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Measurements of a Heated Square Jet

L. P. Chua,* Y. F. Li," and T. Zhou*
Nanyang Technological University, Singapore 639798, Republic of Singapore

The velocity and temperature measurements of a heated jet issuing from a square nozzle into stagnant ambient
air are presented. Measurements were accomplished by means of single hot-wire, single cold-wire, x-wire and three-
wire (a cold wire in front of an x wire) probes. The result showed that the jet initial boundary layer was laminar. Mean
velocity and temperature reached the self-preservation immediately after the jet potential core. Based on the decay
of the local maximum velocity and temperature, as well as the spreading of velocity and temperature half-width,
the interaction region was determined to be 8De. It was found that the Reynolds normal stress, Reynolds shear
stress, and heat flux achieved a self-preservation state at x =20De, 30De, and 35De, respectively. The turbulent
Prandtl number, which was determined based on the Reynolds shear stress and heat flux, kept approximately
constant from the jet centerline until the half-width of the jet and increased thereafter in the outer jet. This finding
suggested that some inaccuracies might have incurred in the computation fluid mechanics results by assuming a
constant turbulent Prandtl number in the similarity solution of the jet. Last, comparison of velocity half-width
along the y and w axes, as well as the measurements of mean velocity contours at various streamwise locations,
indicated that there was an axis switching in the present square jet, although more experimental evidence would

be required.

Nomenclature

Ay = decay rate of the square jet centerline velocity
(or temperature)

A, = spread rate of the square jet velocity
(or temperature) half-width

B, = kinematic virtual origin of the square jet

B, = geometric virtual origin of the square jet

De = equivalent diameter of a square jet,
(2d//7), mm

d = length of the square jet or the diameter
of the circular jet, mm

Ly, L, = velocity half-width, that is, the position where
U is reduced to half, along the y and w axes,
respectively, mm

Pry = turbulent Prandtl number

Re = Reynolds number, (U; De/v)

T = instantaneous jet temperature, K

T; = jet exit temperature, K

T = local mean temperature, K

To = axial centerline local mean temperature, K

U; = jet exit velocity, m/s

U, = axial mean velocity, m/s

Uy = axial centerline local mean velocity, m/s

u = instantaneous axial velocity, m/s

u' = root mean square of axial velocity
fluctuation, m/s

ul, = root mean square of axial velocity fluctuation
at centerline, m/s

Uy maxs Ymae = Maximum root mean square velocity in the

mixing layers at the y and w axes
respectively, m/s
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v = Reynolds shear stress, m?/s’
v = instantaneous lateral velocity, m/s
v’ = root mean square of lateral velocity
fluctuation, m/s
A = root mean square of lateral velocity fluctuation
at centerline, m/s
w = axis parallel to the diagonal
of the square nozzle, mm
X, 9,2 = Cartesian coordinate system defined
in Fig. 1, mm
v, w” = y and w axes with origins start
from the nozzle lip, mm
o = temperature coefficient of resistivity, K~!
ar = eddy diffusivity for heat, m*/s
Smys Omw = boundary-layer momentum thickness
at y and w axes respectively, mm
0 = root mean square of temperature fluctuation, K
0. = root mean square of centerline temperature
fluctuation, K
v = kinematic viscosity, m?/s
vr = eddy diffusivity for momentum, m?/s
) = heat flux, mK/s

Introduction

ONCIRCULAR jets have been identified as an efficient tech-

nique of passive flow control that allowed significant improve-
ments of performance such as reducing combustion instabilities and
undesired emissions, noise suppression, and thrust vector control,
at a relatively low cost, which rely solely on changes in the geome-
try of the nozzle. It is then not unexpected that noncircular jets had
been the topic of extensive research in the past 15 years.! However,
among noncircular jets, there has been relatively less experimen-
tal measurements on square jet apart from the studies of Tsuchiya
et al.,” Quinn and Militzer,> Gutmark et al.,* Quinn,’ and Grinstein
et al.° The measurements of Tsuchiya et al.?> and Gutmark et al.,*
however, were mainly on rectangular and triangular jets, respec-
tively, with square jets being just a small part. There has also been
a lack of temperature measurements, especially heat flux distribu-
tions, in the literature. Most of the measurements are on the velocity
alone, except Tsuchiya et al.,” who has done some temperature mea-
surements on the rectangular jet, but again not the square jet. Note
that nearly all of the measurements have been done on the square
orifice plate rather than a contour square nozzle. Furthermore, the
measurements of these studies were focused on the mixing layers
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and, relatively, at the near field. The main objective of this paper,
thus, is to present the measurements of the mean velocity, mean
temperature, Reynolds normal and shear stresses, heat fluxes, and,
hence, a subsequent determination of turbulent Prandtl number at
the far field of the contour square jet. The turbulent Prandtl number,
which was an important parameter in computational fluid mechan-
ics, was usually assumed a constant value in the calculation. There
was, however, a lack of measurements of this prime parameter in the
literature. The self-preservation of the decay rate of the centerline
mean velocity and mean temperature, as well as the spreading rate
of the velocity and temperature half-width, are also presented.

One of the most intriguing aspects of noncircular jet is the phe-
nomenon of axis switching, which is of interest from a fundamental
scientific viewpoint and for its applications in enhancing entrain-
ment, mixing, and turbulence production. The second objective of
the paper is to present a preliminary study on the axis-switching
phenomenon of the contour nozzle square jet as compared to an
orifice square jet. For this purpose, mean velocity profiles across
the diagonal (defined as the w axis) of the jet were measured, and
the corresponding half-width was determined and compared with
L. This was because the axis switching would cause a 45-deg rota-
tion of the axes,’ resulting with the orientation of the mean velocity
profiles resembling the original square nozzle shape (shown sub-
sequently) at x =0.5De and rotating 45 deg to form a rhombus
shape (with 90 deg at the four corners), at x =4 De. Through the
measurements of the half-width along the y and w axes, the stream-
wise distributions of L, and L,, would cross each other if the axis
switching occurred. The effect of the jet initial condition, such as
the turbulence intensity at the jet exit, and the ratios of De/§,,, and
8mw/8my on the axis switching has been investigated in detail and
compared with those of Grinstein et al.® It was found that, although
the high §,,,/6,,, ratio has the adverse effect to initiate early axis
switching, the high De/§,,, ratio and low turbulence intensity of
the present jet caused the first axis switching at about 1.75De and
subsequently at SDe. The mean velocity contours at a few stream-
wise locations are also presented to search for the evidence of the
axis switching. However, the mean velocity contour, as well as the
half-width, which is based on the mean velocity profiles, was found
not to be a sensitive indicator of axis switching. More careful and
extensive measurements on the velocity spectrum and streamwise
vorticity were required for a conclusive finding on the axis switching
and its mechanism.

Experimental Method

Measurements were taken on the air jet supplied by a centrifu-
gal blower through a 25-mm square nozzle (of equivalent diameter
De =28.2 mm) fabricated from fiberglass with an area contrac-
tion ratio of 100:1. The contour was designed according to the in-
compressible axisymmetric potential flow theory® to 1) avoid flow
separation in the construction and 2) achieve uniform flow at the
exit. Installed between the blower and nozzle were a divergence
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Fig. 1a Square jet coordinate, as well as the jet velocity and tempera-
ture profiles.

section, settling chamber of size 250 x 250 x 250 mm?®, screens,
and honeycomb section to convey the flow and reduce turbulence.
A variable speed alternating current three-phase induction motor
was selected to drive the blower, and motor speed regulation was
achieved through a frequency control system using pulse width mod-
ulation inverter. The jet exit velocity U; was set at 31 &£ 0.5 m/s, and
the corresponding Reynolds number was 5.75 x 10%. The air was
heated with a 1-kW electrical coil element situated at the inlet of the
blower to ensure a better mixing of the heated air before the entry
into the settling chamber. The temperature of the heated air could be
controlled by means of thermostat through a thermocouple installed
in the air duct. Furthermore, the entire jet assembly was wrapped
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Fig. 1b Three-wire probe.
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Fig. 2 Comparison of velocity profiles in y and w axes at the nozzle
exit with Blasius solution.
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with three layers of fiberglass, which was enough to eliminate the
buoyancy effect, and further increment in the number of insulation
layers was found to have no significant improvement in preventing
heat loss from the test rig assembly.” The temperature at the nozzle
exit was set at 20 £ 0.5°C above the ambient air, and it took about
an hour to have a uniform temperature distribution along both the
horizontal and vertical axes at the jet exit. The jet nozzle, velocity,
and temperature profiles are shown in Fig. 1a.

Instantaneous velocities of the jet were acquired through single
hot-wire probe (¢5-um Wollaston Pt 10%—Rh, with length about
1.0 mm) connected to a constant temperature anemometer (CTA)
module operating at an overheat ratio of 1.5. For the x-wire probe,
the included angle of the two wires was about 90 deg, and the sepa-
ration between the two wires was about 1.0 mm. For the three-wire
measurements, the cold wire (¢ 1.2-um Wollaston Pt 10%—Rh, with
length about 1.5 mm) was located about 1 mm in front of the center
of the x wire as shown in Fig. 1b. The probe (for the four different
types of wire, single hot wire, single cold wire, X wire and three
wire) was mounted onto a dial height gauge fixed to a traversing
mechanism capable of traveling in three perpendicular directions,
X, y, and z axes. An attachment on the height gauge enabled data
in the w axis (which was the axis parallel to both the square nozzle
diagonal and the y—z plane, i.e., inclined at 45 deg to the z axis) to
be captured for the axis-switching investigation.

The hot wire was calibrated before each measurement set in
the potential core with reference to a pitot—static tube connected
to a pressure transducer. For single hot-wire measurements, volt-
ages from the CTA and pressure transducer were digitized by a
12-bit analog-to-digital converter before input into a computer for
processing. After calibration constants were computed using the
least-squares method, they were then fed into the second part of
the computer program, which converted hot-wire voltages into ve-
locities. For the x-wire and three-wire measurements, in addition
to obtaining the usual calibration constants, the x-wire probe was
calibrated for velocity and yaw in the potential core of the jet, with
the range of yaw angles —15-15 deg in 3-deg steps. Voltages from
the single-wire, x-wire, and three-wire probes were passed through
low-pass filters before digitizing into a computer using a National

Instrument model. The sampling frequency was double the cutoff
frequency (1600 Hz), and the recording time was 5 s for single wire,
10 s for the x wire, and 15 s for the three wire. Digitized hot-wire
and cold-wire voltages were converted to velocity and temperature,
respectively. The statistical parameters such as mean, root mean
square, and cross correlation of the u and v, as well as v and T,
were obtained using a MATLAB® program.

Results and Discussion

The mean axial velocity across the immediate exit of the square
nozzle had a top-hat shape and is symmetrical about the jet cen-
terline. On the centerline of the nozzle exit, the turbulent inten-
sity u’/U; (single prime denoting rms values) was measured to be
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Fig. 5 Variation of jet centerline mean velocity (in y and w axes) and
temperature along the streamwise direction.
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Note that y” and w” were measured outward from the nozzle wall
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Fig. 8 Distributions of v//U, along y axis at various streamwise

locations.

layer. Observe that the mean velocity (temperature) profiles in the
mixing layer became self-similar at 4 De and 3De (3 De) for the y
and w axes, respectively. Also observe that the temperature profiles
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are much steeper than those of the velocity, indicating that the heat
transfer is more efficient than the momentum in the mixing layer.

The mean velocity and temperature profiles in the range
5 <x/De <45 are shown in Fig. 4. Here, the local centerline mean
velocity Uy, local centerline mean temperature T, velocity half-
width L, (or L,,), and temperature half-width L, are the normaliz-
ing coordinates. As evident in Fig. 4, the mean velocity and temper-
ature distributions collapse onto a single curve, indicating that U,
and T, reach self-preservation at the end of potential core, that is,
x =5De. There also is slightly more scatter in the w axis distribution
than in the y axis for velocity.

With the framework of self-preservation, the equations for the
conservation of momentum and heat are satisfied, on a local and
integral basis, if Uy, Ty ~x~! and Ly, L,, Ly~ x.Figure 5 shows
the variation of centerline mean velocity U, (and centerline mean
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temperature Tp) in the y and w (and y) directions vs x/De. The
centerline mean velocity Uy in the range 8 <x/De <45 collapses
reasonably well onto a straight line, which can be expressed as

U;j/Uo = Ai[(x/De) + Bi] (1
where A; and B, are the decay rate and the kinematic virtual ori-
gin of the jet, respectively. In the experiment, decay rates for U,
should be the same for both axes, the slight discrepancy (of 4%)
could be attributed to experimental uncertainty. In addition, self-
preservation of Uy at x & 8 De indicates that the interaction region
of the present square jet is rather short. The decay of the centerline
mean temperature 7y, which can be expressed as

T;/To = Ai[(x/De) + Bi] (€3]
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collapses reasonably well into a straight line within the same range of
8 <x/De <45 as the centerline mean velocity. The gradient of the
centerline mean temperature decay is, however, greater than those
of the velocity counterpart. This indicates that the heat transfer is
more efficient than the momentum transfer.

Figure 6 shows the evolution of the half-width variation in
the streamwise direction. The linear relationship is now given
by

L/De = Ay[(x/De) + B,] 3)

where A, and B, in the equation are the jet spreading rate and
geometric origin. Figure 6 shows that self-preservation has been
achieved at streamwise location of x /De = 8. Again, the spreading
rate of the temperature half-width is much faster than that of the
velocity, as can be observed in Fig. 6.

In Table 1, the current results are presented along with results
of other investigators (Refs. 2, 3, 11, and 12). When the entries
are compared, differences between the decay and spreading rates
for the current square jet and those of other researchers are seen
to be relatively small. The centerline mean velocity has a slightly
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Fig. 12 Streamwise distribution of normalized heat flux vo along y axis.
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Table 1 Comparison of present results with those of other researchers

Investigator Initial condition Reynolds number Ay B Ay B Range
Yevdjevich!! Turbulent E— 0.1430 0.000 — E— 20 <x/De <200
Du Plessis et al.'? Orifice type 2.82 x 104 0.1386 —0.0844 0.085 —1.3775 8<x/De<22
Tsuchiya et al. Orifice type 1.55 x 10* S S 0.0826 0.4116 6<x/De <30
Quinn and Militzer? Sharp edge 1.84 x 10° 0.1850 —0.150 _ _— 8.4<x/De <62
slot 1.84 x 10° —_ —_ 0.0870 0.650 9.8<x/De<224
Present work
Velocity y axis Laminar 5.75 x 10* 0.1519 —0.1579 0.0977 —1.2589 8<x/De<45
Velocity w axis Laminar 5.75 x 104 0.1457 —0.3633 0.0860 —0.2918 8<x/De<45
Temperature —_— 0.1855 0.6571 0.1172 —2.2585 8<x/De<45
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Fig. 14 Variations of turbulent heat diffusivity along y axis.
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higher decaying rate as compared with DuPlessis et al.!? with about
half of the present Reynolds number. The present decaying rate is,
however, lower than that of Quinn and Militzer® with three times
higher Reynolds number. Regardless of the other jet initial condi-
tions, it seems that the higher the Reynolds numbers, the higher the
decaying rate is of the local maximum mean velocity. The present
square jet has a slightly higher spreading rate than those of the other
researchers. These may be due to the difference in the jet initial con-

y/Ly

Fig. 15 Variations of turbulent Prandtl number along y axis.

dition, such as its boundary-layer thickness and turbulence level.'?
Note that for most of the other investigators listed in Table 1, the
square jet is mainly the slot jet with very thin or no boundary layer.
Alsonote that the gradients of the centerline mean temperature decay
and the temperature half-width spreading rate are, in general, higher
than those of the velocity counterpart found in the literature. There
is lack of temperature measurements of the square jet reported in the
literature, thus, making comparison with other researchers difficult.
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Figures 7 and 8 show the distributions of '/ U, and v’/ U, re-
spectively. Observe that both distributions increased from 5De and
reach self-preservation at 25De and 20De, respectively, for u’/ Uy
and v’/ Uy. The shape of the v’/ U, distributions changes from sad-
dlelike with the peak at about y/L, =1 at 5 De to a Gaussian shape
with the peak slowly shifting toward the centerline. Unlike v’/ Uy,
which monotonically decreases from the centerline once it reaches
the self-preservation state, the distributions of u’/ U, show a small
peak atabout 0.5L,. The distributions of u’ / U, reach a peak of about
0.24, which is higher than the peak of about 0.2 for v’/ Uy,. These
results indicate that the fluctuations of the axial velocity have higher
kinetic energy than the lateral velocity. The distributions of 6/ T;) are
shown in Fig. 9. When the root mean square velocity distributions
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Fig. 16 Comparison of half-widths in y and w directions for
a) 0.1 < x/De < 8,b) 8 < x/De < 25, and ¢) 25 < x/De < 45.

are compared, the profiles of 6/ Tj at small streamwise locations are
relatively flat without any obvious peak until 8 De. The root mean
square temperature distributions reach self-preservation at about
20De, and the profiles exhibit a vague peak at about y/Ly = 1; this
is, again, different from the v’/ U, with a monotonous decrease from
the jet centerline.

Figure 10 shows the streamwise distributions of the centerline
axial and lateral root mean square velocities and temperature. Both
of centerline root mean square axial velocity and temperature dis-
tributions reach an asymptotic value of 0.24 at 25De, whereas the
lateral root mean square velocity has constant values of about 0.19
at similar streamwise locations.

Figure 11 shows the distributions of normalized Reynolds shear
stress uv at various x / De locations. Note that the absolute values of
uv presented in Fig. 11 are symmetrical about the centerline. Also
the distributions obtained by Quinn and Militzer® at about 13 De and
a best-fit curve for the Reynolds shear stresses higher than 30De
are shown in Fig. 11. The Reynolds shear stress has increased from
5De and reached self-preservation at about 30 De. The location of
the Reynolds shear stress peak has also shifted from about 1.0L,
to 0.8L,. The peak of the Quinn and Militzer distribution has only
reached 0.012 at about 0.7L,; this is not totally unexpected because
the measurements have been done at about 13 De and should not have
reached the self-preservation state at this low streamwise location.
The heat flux distribution, which is normalized by both the local
centerline mean velocity Uy and temperature 7, is shown in Fig. 12.
Observe that the normalized heat flux distribution has reached self-
preservation at about 35 De in Fig. 12. Both the Reynolds shear stress
and heat flux distributions show some scatter, especially at the high
streamwise location, for example, 45 De. This is due to the fast decay
of the mean velocity, Uy = 3.5 m/s, and temperature, 7o = 1.8 K at
these locations. Furthermore, the jet is a high turbulence intensity
flow, for instance, at 40De, the u’/U,, (v'/U,,) and 6/T,, is about
0.24 (0.20) at the jet axis, as shown earlier in Fig. 10. At the jet
half-width, the values of '/ U,,, v’/ U,,, and 6/ T,, increase to 0.50,
0.34, and 0.39, respectively. Such high fluctuations coupled with the
fact that flow reversal starts to occur at the half-width location, as
found by Chua and Antonia,'* all have contributed to the difficulty in
measurements. Because the velocity vector angle at these locations
may be over 90 deg, the included angle of the 120-deg x wire may
be more suitable for the present measurements. '

With the measured Reynolds shear stress and the heat flux, the
eddy diffusivity for momentum and heat can be obtained as
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Fig. 17 Comparison of maximum turbulent intensities in the shear
layer along y and w axes.
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Consequently, turbulent Prandtl number Prr, defined as the ratio of
eddy diffusivities for momentum and heat, can be written as

PrT = VT/OlT

Q)

Note that both dU,, /dy and 87;,/dy (also uv and v#) are obtained
from Fig. 4 (Figs. 11 and 12) with the fourth-order polynomial fit-
ted to the U,/ Uy and the T,,/ T, distributions for 35 <x/De <40.
In both cases, the limiting values of these quantities at y/L, =0
are obtained using the L’Hopital rule. Note that the range of x/De
selected is based on the attainment of self-preservation of Reynolds
shear stress and heat flux at these streamwise locations. The distri-
butions of turbulent momentum and heat diffusivities are shown in
Figs. 13 and 14, respectively. The results of circular jet from Chua
and Antonia'® are also shown. Observe that both the turbulent mo-
mentum and heat diffusivities of the circular and square jets have
a similar trend. However, the peaks of the present jet are slightly
shifted to the left due to both the maximum Reynolds shear stress and
heat flux happening at higher y/L, locations. Note that the results
of Chua and Antonia were obtained at the self-preservation region
of the circular jet, which is achieved at a much earlier streamwise
station at x /d = 15 as compared to the present jet. The distributions
of turbulent Prandtl number Pry are shown in Fig. 15. For com-
parison, the distribution of Prandtl number of the circular jet'® is
also shown. Figure 15 shows that Prandtl number is not constant
across the y axis of the jet. Rather, the quantity maintains at about a
constant value of 0.6 before rising gradually after y/L, =1.0. This
implies that the turbulent Prandtl number Pry, which is an impor-
tant parameter for similarity solutions of nonisothermal square jets,
should not be taken as a constant. Within the region y/L, =1.0,
or at most extending to about y/L, = 1.4, the error in obtaining
the mean temperature and heat flux profiles using computation fluid
mechanics of the square jet may be negligible. However, significant
deviation from the actual flow may arise if Prr is taken as the same
constant value beyond the range in the simulation.

CHUA, LI, AND ZHOU

To study axis-switching characteristics of a square jet, the varia-
tions of L,/De and L,/ De against x / De are compared in a graph,
and the intersections of the two curves indicate the locations of axis
switching. Figures 16a—16c¢ show the distributions of L,/De and
L, /De along the streamwise directions. Observe in Fig. 16a that
L, decreases from the jet exit to 1 De and then follows with a gentle
increase until 5De with an obvious hump at 1.5De. On the contrary,
L, decreases slightly from the jet exit, followed by increasing from
0.5De to 2De, and then maintains at about the same level till 3De.
A slight dip can be found at 3.5 De before increasing more steeply
to 4.5De. Following a small dip at 5De, L, then increases sharply
thereafter. The profiles of L, /De and L,/ De are, thus, the first and
second crossovers at about 1.75De and 5.0De, respectively. The
third crossover is at 17.5De, as shown Fig. 16b, and the variations
of Ly/De and L,,/De are about parallel to each other without any
crossover, as demonstrated in Fig. 16c.

It is obvious from Fig. 16a that the first crossover has happened
with the shrinking of L,, and the faster growth rate of L,. Note,
however, that the faster growth of L, does not happen immedi-
ately after the jet exit but at a later streamwise location of 0.5De.
Grinstein et al.% have studied the effects of the initial conditions,
for example, the turbulence intensity at the jet exit and the ratios
of De/§,,, and 6, /8y, on the axis-switching of the square jet.
Table 2 shows a comparison of the initial conditions of the three
experimental results of unforced square jets® with the present jet.
According to the linear stability analysis of Koshigoe et al.,!” the
high §,,,, /8,y ratio for the present jet does not favor axis switch-
ing. Because the azimuthal nonuniformities of the initial shear layer
are quite high, the amplification rates of the corresponding unstable
eigenmodes may not be comparable, and the resulting growth rates
of the velocity fluctuations associated with the different modes may
also not be comparable. However, as can be seen from Table 2, the
initial conditions of Reynolds number and u’/ U, of the present jet
are similar to the orifice jet OU1. Furthermore, the value of De/3,,,
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Fig. 18 Centerline variations of mean velocity and normal shear stress in the potential core.
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is even much higher than that of OU1. The large De/§,,, and low
u’/ Uy should have caused the faster growth rate of L, and resulted
in the first axis switching as reported by Grinstein et al. for their
OU1 orifice low turbulent square jet.

Figure 17 shows the variations of maximum turbulent intensities
of both y and w axes in the mixing layer, which indicate the initial
amplification of turbulence along the shear layers. Observe in Fig. 17
that the differences between the amplification rate at the side (y axis)

and diagonal (w axis) directions are not obvious. This is different
from that of the OU1 (Grinstein et al.®). However, the maximum
shear stress is consistently higher for the y axis than that of the w axis
until 1 De, and after that, the shear stress for the w axis is higher than
the y axis but maintains about the same level after 2De. Figure 18
shows the variations of the centerline mean velocity and turbulent
intensity. The centerline mean velocity has slight variation around
U; within the potential core as expected. The centerline normal shear
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Table 2 Comparison of jet initial conditions with those of Grinstein et al.%
Reynolds Crossovers at x locations
Jet number Smw/Smy De /8y u' /Uy (in terms of De)
Orifice, OU1 4.2 x 10* 1.58 164 0.003 0.3, 14
Slot, OU2 9.3 x 103 1.08 60 0.1 0.6,3.6,5.0
Pipe, PU1 9.3 x 10° 1.34 40 0.1 None
Contour, present 5.75 x 10* 3.5 245 0.01 1.75,5.0, 17.5

stress has increased continuously along the streamwise direction.
The localized changes in the amplification rate are attributed to the
axis-switching dynamics and the shear layer amplification.® All of
these should have overcome the adverse effect of the high §,,y, /8,y
ratio and contributed positively the axis switching of the present
contour nozzle square jet.

To further investigate the axis switching of the present jet, the
mean axial velocity profiles at the cross section of x/De = 0.5, 2.0,
4.0, 6.0, 20.0, and 30.0 are measured, and the corresponding ve-
locity contours are presented in Figs. 19a—19f. Observe in Fig. 19a
that at x = 0.5 De the velocity contours maintain the original orien-
tation of the jet. Farther downstream, at x =2De (Fig. 19b), there
is a change in orientation of the velocity contours for U,,/U; less
than 0.5, although the higher level velocity contours (for U, /U;
greater than 0.8) still maintain the original orientation. It is then
obvious in Fig. 19c that there is a clear switching of the axis, with
the velocity contours are now resembling a square rotated 45 deg at
4De. Note that it is not quite possible to have the distributions of
the velocity contours with all of the sides straight and resembling
a perfect rotated square. The velocity contours of OU1 (Grinstein
et al.%; see their Fig. 10), although appearing perfect, have been ob-
tained with the assumptions of symmetry and joining the locations
of the selected level of contours with straight lines. For the veloc-
ity contour at 6 De, the upper half of the contour has become more
circular in shape as compared to those of the lower half. It seems
that the contour has slowly shifted from a vague square shape to
slightly irregular polygon shape. Farther downstream of 20De and
30De, it can be observed in Figs. 19e and 19f that the contours have
become more circular in shape, indicating that the flow has reached
the self-preservation state. These are basically consistent with the
earlier measurements on the mean velocity.

The shapes of the velocity contours at 2De and 4 De may explain
why it is difficult to have an accurate measurement of half-width,
and thus, the corresponding axis-switching locations are difficult
to determine. Besides, the possible dynamics characteristics of the
axis switching, that is, it may not happen at fixed locations but may
deviate slightly from time to time, as experienced by most of the
researchers, may also contribute to the difficulty. The main reason is
that the mean velocity profile is not a critical indicator. Thus it should
be required to have measurements of the streamwise vorticity and
the corresponding contours. These are in progress in our laboratory
and will be reported once they are carefully done.

Conclusions

The initial flow condition of the square jet under investigation was
found to be laminar. The potential core was detected to end at ap-
proximately 5De. It was found that self-preservation was achieved
at 3De for mixing layer and 8 De for both local maximum mean
velocity and temperature, as well as the velocity and tempera-
ture half-width. The interaction region, if existent, was very short.
The Reynolds normal (" and v’) and shear stresses reached self-
preservation at 20 De and 30 De, respectively, whereas the heat flux
attained self-preservation at about 35 De. The distribution of the tur-
bulent Prandtl number indicated that it might have incurred some
errors in the computation fluid mechanics results if the turbulent
Prandtl number was treated as a constant value throughout the en-
tire y locations. Under the present jet initial conditions (Table 2),

there was axis switching at 1.75De, 5De, and 17.5De in the con-
toured nozzle square jet. The large De/$,,,, low initial turbulent
intensity but strong growth of the centerline normal shear stress and
strong amplification of turbulence along the shear layers at both the
side and diagonal of the jet should have overcome the adverse effect
of the large 8,,,/3,,,. However, to provide a better comprehension
of axis switching, further measurement of the streamwise vorticity
is still required.
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