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NOMENCLATURE

D, diameter;

local Mach number, u/c;

m, mass flow rate;

p,  pressure;

T, radius;

T, time-averaged temperature;
u, time-averaged velocity in axial direction;
x,  axial coordinate;

A radial coordinate ;

g, turbulent Prandt! number;
p,  fluid density.

Subscripts
e, condition at nozzle exit;
m, condition at jet axis;
0, initial condition or characteristic value (as x,);
p, temperature probe reading;
s, condition of surroundings;
x,  any axial position;

1. radial position where u/u,, = 4.

INTRODUCTION
IN RECENT years, the use of supersonic oxygen jets in the
basic oxygen steelmaking process, which has become
increasingly important, has stimulated interest in the prob-
lem of compressible turbulent jets exhausting into hot
reactive surroundings. A review of the literature shows
relatively little work for the case of cold jets exhausting
into hot surroundings and practically no work on the
corresponding reactive situation. This work was initiated
to provide basic information for a better understanding of
the mixing phenomena in such a system. The present paper
reports some experimental data obtained for an axisym-
metrical supersonic air jet exhausting into a hot medium of
air, and a comparison of the experimental results with the
theoretical analysis of Laufer [8]. The variables studied

* Present address: E. I. du Pont de Nemours & Company,
Electrochemicals Department, Nigara Falls, New York
14302.

were the Mach number of the jet and the initial temperature
difference between the jet and surroundings.

EXPERIMENTAL METHODS

The apparatus consisted of a test section enclosed by an
insulated 2 ft diameter by 3 ft high steel drum with a conical
shaped entrance for the surrounding air. A test nozzle
directed vertically downward was located at the center.
Compressed air supplied to the nozzie was dehumidified,
filtered and metered. Two surge tanks were used to eliminate
the pulsation of the compressor and a diaphram pressure
regulator to control the nozzle upstream pressure. The
surrounding air was provided by a rotary blower. Both the
jet and surrounding air systems were equipped with re-
sistance heaters.

To limit the entrainment of the surrounding air by the
jet within the region of interest, the expanding jet was
exhausted from the test section through a 3 in. diameter
opening in a movable baffle. All the measurements were
made at points above the baffle. The opening in the baffle
was large enough so that the flow characteristics being
measured were not altered. This was verified by two other-
wise identical runs at Mach 1-8 with and without the baffle
which showed no more differences than any other set of
duplicate runs.

All measurements were taken at steady state after careful
alignment of the Pitot tube or total temperature probe.
The Pitot tube was a 22 gauge (0023 in. o0.d.) hypodermic
needle, 3 in. long with a slightly conical tip and a sharp lip.
The total temperature probe was of the diffuser type,
0-042 in. o.d. with an iron—constantan grounded junction
thermocouple. The probe was positioned by means of a
traverse mechanism capable of positioning the probe to
within 0-001 in. vertically or horizontally. The pressure or
temperature measurements were taken separately.

The test nozzies used were designed on the basis of
isentropic flow and all had a total convergent angle of 30°.
The three nozzles used had nominal Mach numbers of 1-0
(0-08875 in. diameter), 1-4 (0-0841 in. throat diameter and
10° total divergence angle) and 1-8 (00595 in. throat dia-
meter and an 18° total divergence angle).
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From the measured dynamic pressures, the local Mach
number and velocity field were calculated using the Pitot
tube formulas with the assumption of the ideal gas law and
the static pressure being equal to the ambient pressure.
When the effect of a shock wave in front of the Pitot tube
becomes significant (above Mach 1-3), the presence of
the shock wave was accounted for by the Rayleigh—Pitot
tube formula. The temperature probe was calibrated in the
exit plane of several nozzles where the stagnation tempera-
ture was known by assuming isentropic flow through the
nozzle, yielding the following relationship,

T
= = [1+01855M*29] 1

P

1

which was used to calculate the stream temperature from
the measured total temperatures.

In the pilot tube measurements of dynamic pressure, the
estimated accuracy is +0-1 in. H,O in the range 0-30 in.
H,0, +10 mmHg in the range 30-900 mm Hg, and +0-1
psi in the range 15-70 psig. The standard error as given by
the supplier for the thermocouples is +4°F in the range
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0-530°F. Nozzle flow measured by a rotameter is estimated
to be within +1 per cent.

An indication of the reliability of the experimental results
can be obtained by a momentum balance. Assuming the
static pressure equal to the ambient pressure, the total
momentum in the axial direction is conserved at any cross
section. The values of momentum computed at various
cross sections were found to deviate from the value at the
exit by less than 5 per cent for most runs, and in general
less than 10 per cent.

RESULTS AND DISCUSSION

Presentation of data

The axial decays of velocity and temperature are pre-
sented for all the runs of Mach 10, 1-4 and 1-8 in Figs. 1
and 2 with experimental conditions indicated. The coordi-
nates used are consistent with the theory of Laufer [8] to
be discussed later. In general, the axial decay of velocity
decreases as the Mach number or the temperature difference
between the surroundings and the jet increases. Similar
behavior is observed for the axial temperature decay.
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Fic. 2. Axial decay of temperature.

Comparison of the decay curves shows that temperature
decays faster than velocity.

Figure 3 shows the extent of jet spreading as represented
by the half radius (r,) which is defined as the radial distance
where the velocity is one half the velocity at the axis. For
clarity, only the data from the runs of the highest and
lowest temperature differences are included. The coordi-
nates were so chosen that the data can be conveniently
compared with theory.

The radial distribution of velocity is presented in Figs.
4 and 5. It is seen in Fig. 4 that as x/D, increases, the profiles
gradually converge to a single curve. The axial distance
where the profile becomes similar can be taken to mark the
beginning of the fully developed region. This occurs at
x/D, = 15 for Mach 10, x/D, = 25 for Mach 14 and
x/D, = 35 for Mach 1-8. Representative points in the fully
developed region for all Mach numbers are plotted in Fig. 5.

Due to scatter in the temperature data, only a composite
profile in the developed region is shown in Fig. 5. Generally,
a greater degree of scatter occurs at large axial distances
where temperature fluctuations were large compared to
(T, — T,). This was noted when (T, — T,,) became less than
10-15°F.

A comparison of the velocity and temperature profiles in
Fig. 5 confirm the observation that the turbulent transport
of heat is faster than momentum. As a by product, the
entrainment defined as (m, — m,)/m, was calculated from
the velocity and temperature data and presented in Fig. 6.

The present data on axial decay of velocity were found to
be in good agreement with the data of Fenn [5] for Mach
10, Warren [12] Mach 097, Voorheis [11] Mach 0-96 and

80

70

60

50

<40

30

20

L JNeN Juy op-4

i

Pe o,
0593
0840
0993
0-525
0942
0-425

1-70
70
325
325
5-80
5-80

quation (4)

|

20
2

40
A
P

80 80

(52%)

FiG. 3. Jet spreading.



SHORTER COMMUNICATIONS

Johannesen [6] Mach 14 under comparable experimental
conditions. The composite radial distributions of velocity
and temperature in the developed region reported by
Anderson and Johns [2] for Mach 1'4 and 1-84 hot air jets
with initial stagnation temperatures from 1200 to 1960°R
exhausting into quiescent atmosphere are included in Fig.
5. It can be seen that their profiles follow closely those of this
work.

Comparison with theory

Most of the theoretical analyses [1, 3, 7, 10, 12] of com-
pressible, turbulent jets have been based on the assumption
that eddy viscosity or turbulent transfer coefficient is only
a function of the axial coordinate. A wide variety of expres-
sions for eddy viscosity has been proposed by various
authors. Recently, Eggers [4] computed the eddy viscosity
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FiG. 4. Radial distribution of velocity.
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distributions from his experimental data on a Mach 222
jet and concluded that the assumption of eddy viscosity
being independent of the radial coordinate is not justified.
In a different approach, Laufer [8] transformed the com-
pressible momentum and energy equations into the in-
compressible form by the method of coordinate stretching.
Thus, if the velocity field in an incompressible flow is
known, the corresponding compressible case can be cal-
culated without assuming an explicit form for a compressible
turbulent exchange coefficient. By invoking a similarity
hypothesis concerning the turbulent momentum and heat
transfer in the fully developed region, Laufer obtained the
following expressions for the axial decays of velocity and
temperature, and for the axial variation of the half radius

% =136 [2 (ﬂy x = x"]-l @
% - L 6850 + 1) [2 (ﬁ)f al l_)ex°]—l 3)
(’—*)2 = 00294 (x - x")z
. D,
+ 00736 ((p‘/:,;)p: ‘)(g_: )K" ;‘x°) @

where ¢ is the turbulent Prandtl numer, the value of x,
depends on the flow conditions at the nozzle exit. Because
of the simplicity of these equations and difficiencies in other
theoretical treatments, only a comparison of this analysis
with the present data is presented.

Figure 1 shows good agreement between equation (2) and
the measured centerline velocities. The values of x, deter-
mined from the best fit of experimental data are: x,/D, =
1-7 for Mach 1-0, 3-25 for Mach 14 and 5-8 for Mach 1-8.
It is also noted that the agreement extends well beyond the
fully developed region of the jet.

As shown in Fig. 2, the axial decay of temperature plotted
in terms of parameters in equation (3) does not yield a
single line as predicted by the theoretical analysis. Further-
more, with a value of 0-64 suggested by Laufer for the tur-
bulent Prandtl number, the theoretical line given by equa-
tion (3) generally lies above the experimental points. The
inadequacy of equation (3) may possibly be attributed to the
neglect of the turbulent dissipation term in the energy
equation. Also, as will be seen later, the assumption by
Laufer that the radial distribution of temperature is related
to that of velocity through a constant turbulent Prandtl
number is not valid over the entire mixing region.

In Fig. 3, the values of the half radius calculated from
equation (4) are shown for p,/p, = 1-0 (the isothermal case)
and py/p, = 040. This spread of density ratios covers the
range of experimental data. The agreement between experi-
mental results and equatjon (4) is quite satisfactory although

-~
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the data points indicate a slightly greater slope in the linear
region than the theoretical lines.

The radial distribution of velocity in the fully developed
region is shown in Fig. 5 to be satisfactorily represented by
the equation of Reichardt [9], a form assumed in Laufer’s

analysis
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FiG. 6. Entrainment.

Laufer further assumes that the radial distribution of tem-
perature in this region is related to the velocity distribution

by
u )"
<u"'/ .

From the composite profiles of velocity and temperature in
this work, the value of o was found to vary between 0-82 and
0-84 within the region from the jet axis to y/r, = 1.75. In the
outer region, it falls off to about 0-69. Equation (6) is plotted
in Fig. 5 for o = 0-64, a value used by Laufer, for the purpose
of comparison.

It may be noted that the value of o obtained from the
present data is considerably higher than 0-64. If a value of
0-83 instead of 0-64 were used in equation (3), the theoretical
line for the axial temperature decay would deviate further
from the experimental data.

Since no adequate theoretical analysis exists for the
transition region of the jet, comparison of experiment with
theory was not attempted.

T-1T
Tm—j;_

(6)

CONCLUSIONS

The experimental results of this work show that the axial
decay of velocity decreases as the Mach number or tempera-
ture difference between the surroundings and the jet increases.
Similar behavior was found for the axial temperature decay
and jet spreading, The radial distribution of velocity gradu-
ally converges to a similar profile as the axial distance
increases. The axial distance where the profile becomes
similar marks the beginning of the fully developed region.
This occurs at x/D, = 15 for Mach 10, x/D, = 25 for
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Mach 1-4, and x/D, = 35 for Mach 1-8. A comparison of the
velocity and temperature measurements confirms that
the turbulent transport of heat is faster than momentum.

The theoretical analysis of Laufer is found to be in good
agreement with the measured axial decay of velocity and
jet spreading, but inadequate to account for the effects of
Mach number and density differences on the axial decay
of temperature. In the fully developed region, the radial
distribution of velocity is satisfactorily represented by
Reichardt’s equation. The radial distribution of temperature
can be related to that of velocity by the turbulent Prandtl
number which was found to vary from 0-83 in the central
region to 0-69 near the edge of the jet.
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