MIXING PROCESS ON THE INTERACTION LENGTH OF A JET IN A CROSS FLOW
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An investigation is made into the concentration distribution along the trajec-
tories of nitrogen and helium jets interacting with an air cross flow.

In investigating the dissipation of industrial gas discharges into the atmosphere, i.e.,
the emissions from pipes, stacks, and flues of various diameters, it is usual not to consider
the process of decrease in the concentration of the escaping gas on the gas jet—cross wind in-
teraction length.

The presence of the interaction zone is taken into account only by introducing a so-called
effective discharge height Heff = H + Ah [1-3]. In this case, the coordinate origin is con-
ventionally transferred to the point where the value Heff is reached, and the subsequent cal-
culations are based on the assumption that dissipation proceeds solely under the influence of
the wind.

In reality, however, as follows for example from the results of [4, 53], at a point 20-30
diameters downstream from the mouth of the discharge pipe relative to the cross flow, the con-
centration reaches 5-10% by volume of the initial concentration in the source.

In a number of cases, for example in determining the fire risk zones for hot gas emissions,
the maximum permissible concentration in the atmosphere is of the same order. Therefore, in
order to estimate the dilution zone, it is necessary to know the trajectory of the jet and the
concentration distribution on precisely this interval.

At present, we have no rigorous theoretical equations either for the trajectory of a jet
in a cross flow or for the concentration distribution along the trajectory. Therefore, in
order to estimate these quantities we must have recourse to empirical relations.

The trajectory of a jet in a cross flow can be approximated [6-9] using power-law em-
prical relations of the type:

2 = Ag" x*", (1)

where A, m, and n are numerical coefficients which differ from one author to another; usually,
m= 0.4-0.6 and n = 0.2-0.5. ‘

Clearly, there are various reasons for these discrepancies: the experimental conditions
(open or closed channel, flow from an orifice or from a pipe, etc.); use of a relation of type
(1) to describe the velocity, temperature, and concentration trajectories which, as established
for example in [4-6], are all different; and the purely empirical nature of relation (1).

At the same time, the qualitative solution for the trajectory of a gas jet in an open at-
mosphere obtained in [10] in accordance with the "unblown jet" model shows that the jet tra-
jectory should be asymptotic due to the presence in the expression for the trajectory of the
quantity exp (—=Ax). Clearly, by expanding exp (—x) in powers of Ax and retaining only a cer-
tain number of terms of the series, we can obtain an expression for the jet trajectory z =
f(x, ...) of the power-law type (1) but with a value of the exponent n that depends on the
number of terms selected. In [3, 4, 6] jets of hot air discharged from pipes into an air cross
flow in closed ducts measuring 650 x 650 [3] and 180 x 200 mm [4, 6] were investigated. In
[3] an empirical relation of asymptotic type was proposed for the jet trajectory on the so-
called hydrodynamic interval of ascent.
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In [6] the trajectory is of the power-law type. Attention should also be drawn to the
absence of generally accepted relations for calculating the concentration distribution on the
jet—cross flow interaction length. Thus, for example, the data of [4] show that the distribu-
tion of the mean (over the jet cross section) concentration along the length of a curve tra-
jectory can be described by an expression similar in structure to that for the concentration
distribution along the axis of a straight jet [12]. At the same time, in [6] for the distribu-
tion of the maximum concentration along the length of the trajectory an expression with a
quite different structure is given.

Our analysis and a comparison with the data of [4, 5] show that the concentration dis~
tribution along the trajectory of a jet in a cross flow can be described by a relation such
- as that proposed in [4] for the mean concentration, but with another value of the numerical
coefficient and the exponent of q, and with allowance for the entrance length of the jet,
whose existence was experimentally established in [5].

The dependence of the entrance length on q can be described by the relation
Le 0,25
* _ .
LCZ‘E‘——O‘QQ s (2}
o

vwhich is confirmed by the experimental data of [5]. Accordingly, for isothermal conditions
and equal gas jet and cross flow densities the expression for calculating the concentration
distribution along the trajectory has the form

=Lt _ [0.8 (-1— 1 ) + 0.9] P (3)
o c

At the same time, the absence of data on the effect of a significant difference in jet and
cross flow densities on the behavior of the jet, which may be expressed both through the dyn-
amic heat ratio q and directly through the density ratio and the buoyancy force, makes it im-
possible to determine the precise location of the concentration trajectory and the distribu-
tion of the starting-gas concentration along it in this particular case.

In order to establish this effect more accurately, we carried out experiments on nitro-
gen and helium jets in an open cross flow of air. The nitrogen and helium were discharged
from tubes 6 and 10 mm in diameter. The air flow, created by a blower passed through a cyl-
indrical duct 490 mm in diameter and 3500 mm long. At distances of 500 and 1000 mm from the
blower perforated diaphragms, with apertures 12 mm in diameter, were mounted in the duct to
equalize the velocity field over the cross section. To the end of the duct a convergent chan-
nel with an outlet diameter of 400 mm was attached, to create a cross flow with an almost uni-
form exit velocity distribution. The velocity of the cross flow at the exit from the converg-
ent channel could be varied on the interval 3-10 m/sec.

The tube feeding the gas into the air cross flow was positioned in the plane of symmetry
z—x of the convergent channel 20 mm downstream from the exit and at right angles to the direc-
tion of the cross flow. The mouth of the tube was approximately 50 mm below the centerline
of the convergent channel. Under these conditions, for the values of the q parameter investi-
gated, the jet—cross flow mixing zone always lay within the "cone" of the entrance length of
the jet, i.e., in the flow region with a uniform velocity distribution outside the mixing
zone. The q parameter was varied from 1 to 196 for nitrogen and from 0.72 to 196 for helium;
q was varied both by varying the gas exit velocity and by specifying different cross flow
velocities. The gas concentration at a given point of the mixing zone was determined from
the admixture of oxygen from the cross flow air. The oxygen concentration was measured with
a "Fluorite" type gas analyzer. The gas—air mixture was continuously sampled with a fine
sampler tube mounted on a special plotter and connected to a micropump, and fed to the gas
analyzer.

The trajectory of the jet was determined as the line of concentration maxima in the
plane of symmetry z—x of the mixing zone. On processing the experimental data it was found
that the concentration trajectory of the nitrogen jet can be described by an asymptotic re-
lation similr in nature to that of [3]:

. — 1 — Vi
#—18y7 VE—L sy , (4)
Va exp V' x* + 1 Va 2

while for a helium jet
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Fig. 1. Concentration trajectories of nitrogen jets. 1) q = 1, wa = 8.4 m/sec, d, = 10
mm; 2) respectively, 3, 8.4, 10; 3) 5, 8.4, 10; 4) 11, 9.5, 10; 5) 14, 8.4, 10; 6) 32,
3.7, 10; 7) 57, 3.7, 10; 8) 196, 3.7, 6; 9, 10) data of [5] for q = 16 and 64, respec-
tively; curve 1 corresponds to calculations based on Eq. (4); helium: 11) q = 0.72,
wa = 8.4 m/sec, d; = 10 mm; 12) respectively, 1.6, 8.4, 10; 13) 3.7, 8.4, 10; 14) 11,
6.4, 10; 15) 33, 3.7, 10 and 6; 16) 57, 6.4, 6; 17) 196, 3.7, 6; curve 2 corresponds to
calculations based on Eq. (5).

Fig. 2. Concentration distribution along the length of nitrogen and helium jet traject-
ories: 1) calculations based on Eq. (3); 2) on Eq. (8). Designation of experimental
points same as in Fig. 1. c) Volume fractions.

Ve
= 1.8V7 (th V;

%-0.0IGx*) . (5)

The second term in relation (5) characterizes the effect on the jet of the buoyancy force

and in general corresponds to the data of [3, 11]. The curves constructed from (4) and (5)
and the experimental data are plotted in Fig. 1. The agreement between calculation and ex-
periment is satisfactory. It should be noted that at x* £ 15 the concentration trajectory of
a nitrogen jet inan air cross flow coincides with the dependence given in [6].

For a nitrogen jet in an air cross flow the asymptote is
5= 1.8V, (6)
which lies somewhat above that given in [3, 11].

For a helium jet the corresponding expression is
z5 = 1.8V (1 4 0.016x%). (7)

The data obtained indicate that the nature of the concentration distribution along the
trajectory is the same as that along the axis of a free turbulent jet [12], i.e., on the
"main" part of the jet the concentration is inversely proportional to the arc length of the
trajectory reckoned from the end of the "entrance" length with allowance for the corresponding
effect of the q parameter and the density ratio (see Fig. 2). The good agreement between cal-
culation and experiment confirms the correctness of our relation (3). The same curve also
fits the data of [5] for an air jet in an air cross flow with q = 16 and q = 64, where the
concentration of the starting gas was determined from the concentration of carbon dioxide in-
troduced into the air jet.

Corresponding treatment of the data on the distribution of the maximum concentrations in
the helium jet (i.e., on the concentration trajectory) shows that, with an accuracy suffi-
cient for practical purposes, it can be described by the relation

L¥= [0.8 (_2__1>+0.9]‘/‘;1q°’2- (8)
0
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The above data indicate with reasonable certainty that on the so-called "active" inter-
val of interaction between a jet and a cross flow the concentration trajectory of the jet is
asymptotic in character, and the relations describing the concentration distribution along
the trajectory have the same form as that describing the distribution of the volume concentra-
tion of the effluent gas along the axis of a free jet [12], but with an additional factor that
takes into account the effect of the gas-cross flow dynamic head ratio on the fall in concentra-
tion.

NOTATION

Heff, effective emission height; H, height of the discharge pipe above the surface of
the earth; Ah, uplift of the jet trajectory above the end of the pipe; z* = z/d,, x* = x/d,,
dimensionless vertical and horizontal coordinates; z, x, distances from the end of the pipe
in the direction of discharge of the jet and in the direction of the cross flow; d,, diameter
of the pipe channel; q = pyu3/pgyw3, hydrodynamic parameter; p,, pa, densities of the effluent
gas and the cross flow; u, and wa, jet exit velocity and the speed of the cross flow; L* = L/
dy, L, dimensionless and dimensional lengths of the jet trajectory; Li = Lg/do, Lg, dimen-
sionless and dimensional jet entrance lengths; c, volume concentration of starting gas.
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