. (1985) “"Hot-Wire Measurements in a
Momentum-Conserving Axisymmetric Jet:, MS
Thesis, University at Buffalo, SUNY.

Beuther, P.D., A. Shabbir and W.K. George
(1987) "X-Wire Response in Turbulent Flows
with High Intensity Turbulence and Low Mean
Velocity", Proc. of Symp. on Thermal
Anemometry, Cincinnati, OH., ASME. NY.

George, W.K. (1988) "Burst-mode Processing of

Laser Doppler Anemometer Signals", Exp. Jour.
of Thermal and .Fluid Science, Vol. 1.

W.K., S.P. Capp, A.A. Seif, C. B.
Baker and D.B. Taulbee (1983) "A Study of the
Turbulent Axisymmetric Jet", Proceedings of
2nd Asian Conference, Beijing, China.

Mean Velacity from LM and hot-wire measurements

" date

T i dste Fit
85 C1 1A dute
TE LDA dets (it

. L
[ X .\_
—~
¢ v T T T T 1 T T T T
L] LA (X e % .
n
Tigure t
Shear stress  from hot-wire measurements
(X} ]
_ {1 ¥ deta €1t
w [ 5,menn flow
a2 37 womentum
X 11 OV momentus..
(X t N balance
e
° e
[}
8813 o
0
LA
]
8.0m

"
Vigre 2a

.05

"

.03

(4]

L]

0 0900

Shear stre.s  from LM mersurements

(] LDA 4nta fit
§ @ from uern (o

moment
T W from mrmentom
[) . batance
"
o .
L L]
.
o
J
.
.
T ¥ T ¥
L] (5] " [ %]
Figwre 2b
Axiol Reynokds Stress
— ! et
o
0,2
s8-8
8 Z .
#so d.ov a - Hol Wire

0 0600

Q0300

0 0000

0 0800

G 0400

Il

3

Q0200

0 ooen

o - LDA

Lo . ota

h3}
.o
AN N
. a
2 ~
5]
. — v .
0 Qo8 016
n
Figure 3
Radial Reyncids Siress
T - i " v ]
a — Hul Wue
0 - LOA

n
Figuie 4

24



[tR D]

0 0200

0 0000

[PV

0 VoL

e
14
-

g

00050

U 0oes

i

£

0 0030

-0 002u

Armuihol Reynolits Siregs

S

5 Rt TITE
. &
Jaa
0 8 — Hol Wiae
L ” 0= 1hA
\ u
‘\ \
\\
a
s - e —
00 008 ” 016 024
figure 5
Anal Teonsporl ol W3
— bo—— + T ——
B—\D a - Hol Wie
o - 1bA
o
!
o y
"0 008 016 V2]
n
Figuie &
Axwl Transport of .}
e = r——— + —— ™ | —
Hol Wire
DA
So—
a
o 008 R 016 024
Fugure 7

RIS IB

V020

5 §“|

0 JOoVY

-0v020

00040

2 0000

-0 00t0

O oue

[LXVIRT:)
vl

3

00020

oouI0

0 ovoe

Axiot Tronspait o1 -
—— p————————

Radiol Transport of .*

—_

1

RS e} T
b a
N s — Hol Wire
/ — LLA
/A o (¥

‘“A,AA’A

e

-
7
- 1 Lo -
6o 2.08 n PRI 024
Frjute 8
Radint Transport of &'
1 } |-
& — Hot wire
o — LDA
3}
\ o
~0
~.0
N ! ' .
00 0.08 0186 024
n
Fiquie 9

4 - Hot Wue .
O - LDA

n
Figwe 10




