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Ficure 17. Mean velocities and turbulent intensities at x =0 for the external flow about a
jet issuing from a pipe (A = 0.1). Solid lines are theoretical velocity distributions (top one for z =
0.1R, and lower one for z = R). Measured values: O, @, z = 0.1R,; O, 4, z = R,. Open symbols,
u,; filled symbols, ((u')z)%/up.

values of u,/U, are less than the predicted values close to the pipe exit. This is
because the theory assumes potential flow around the pipe, whereas in reality the
flow is separated. However, within one radius above the exit the effects of the
separated flow around the pipe become small; figure 17 shows how at 2 = R, the
measured velocities of the external flow agree well with the theoretical predictions,
and, in particular, with the maximum value of u, /U, ~ 1.85.

These values for u,/U, can only be obtained for the flow about a rigid circular
cylinder when there is surface suction. Without suction, separation prevents this
value being reached. Therefore, the drag coefficient for the jet must be smaller than
that for a solid body of the same shape. Entrainment (or surface suction) reduces the
width of the wake formed behind it and, consequently, reduces the wake drag.
Hoerner (1965) presents a diagram showing the reduction of the wake drag with
suction. However, most integral models based on pressure drag need drag coefficients
of between 1.5 and 3.

Since it has been suggested by Moussa, Trischa & Eskinazi (1977) that the presence
of a wall in the (z,y)-plane at the jet exit has a significant effect on the external
velocity field, measurements of the velocity field around the jet were also made with
a false floor, placed flush with the jet exit, that extended for three jet diameters
upstream from the pipe centreline. This short length is sufficient for blocking any
vertical motion near the pipe exit, and for disconnecting the flow above the jet exit
from the flow around the pipe below the jet exit. But the length is short enough to
avoid the building up of a boundary layer of significant thickness. Figure 18 shows
that there is no significant effect of the false floor on the external flow.

The cross-sections of the jet were also photographed in the presence of this plane
wall but no measurable difference in the boundaries of the shear layer was
observed.

Additional experimental support for the description of the flow given by the
entraining vortex-sheet model can also be found in the literature. Measurements of
u, in the near field of the flow by Kamotani & Greber (1972) and by Moussa ef al.
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Fraure 18. Mean velocities and turbulence intensities at x = 0 and z = R, for the external flow
about a jet (/\ 0.1). & and @ are measured values for a jet issuing from a pipe; A and A are
for a jet issuing from a hole in a wall (no boundary layer); open symbols, u,; filled symbols,
(' )23/ u,. Solid line is the theoretical velocity distribution for the first case (theory predicts small
dxﬂ'erences between the two cases).

(1977) show a rapid asymmetric change in the vertical component of the velocity
along the trajectory of the jet. This supports the movement of the initially planar
ring of fluid shown in figure 8.

8. Conclusions

The present analysis shows that turbulent entrainment and the transport of the
transverse component of vorticity largely control the dynamics of the jet and its
bounding shear layer in the near field of jets in crossflows. In particular, entrainment
is the main mechanism that leads to the deflection of strong turbulent jets in the
direction of the stream.

This analysis and the experiments performed show that the external flow around
a strong jet is, to a first approximation, potential flow around a circular cylinder with
suction, caused by the entrainment into the jet; the diffusion of vorticity into the
wake is weak and therefore the jet does not act on the external flow like a solid bluff
body. So, the ‘pressure-drag’ mechanism is negligible compared with the effects of
entrainment on the deflection of the jet.

It has also been shown that Chang-Lu’s unsteady two-dimensional vortex-sheet
model is a basically erroneous approximation for the fully three-dimensional vortex-
sheet model for the near field of these flows. The solutions obtained for this three-
dimensional vortex-sheet model show that inviscid mechanisms alone are not
capable of describing the dynamics of the near field. In particular, they cannot
explain the deflection of the jet in the direction of the stream.

The new concepts for the vorticity dynamics that have emerged here are useful in
assessing integral models for entraining jets in crossflows, and perhaps improving
them. The integral models based on the entrainment mechanism only (e.g. Platten
& Keffer 1968; Hoult & Weil 1972) preserve the essential features of the near field
of these flows for most of the strong jets (A < 0.25; no shift of the potential core has
been observed below these ratios). For A > 0.25 the effects of the diffusion of
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vorticity into the jet’s turbulent wake have to be taken into account. Some integral
models that allow for this effect (by means of the ‘pressure-drag’ mechanism) also
include the entrainment mechanism. But the combining of these mechanisms
appears to be rather arbitrary.

From the engineering viewpoint, many of the existing integral models provide
satisfactory descriptions for the trajectory and overall size of the jet, within specified
ranges of their trajectories. However, these models have been ‘tuned’ for given
configurations of the flow (the form of the entrainment function is arbitrarily
prescribed, and the tuning constants are determined by fitting the theory to limited
experimental data). They cannot be applied to different configurations of these flows
without previous retuning (modifications of the arbitrary entrainment functions and
new coefficients are necessary).

In addition to this, these integral models do not describe either the shape of the
jet or the development of the trailing vortex pair. The circulation of these vortices
ought to be calculated to improve the models of these flows, when the far field is
modelled in terms of the vortex pairs. This useful approach for the far field cannot
be applied to the initial bending over region.

A numerical computation of the flow that would link the ‘initial conditions’ at the
near field, as given by the mathematical model developed in §5, to the vortex-pair
solution in the far field, might be a consistent and practical way of evaluating the
integral parameters and functions to be used in specific integral models for different
configurations of the flow.

The analysis presented shows that numerical computations of jets in crossflows
must include the effects of turbulent entrainment and the transport of the transverse
component of vorticity.

It has also been shown in this paper that experiments can be and need to be
devised that genuinely discriminate between different models. These tests could also
be used to examine computations closely.
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for helpful comments and suggestions, to Mr K. Saunders and the technicians of the
CUED Aerodynamics Laboratory for their assistance, and to Conselho Nacional de
Desenvolvimento Cientifico e Tecnologico-CNPq and Schlumberger Cambridge
Research for financial support.
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