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Measurements of Mean Velocity and Turbulent Intensities
in a Free Isothermal Swirling Jet

J. P. Sislian* and R. A. Cuswortht
University of Toronto, Toronto, Ontario, Canada

The objectives of the present measurements are to provide data against which results of numerical prediction
procedures can be compared, and quantitative information on the behavior of all turbulent stresses and their
correlation to spatial distribution of mean velocity gradients, with a view to improving our understanding of
relevant transport processes and to guiding turbulence modeling and prediction efforts of such flows. A laser
velocimeter, operating in a constant time interval sampling mode, was used to obtain the measurements.
Measured values are presented for the case of strong swirling velocities (with recirculating region). The location
and extent of the recirculation region is established. Contours of turbulent kinetic energy, derived from
measured data, locate the high-turbulence intensity zones (i.e., zones of intense mixing). Experimental data in-
dicate a strong dependence of the turbulent stresses on the local strain of the mean flow in most regions of the
flow, which suggests that an eddy viscosity type of turbulence model, e.g., the k-¢ model, rather than a Reynolds
stress model could be acceptable for the prediction of such flows.

Nomenclature

a,b,c =probe volume major and minor axes, respectively
D =nozzle exit diameter

d, =laser beam waist diameter, =1.1 mm

f =focal length of transmitting optics lens, =300 mm;
frequency

k =turbulent kinetic energy; nondimensional turbulent
kinetic energy

N =number of c¢ycles counted by processor; number of

data points measured in a sample

n = sensitivity vector

r =radial distance

S =swirl number

u,0,w =mean axial, radial, and circumferential velocity com-
ponents, respectively

X = longitudinal distance .

o, B,y =angles formed by sensitivity vector with coordinate
axes

o, =fringe spacing, =2.75 um

A =laser radiation wavelength, =632.8 nm

[ =total angle formed by intersecting laser beams;
=13.3 deg

vp = Doppler frequency

0 = fluid density

v =stream function

Yo =exit mean mass flow rate

Superscripts

() =time-averaged value
( )’ =fluctuating quantity
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Introduction

OST combustion systems of prdctical interest, such as

gas turbine engine combustors, boilers, and furnaces, in-
volve large regions of recirculating flows. Recirculation zones
provide the heat source, by upstream convection and mixing
of hot reaction products with an oncoming fuel and airstream,
and the reduced velocity necessary for flame stabilization.
Such zones are formed when an adverse axial pressure gra-
dient exceeds the momentum of the fluid flow. This can be
brought about by several means, e.g., by imparting a rota-
tional motion to the fluid. Such swirling flows form a fun-
damental part of the gasdynamics of many combustors. It is
known that swirl has marked effects on the flowfield, affec-
ting the rate of spread of the jet, the length, shape, and stabil-
ity of the flame, and the combustion intensity. The mixing
region between the fuel jet and the ambient fluid is char-
acterized by considerable turbulence production, and its tur-
bulence structure is greatly affected by the amount of swirl
introduced.

A realistic simulation and solution of swirling, recir-
culating, turbulent combusting flows in combustors is a dif-
ficult task. While a number of attempts have recently been
made to model such flows mathematically,!? the efforts so
far carried out have been relatively crude, chiefly as a result
of the models of the turbulence and the chemical reaction
processes used. There is little doubt that the greatest impedi-
ment to developing a viable mathematical model of such
flows is the inadequacy of the physical models. In almost all
combustion situations considered so far, turbulence models
employed assumed extended forms of isothermal cases,
which in turn are represented by some form of eddy viscosity
formulation. The most typically used is the so-called k-e two-
equation model of turbulence, the flame/turbulence interac-
tion being represented by simple expressions lacking rigorous
formulation.’? While these models provide predictions of
adequate accuracy for certain relatively simple isothermal
and combusting turbulent flow situations, experiments®* and
calculations of exchange coefficients from mean value
distributions>® have shown that, for swirling flows, the tur-
bulent stress distributions are anisotropic.

A considerable aid to modeling efforts is the creation of
an extensive and detailed data base for such quantities as the
mean and fluctuating levels of velocity, temperature, density,
concentrations, and their correlations in strongly swirling



304 J. P. SISLIAN AND R. A. CUSWORTH

turbulent combusting flows. Such data are practically nonex-
istent. Even data on mean and fluctuating levels of velocity
and their correlations, i.e., Reynolds stresses, are scarce and
insufficient to allow a satisfactory turbulence modeling of
momentum equations. Syred et al.? used hot-wire anemo-
meters to measure mean velocity and all turbulent stress ten-
sor components in a very strongly swirling free isothermal jet
and from these values derived effective viscosity distribu-
tions. These distributions showed significant radial variations
and considerable anisotropy of turbulence. By hot-wire
anemometry, Ribeiro and Whitelaw’ measured magnitudes
of mean velocity components, all turbulent stress tensor
components and probability density distributions of fluc-
tuating velocity for isothermal turbulent coaxial jets, with
and without swirl, emerging into stagnant surroundings. Vu
and Gouldin® report measurements in a model combustor
composed of two confined coaxial swirling jets under non-
combusting conditions. Directional pitot probe and hot-wire
anemometry were used to determine mean axial and swirl
velocities and the fluctuating velocity component parallel to
the mean velocity for co- and counterswirl conditions. Many
problems encountered by the use of probes and hot-wire
anemometry in complex turbulent isothermal and com-
busting flowfield measurements were overcome by the ad-
vent of the linear, nonintrusive technique of laser-Doppler
velocimetry (LDV). Attempts at using LDV as applied to tur-
bulent, swirling, isothermal and combusting flows have
already been reported in the literature.®'> Baker et al.®
measured values of three components of mean velocity and
the corresponding normal turbulent stresses in a confined,
axisymmetric, swirling flow configuration in a cylindrical
enclosure for both isothermal and combusting cases. Their
results indicate the nonisotropy of turbulence in the isother-
mal flows, the increase of the nonisotropy regions in the
combusting flow, and the need for consideration of the three
normal turbulent stresses in appropriate turbulence models.
In Ref. 10 an unconfined turbulent swirling jet under flame
and no-flame conditions is considered. Axial and cir-
cumferential components of the mean velocity were
measured, as well as the three normal turbulent stresses. It
was found that the kinetic energy of turbulence per unit
mass in the combusting flow was higher than in the cor-
responding cold flow in almost all regions of the flame.
Reference 11 represents the first attempt at using the LDV
technique in measuring the three mean velocity and all the
six turbulent stress tensor components in an unconfined
swirling jet under isothermal and combusting conditions.
The results indicate that turbulence levels are increased as a
consequence of combustion; that regions of anisotropy of
turbulence are significant, particularly in the reacting flow;
and that the local equilibrium turbulence model may be used
in predicting strongly swirling jet flow with and without
combustion. Unfortunately, the data presented contain
significant scatter both in isothermal and combusting flow
situations, and it is virtually impossible to infer even the
general behavior of certain turbulent stress components.
Gouldin et al.!? and Sommer!® have investigated nearly
similar flow configurations of two confined, concentric co-
and counterswirling jets in a cylindrical combustor with and
without combustion. Measurements were reported of axial
and circumferential mean velocity components and of the
corresponding turbulent normal stresses in co- and counter-
swirl situations. Sommer used a two-component (two-color)
laser Doppler velocimeter to simultaneously measure axial
and circumferential velocity components and was thus able
to present, in addition, data on one turbulent shear stress
component. )

The present paper is concerned with laser Doppler
velocimetry measurements of the three mean velocity and the
six turbulent stress tensor components in a free isothermal
swirling jet. The main emphasis is on providing quantitative
information on the behavior and evolution of all turbulent
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stresses in the flowfield and their correlation to spatial
distribution of gradients of mean velocity components.
Another objective is to provide data against which results of
numerical prediction procedures can be compared.

Experimental Apparatus and Instrumentation

A 685 mm long, 76.2 mm i.d. circular duct containing fine
mesh screens connects the settling chamber with the con-
toured jet nozzle of 25.4 mm exit diameter. Swirling motion
is imparted to the axial flow by fixed, flat guide vane
swirlers placed at the nozzle exit. The constancy of the flow
rate at the exit of the jet was checked by measuring the exit
centerline axial velocity in the nonswirling jet flow at regular
time intervals during a period of approximately 2 h. Exit
centerline axial velocities were also measured before and
after each experimental session. In all cases, the discrepancy
between such measured values was always well within the ac-
curacy limits of the measuring technique. The axial sym-
metry of the flow was assessed by measuring exit axial and
circumferential mean velocity components up to a distance
of ¥4 in. on both sides of the geometrical axis of symmetry.
Their relative error, at the corresponding symmetric posi-
tions, was of the order of 6%. The swirl number S, which
characterizes the intensity of the swirl,!* was calculated from
measured exit axial and circumferential mean velocity com-
ponents. The swirling jet flow facility was placed vertically
on the lower rigid frame of a three-dimensional traversing
mechanism. The traversing mechanism displaced the optical
table in two mutually perpendicular horizontal directions
and in the vertical direction. The positioning accuracy of the
traversing mechanism was =+0.125 mm in the horizontal
directions and approximately +1 mm in the vertical direc-
tion. The range of travel was 200 mm in the horizontal and
500 mm in the vertical directions.

The swirling jet flow was seeded with maize oil particles
by diverting part of the supply airstream, through a pressure
regulator and a filter, to the TSI Model 3076 constant output
atomizer. From the atomizer, oil droplets were led into the
settling chamber diametrically to mix with the main air. For
the range of atomizer pressure settings used, the mean oil
droplet diameter (previously determined from a special laser
Doppler velocimeter set up by the so-called visibility method)
ranged from 0.8 to 1.0 um. This particle diameter range is
appropriate in gas flows in which turbulence frequencies ex-
ceeding 1 kHz are to be followed."> The entrained at-
mospheric airflow was not seeded.

The optical arrangement of the laser Doppler velocimetry
system with a Bragg cell has been built up from standard
DISA 55X Modular Optics components. A 15 mW Spectra
Physics Model 124B helium-neon laser (wavelength A =632.8
nm; beam diameter d; =1.1 mm) provided the monochro-
matic and coherent light source. The two beams of equal in-
tensity emerging from the transmitting optics through an
f=300 mm focal length lens intersect at an angle #=13.3
deg. The spacing of the interference fringes in the probe
volume is 6,=2.73x 1075 m. The ellipsoidal probe volume
dimensions are: ¢=9.785x 104 m, »b=1.142x 104 m, and
¢=1.134x10"* m. The number of fringes in the probe
volume is N,=42. The entire laser Doppler system was
carefully aligned and rigidly mounted to the optical table of
the traversing gear, which made it quite stable. The transmit-
ting optics can be rotated 360 deg; the maximum lateral
displacement of the probe volume from the axis of rotation,
when the system was rotated, was less than 0.1 mm.

The photomultiplier output signal carrying the sum of the
Doppler frequency »p and the constant optical frequency
vy =40 MHz was fed to the DISA 55N10 Electronic Fre-
quency Shifter, to shift the signal frequency up or down to a
desired level. The electronic mixer output signals were
analyzed by a TSI Counter Processor, Model 1980A. The
photomultiplier signal and/or the filtered-out signal (from
the processor) was continuously monitored on a Hewlett
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Fig. 2 Distributions of mean axial velocity component.

Packard 1744A oscilloscope. A microcomputer system was
developed to read and process the data from the TSI 1980A
counter. The reduced data were displayed on the CRT ter-
minal and then dumped onto an on-line printer. The data
reduction process is quite fast and efficient and permits on-
line CRT graphics display with hard-copy capabilities.
Figure 1 shows the flow system geometry adopted in the
present investigation to evaluate the local mean flow velocity
components and the various correlations of the fluctuating
velocity components. The magnitude of the instantaneous

Doppler frequency

| 2 Vo ...
VD:T.(eI_ 2)2—)\—'712511'17

where €, and ¢, are the unit vectors in the direction of the
two intersecting laser beams, and 7, the unit “‘sensitivity’’
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Fig. 3 Distributions of mean radial velocity component.

vector perpendicular to the plane fringes, was evaluated in a
coordinate system x,r,¢, with the origin at the center of the
probe volume, the x axis parallel to the (vertical) axis of
symmetry of the flow, the r axis in the radial direction, and
the ¢ axis perpendicular to both of them. In any horizontal
section considered, the probe volume was moved, starting
from the axis of symmetry, in the direction of the optical
axis of the LDV system. At each measurement point A in the
flowfield along this direction, the unit vector 7 was placed
vertically («=0 deg, 8=7=90 deg; .3,y are the angles
formed by the sensitivity vector with the coordinate axes, as
in Fig. 1) and the mean axial velocity component # and the
turbulent stress u’? were determined. The LDV optical
system was then rotated until # was in the plane (r,¢),
(«=(=90 deg and vy =0 deg). The mean velocity component
w and the corresponding turbulent normal stress w’? were
computed. Next, the optical system was rotated + 48 deg and
then —45 deg. The turbulent shear stress u’w’ was

then calculated from the equation

V-V

7 oane?

uw' =
where V2 and V'’? are the mean squares of the total veloc-
ity fluctuations in + 45 and —45 deg directions, respectively.

After traversing the flowfield in this direction, the probe
volume was brought back to the axis of symmetry of the
flow and moved in a direction perpendicular to the optical
axis of the LDV. At each measurement point B in this direc-
tion (see Fig. 1), the sensitivity vector was given the vertical
position, the position in the horizontal plane (r,¢), and then
the position =45 deg around the x axis. The quantities &,

v’?, and u’v’ were computed in a manner similar to that
used in traversing the flow in the optical axis direction.

In order to determine the remaining turbulent shear stress
v’w’, the flow was traversed a third time along the bisector
of the right angle formed by the last two directions. The vec-
tor n was placed in the horizontal r,¢ plane [o=90 deg,
B=45 deg, y=(w/2)—45 deg] for all measurement points C
(see Fig. 1), and the probe volume positioned consecutively
at the same distances from the axis of symmetry as the cor-
responding measurement points on the previous two direc-
tions. At each point C along this direction we have

V=1 +w?2)2] +v'w’

where W is the mean square of total velocity fluctuations.
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Fig. 4 Distributions of mean circumferential velocity component.
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Fig. 5 Radial distributions of mean velocity components:

X/D =0.125, swirling jet, $=0.79.

If we assume that the values of v'2 and w’2 at point C in
the axisymmetric flow are equal to those measured at points
A and B, then we can deterime v’w’ from the equation

v'w =V - [(vg?+v,2)/2)

Thus, all the mean velocity and turbulent stress tensor com-
ponents were determined at the measurement points in the
considered section of the flowfield. For each data point,
2000 individual realizations were averaged. All data greater
than =+ 3¢ from its mean were rejected. Here, ¢ is the stan-
dard deviation.

The effective number of fringes in the probe volume
depends on the amount of electronic frequency shift used
and the flow velocity at the measurement point. In order to
minimize errors in frequency measurements due to noise, the
maximum possible number of signal cycles N, compatible
with the desired data rate, were used. In general, in relatively
high-velocity regions in the flow, the number of signal cycles
timed for frequency measurements was set to N=16,
whereas in low-velocity regions of the flow, N was set to 32,
the maximum number of measurable cycles for the TSI
Model 1980A processor. Values of N lower than the above
number of signal cycles, as well as the so-called total burst
mode (all cycles of the Doppler signal used to measure the
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instantaneous frequency) were not used in the present ex-
periments. The average data rates (as monitored by the TSI
1980 processor) were 5000/s in the central portion of the
flow and about 100/s at the edges of the flow.

It is well known that statistical parameters obtained from
instantaneous frequency measurements by counting tech-
niques of individual Doppler signals are subject to biases
from several sources (see, e.g., Ref. 15), the most significant
of these being the so-called velocity bias. Several correction
schemes have been proposed (see Refs. 16-19). Unfortun-
ately, there is still considerable disagreement as to the proper
correction approach. In the present work, the error caused
by velocity bias was minimized by following the approach
used in Ref 20. An ensemble average will approximate a time
average if the sampling of the velocity history is performed
at equal or nearly equal time intervals. It is possible to ob-
tain a close approximation to sampling at equal time in-
crements by controlling the relationship between the data
rate, as displayed by the TSI processor, and the computer
speed, i.e., the number of data per second that the micro-
computer processes. In the data acquisition system used in
the present investigation, the data acquisition rate by the
computer was made variable, so as to always keep an ap-
proximate ratio of 10:1 between the processor data rate and
the computer data acquisition rate (i.e., the computer sam-
pled 1 out of 10 validated data points supplied by the pro-
cessor). When the computer is ready for data, the processor
will have it ready in a very short time due to the high pro-
cessor data rate. As a result, the actual sampling is per-
formed at nearly equal time intervals. In Ref. 20, it is shown
that measurements performed in this way coincide with ran-
domly sampled measurements corrected according to
McLaughlin and Tiederman’s one-dimensional velocity
weighing.!® No other attempts have been made, in the pres-
ent experiments, to correct for velocity bias or for any other
biases, such as the nonuniform seeding bias, the incomplete
signal bias, and the velocity gradient bias.?' The last two

biasing errors in the present data are considered to be small
because of the significant amount of frequency shift used
and the relative smallness of the probe volume, respectively.

It is difficult to assess the accuracy of laser velocimeter

measurements in turbulent flows due to sources of potential
signal biasing (at least 10 such sources are cited in Ref. 21).
However, by paying ¢areful attention to the choice of com-
ponents of a laser velocimeter and to their integration, most
of the biases carn virtually be eliminated. Based on a rough
estimate of various significant sources of error in the present
optical and signal processing arrangement, it is suggested
that expected uncertainties in mean velocity measurements
are of the order of 3-4% (slightly higher for the o compo-
nent), in normal Reynolds stresses of the order of 5%, in the
xr and x¢ components of the Reynolds shear stress of the
order of 8%, and in the r¢ component of ~10%.

Measurements and Discussion

Measured values are presented for the case of a strongly
swirling jet, $=0.79. The exit Reynolds number, based on
the average axial velocity at the exit, #,=4Q,/7wD?, where
Q, is the exit volumetric flow rate and D the nozzle exit
diameter, was 1.16 X 10* for an average velocity of 6.8 m/s.
Measurements were performed at distances x/D=0.125, 1.0,
2.0, 3.0, 4.0, and 5.0 downstream of the nozzle exit. The
mean streamlines of the flow, calculated by integrating mean
axial velocity components

R

¢=27rS0 pudr, OZZWSO oudr

are plotted as dashed lines on all figures.
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Fig. 7 Distributions of axial Reynolds stress.

Figures 2-4 represent radial distributions of mean velocity
components. The maximum values of the positive mean axial
velocity components move outward and decay as we proceed
downstream in the flow. At x/D=35.0 (Fig. 2), the mean ax-
ial velocity distribution has already the well-known hump-
type shape peculiar to the far downstream regions of strongly
swirling jets. The radial component of the mean velocity is
small (Fig. 3); it is negative in the recirculation bubble and
positive outside it. As is the case with the mean axial velocity
component, its maximum at the edge of the jet, at the exit,
moves radially outward and decays at subsequent down-
stream sections. The exit profile of the mean circumferential
velocity component w (Fig. 4) consists of two parts: the in-
ner part, within the recirculation zone, has a linear, rigid
body rotation distribution; in the outer main swirling flow
region, w reaches maximum at the edge of the flow and then

decreases rapidly. Inside the recirculation zone, the fluid
rotates as a rigid body; the angular velocity of this rigid
body rotation increases initially, reaching a maximum at
x/D=1.0, and then decreases gradually with downstream
distance. At approximately x/D=1.0, a transition takes
place from the exit profile to the Rankine vortex profile.

Maximum swirl velocities occur outside the recirculation

region. The radial positions of these maxima move radially
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Fig. 9 Distributions of circumferential Reynolds stress.

outward and decay rapidly. The positions of maxima of
radial gradients of mean axial and circumferential velocity
components approximately coincide with the zero velocity
line in the recirculation zone, up to a distance x/D=2.0.
Radial distributions of mean velocity components at the exit,
x/D=0.125, are shown in Fig. 5.

Double peak values of normal Reynolds stresses and,
hence, of turbulent kinetic energy were found at the exit sec-
tion (Fig. 6). Similar double peak values have also been
reported in Ref. 11. These peaks are produced in regions
with high gradients of mean velocity. Measurements show
that the inner peak values of normal Reynolds stresses are
located close to the zero streamline (i.e., near the edge of the
recirculation zone). The outer peak (maximum) values are
due to the shear layer at the edge of the jet flow. These dou-
ble peak values of u’? persist up to a distance x/D=2-3,
the outer peak value decaying more rapidly than the inner

(Fig. 7). The double peak values of v’? also persist up to the
same distance, but although the outer peak decays, the inner
peak value first increases (Fig. 8) and then decays slowly
at subsequent downstream sections. Inner peak values of
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Fig. 11 Radial distributions of Reynolds shear stresses:
X/D=0.125.

u’? and v’? remain near the edge or move slightly inside
the recirculation zone up to x/D=2.0. Downstream, they
clearly fall outside the recirculation zone.

The inner peak value of w’? (Fig. 9) decays very rapidly
and has almost disappeared at x/D=1.0. Further
downstream, the distributions of normal stresses gradually
approach those in a weakly swirling jet. Their magnitudes
are quite small at distances x/D=4-5. The distributions of
kinetic energy of turbulence are similar to those of normal
stresses. Contours of nondimensional turbulent Kinetic
energy are depicted in Fig. 10. The figure shows that the
maximum turbulence is generated in the shear layer existing
at the edge of the swirling jet flow immediately after the exit.
High values of turbulent kinetic energy also exist near the
zero streamline at the exit. The kinetic energy of turbulence
decays rapidly in the axial and radial directions as the swirl-
ing jet expands rapidly into the stagnant surroundings. Ex-
cept at the exit section, the u’? and v’'? stresses are, in
general, larger than w’?; up to a distance x/D=2.0, v'? is
larger than u’? in the outer part of the flow and smaller in
the inner region of the flow. Further downstream, #’? and
v’? attain the same order of magnitude in the central region
of the flowfield, with v’2 remaining larger than #’2 in the
outer region. The magnitudes of the mean axial velocity and
the axial turbulent stress obtained at all corresponding
measuring stations A and B (see Fig. 1) were found to coin-
cide within the accuracy limits of the measuring technique.
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Fig. 13 Distributions of the xé-shear-stress component.

Reynolds shear stresses, presented in Figs. 11-14 are ap-
preciably smaller than the normal stresses. At the exit sec-
tion, Fig. 11, the distributions of shear stresses exhibit dou-
ble peaks. The radial positions of the inner peak values,
positive for the u’w’ stresses and negative for #’v’ and v’ w’
stresses, coincide with those of normal stresses, i.e., they are
near the edge of the recirculation zone; the outer positive
peaks are located in the jet flow boundary (shear) layer. Fur-
ther downstream the shear stresses decay rapidly and become
quite small at distances x/D =3.0-4.0. Both peak values of
u’v’ decay at approximately the same rate. Their radial
locations coincide with those of normal stress u’? at all
downstream sections (see Fig. 7); i.e., up to x/D=2.0, the
negative maxima of u’v’ are near the edge of the recircula-
tion zone and gradually move outward downstream. The
shear stress v’w’ is very small in the recirculation zone and
attains its maximum value outside it. These maxima move
gradually outward at downstream sections. Analysis of the
measured data shows that at all sections where measurements
were performed, radial positions where #’v’ and du/or ap-
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proach zero coincide. A similar conclusion has also been
reached in Ref. 11. Moreover, radial positions of minima
and maxima of these quantities also coincide at all sections.
The same is true for the shear stress v’w’ and ra(w/r)/dr up
to the section x/D=2.0. Further downstream the above-
noted coincidence of these latter quantities deteriorates. This
remarkable experimental fact shows a strong dependence of
these shear stresses on the local strain of the mean flow, and
suggests an eddy viscosity type of turbulence model for these
stresses rather than Reynolds stress modeling. Maxima of the
shear stress #’w’ are located in the recirculaton zone (see
Fig. 13). The peak value of this stress at the initial section is
located at the edge of the recirculation region. At subsequent
sections, contrary to the behavior of the other stresses, these
maxima move inward and decay rapidly. At distances
x/D=3.0-4.0, the magnitude of u’w’ becomes very small.
Radial locations of negative maxima of this stress seem to
coincide with those of positive u’v’ stress maxima.

Detailed measurements of the three components of the
mean velocity and the six components of the turbulent stress
tensor for the case considered, $=0.79, as well as for the
cases of weakly swirling, S=0.4, and nonswirling, $=0,
freejet flows, are given in Ref. 22.

Conclusions

Measurements performed at x/D=0.125, 1, 2, 3, 4, and 5
provide a broad data base against which results of calcula-
tion procedures embodying various turbulence models can be
compared. The normal Reynolds stress results show substan-
tial deviations from isotropy; these stresses are significantly
larger than the Reynolds shear stresses. This clearly indicates
the need to consider the three normal stresses in any tur-
bulence model of such flows. Maxima of these stresses occur
in regions of high gradients of mean velocity, i.e., near the
edge of the recirculation zone and in the boundary (shear)
layer of the jet. Radial positions where the shear stress u’v’
and du/dr approach zero, maximum and minimum values
coincide. The same is true for the stress v’w’ and r{(dw/r)/dr
up to the middle portion of the investigated flow. These rela-
tionships indicate a strong dependence of these stresses on
the local strain of the mean flow. Hence, an eddy viscosity
type of turbulence model rather than a Reynolds stress
model could be acceptable to predict such flows.
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