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THE difficulties involved in measuring nonuniform veloc-
ity distributions in slow speed flows are such that recourse
is often made to some sort of direct flow visualization
technique. Examples include the Hz-bubble and pH-sen-
sitive dye methods and various marker-particle injection
procedures.13 Kach of these has its own regime of
applicability. However, for reasons to be discussed subse-
quently, none is suitable for studying stratified flows in
which the local Reynolds number and the local Internal
Froude number are both small. (F = V/DN, where V is
the velocity; D, a characteristic dimension; and N, the
Vaisala frequency.) This particular situation is of current
interest in connection with studies of the relaminarization
of turbulent wakes in a variable-density liquid.

Fortunately, in this case several circumstances combine
to make possible a new measurement technique. First,
small bubbles rising in a liquid at sufficiently low Reyn-
olds numbers (around 20, say, based on mean bubble di-
ameter and rise speed) proceed in a direct path to the sur-
face.; The wake of such a bubble is a sharply defined
laminar “track” which is readily visible by shadowgraph
(Fig. 1) if the fluid is stratified to the extent that N >
1 sec~1 (roughly speaking) where

N =[(—g/p)dp/dz)]!/? (1)

(p is the density, g the gravitational acceleration, and z,
the vertical coordinate.) Second, due to the pronounced
gravitational resistance to vertical motion, flows in strati-
fied fluids tend to be ‘“horizontal” in nature. This eases
somewhat the objection to the measurement of velocities
based on timeline information alone.l (The term, “time-
line,” implies a continuous line of marked fluid elements
—in this case the bubble wake—which is distorted by ad-
vection as time proceeds.) For present purposes, then, the
flow is treated as quasi-parallel and quasi-steady as far as
data reduction is concerned.

Description of Method

One important feature of the bubble track method is
that the marker-tracks can be generated conveniently at
any time and at any point without placing wires or probes
in the region of interest. This means, for example, that
the flow close to the centerline of a moving body can be
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1 This is not the case for larger bubbles (e.g., having an order of
magnitude larger Reynolds number) which swing from side-to-
side as they rise due to periodic vortex shedding.

investigated. The bubbles are produced by means of a
pulsed d.c. electrolytic circuit similar to that used in the
Hs-bubble technique. (Hydrogen bubbles are formed at
the negative electrode and oxygen at the positive elec-
trode.) The distinction is that the bubble track method
requires that the electrode area, voltage level and pulse
width be arranged to generate on command a single bub-
ble of the desired size rather than a stream of fine bub-
bles. The bubble diameter is much larger (~0.030 in.)
than that usually incorporated in the Hs-bubble tech-
nique (~0.0001 in.). The most important difference, how-
ever, is that it is the wake produced by the bubble rather
than the bubble itself which is used as a marker.

A detailed description of a specific piece of apparatus
will not be given here since it has been found that a good
deal of trial-and-error is always involved in producing a
satisfactory set-up. This is due largely to the vagaries of
electrode chemistry, many aspects of which remain in the
realm of black magic. However, a few of the more general
observations are as follows:

1) Teflon-coated, pure copper wire is a suitable elec-
trode material. Single-bubble electrodes can be made by
recessing the electrode wire in a small cavity having a vol-
ume about the same magnitude as that desired in the
generated bubble. One means of achieving this is simply
by extending the insulation over the end of the wire. How-
ever, platinized Pt wire electrodes (0.016-in. diam
sheathed in glass tubing) have been the most successful
instrument for achieving well-controlled single bubble
generation. If it is desired to generate several bubbles si-
multaneously at different locations in the field of view,
care must be taken to make all electrodes as similar as
possible. Otherwise, the bubble sizes and release times
may be vastly different.

2) The electrical characteristics required depend upon
many variables such as the conductivity of the fluid. For
cases involving dilute saline solutions (e.g., conductances
of the order of 10 -1 mho/cm), a voltage of ~30 v and a
pulse-width of several msec are suitable. Under these cir-
cumstances, a typical single-bubble electrode will draw a
current of about 200 ma.

3) The quality of bubble generation by a given elec-
trode often changes markedly with time. Thorough clean-
ing before the initial immersion as well as an extended
“aging” process in which the electrode is repeatedly
pulsed for several hours are both required. Reversing po-
larity can be tried as a means of restoring quality, but
more often than not this only succeeds in making matters
worse.

t=1/2 (sec)

t =1/4 (sec)

Fig. 1 Bubble track sequence.
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Fig. 2 Near-axis velocity profile in the wake of a towed body.

4) No unusual arrangements are required for the shadow-
graph, but since resolution is important, a small source
size is indicated. Short-arc Mercury vapor lamps are suit-
able for this purpose.

Sample Results and Discussion

Shadowgraphic motion pictures taken at some known
framing rate provide the displacement vs time informa-
tion required to compute the velocity profile.¥ An example
of such a sequence is shown in Fig. 1, and the resulting
velocity profile is given in Fig. 2. This particular flow was
generated by towing a bluff body in a fluid which was
stratified by means of a variation in salinity with depth.
The asymmetry evident in the results is real and is due to
the specific manner in which the wake was formed, and to
a purposeful lack of symmetry in the stratification distri-

§ Multiple exposure techniques using a single photograph are
also possible.
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bution. Correction for refraction errors has not been
made; however, it is possible that in some applications
this may be important.

One final point that needs to be made concerns the rel-
ative buoyancy of the fluid in the bubble wake. While this
had not been quantified, direct observation suggests that
the buoyancy effect is small (but necessarily nonzero),
especially in comparison with the Hy-bubble and pH dye
methods. This is an important consideration for stratified
fluid studies. Both of the latter techniques have been in-
vestigated in our laboratory, and the buoyancy effects
have been too large.|{ This problem suggests as a possi-
ble solution the introduction of some sort of neutrally
buoyant particle as a fluid marker. However, the diffi-
culty with the use of such particles is that they cannot be
conveniently positioned. Moreover, (and of more funda-
mental concern) they do not accurately portray the be-
havior of the fluid when dealing with mixing problems.
Since it avoids many of the troubles associated with these
other methods, the bubble track technique promises to be
a valuable laboratory tool for analyzing laminar stratified
flows.
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