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Abstract—Within a cavily. bordering a fluid in turbulent low, mass and heal transporl, along with

phenomena which depend on them (such as corrosion). are likely to be alfected by penetration of turbulence

[rom withoul. Experimenlal measurcments ol velocities within cavilies have been carried out by hot film

velocimetry. Measurements were carried oul in a wind tunnel with cavities of various shapes. of width 2-

10 mm. Turbulence was generaled by a grid upstream of the cavity and velocity Nuctuations were observed

in the cavity for all bul the smallest cavities. 11 1s suggested Lhal an eddy will penetrate a cavily if the cavily
15 larger than the Prandtl eddy length.

INTRODUCTION AND PREVIOUS
INVESTIGATIONS

CONVECTIVE mass (ransporl within cavities can influ-
ence the rale ol several phenomena of scientific and
enginecring interest. Examples are corrosion within
crevices in meltals, chemical vapor deposition in the
processing of semiconduclors, solule (ransport
between dendrile arms in solidificalion processing,
clectrodeposition into holes and heat and mass trans-
port at rough surfaces.

There have been many investligations of mass (rans-
port in cavities where the Auid within is slationary or
in laminar (or even Stokesian) low. Examples par-
ticularly relevant to corrosion have been the papers
ol Alkirc and co-workers who examined both the
stationary case [1-6] and the case where the flow is
laminar [7-9]. This group also treated the effect of
(Stokesian) low on convective transport encounlered
in processing of printed circuit boards [10, 11], a Lopic
also examined by Shin and Economou [12]). The
papers by Beck [13] and by Beck and Chan [14] are
amongst olher examples of publications examining
the connection between flow and corrosion within
small pits and crevices.

While the studies cited above have been concerned
with cavily sizes such that flow is laminar. it should
be recognized that under other conditions (larger cavi-
ties, higher free stream velocilies) turbulence may pen-
clrate a cavity with consequent effect on mass and heat
transport. It has long been recognized that Lurbulence
generaled upstream of an object can affect heat or
mass transfer to the surface of the object. A classical
example is the work of Lavender and Pei [15] who
measured the effect of turbulence, generated by an
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upstream grid, on heal transfer at a sphere placed in
a wind tunnel. This led the present authors to the
conjecture that turbulence, penetraling into a cavily,
may influence mass transport, and to the invesligalion
described herein. Indirect evidence in support of this
conjeclure Is provided by studies of heal and mass
transfer al rough or grooved surfaces. For example,
Cornel ¢t al. [16] measured the rate of mass transfer
ol dissolved oxygen to rotating discs with different
roughnesses. In laminar flow. the effect of surface
roughness was merely one on clectrode surface area.
Beyond the laminar-to-turbulent transition (itsell
effected by roughness) the rough discs showed greatly
enhanced mass transport (beyond that explicable
merely in terms of area).

Penetration of turbulence into large openings (for
example open aircrall doors) has long been ol interest
Lo the aerospace community, but there appear o have
been no studics of the penctration ol turbulence into
cavities ol an intermediale size (i.e. comparable Lo the
length scale of the turbulence). The closest studies
have been those of unsteady flows in cavilies. [or
example those of Amon and Patera [17], of Amon and
Mikic [18], and of Ghaddar er af. [19. 20]. Bogatyrev
and Gorin [21] have mecasured velocitics in such cavi-
ties under both laminar and turbulent conditions.
Those theoretical and experimental investigations
have been concerned with behaviour at high Reynolds
numbers where unsteady behavior is engendered
wilhin the cavity itsell. The present study is concerned
with much lower Reynolds numbers (0.1-3) where
turbulence is convected into the cavity from the out-
side.

The flow in the present investigation bears a super-
ficial resemblance Lo lid-driven cavily flow described
by many authors (e.g. Ghia er al. [22], Schreiber and
Keller [23], Thompson and Ferziger [24], Prasad and
Kosefl [25]. and Aidun and co-workers [26]. Again
those investigalors studied flow at much higher Reyn-
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olds numbers and any turbulence was generated
within the cavily rather than being convecled in {from
the outside.

EXPERIMENTAL APPARATUS AND
PROCEDURE

Experiments were carried out in a small wind tunnel
(approximately 0.46 m in diameter by 13 m long)
designed to operale in the weakly turbulent regime.
Turbulence was generated by a grid upstream of a
cavily set into the tunnel wall, as shown schematically
in Fig. 1. The grid was placed 50 mm from the cavily
and consisted of a perforated plate (2.5 mm diameter
holes on 5 mm spacing). Preliminary smoke tests
showed that the flow was in the direction shown in
Fig. 1 with no gross recirculation.

The cavilies were machined in various shapes and
sizes into interchangeable ‘cavily pieces’. The cavities
were cylindrical holes (height/diameter = 1). square
section Lrenches, and triangular section trenches (the
last with two different height-to-width ratios). The
trenches were 27 mm long with their lengths per-
pendicular to the tunnel axis. The widths of the cavi-
ties ranged from 2 to 10 mm. Each cavity had a small
hole opposite its mouth through which a miniature
hot film probe could be passed. The probe was secured
by an o-ring and the probe position adjustable so that
measurements could be made along the center line (or
plane) of the cavity.

In most cases the miniature hot film probe was a TSI
platinum film probe (1276-10A) which has a sensing
length of 0.25 mm and a diameter of 25 um. Instru-
mentation used with the probe consisted ol'a TSI IFA
100, a Solartron computing voltmeter (7071) and a
Rapid Systems digital oscilloscope (4 x 4) plus spec-
trum analyzer (R360). Preliminary experiments led to
the selection of a 200-C film temperature and a data
acquisition time ol 40 s as suitable. The probes were
calibrated in the wind tunnel (with the grid removed)
against calibrated pitot tubes over a velocity range of
0-8 m s~'. Over this range the measurements were
reproducible and were a good fit to the King equation.
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F1G. |. Experimental apparatus for the wind tunnel system.

RESULTS AND DISCUSSION

The results reported here principally are the time-
averaged velocity (‘mean velocity’ in the figures
below) and the root mean square deviation (‘r.m.s.
velocity’) measured along the axis (or center plane) of
the cavity, i.e. along a line perpendicular to the tunnel
wall. It should be recognized that a single film hot film
velocimeter is insensible to the direction ol the velocity
(within a plane perpendicular to the film). Conse-
quently ‘velocity’ appearing on the ordinate of Figs.
2-6 should be regarded as Lhe magnitude of the
velocity. Under conditions of fluctuating flow, the
inability of the hot film probe to distinguish positive
from negative flows may artificially increase the mag-
nitude of the mean velocity. This is not thought to be
adifficulty in the present investigation where the mean
velocily is significantly higher than the typical fluc-
tuations (r.m.s. velocity < mean velocity), i.e. flow
reversals are uncommon. It should also be recognized
that, in the case of the cylindrical cavities, the mean
flow will be three-dimensional. In the case of the
trench cavities the flow is expected to be almost two-
dimensional with a primary vortex running clockwise
when (as in Fig. 1) the free stream air flow is from lefl
to right. For the wider trench cavities wall effects may
introduce a third velocity component into the mean
flow. The depth of the measurement point within the
cavity has the following convention: negative depths
are positions within the cavity with zero being the
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F1G. 2. (a) Dependence of mean velocity on cavity size for
cylindrical cavities al various positions along cavity axis.
(b) Dependence of r.m.s. fluctuation on cavity diameter.
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F1G. 3. (a) Dependence of mean velocity on width for rec-
tangular trenches. (b) Dependence of r.m.s. deviation on
trench width.

mouth of the cavily. In all cases the probe was aligned
so thal the film was perpendicular to the tunnel axis
and parallel to the tunnel wall.

Figure 2 depicts the results for cylindrical cavities
of various diameters ranging from 2 to 10 mm. Scatter
of the measurements outside the mouth of the cavity
is due to the imprecision of the speed controller on
the tunnel’s fan which, although maintaining a steady
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F1G. 4. (a) Dependence of mean velocity on trench width for
triangular section trenches. (b) Dependence of r.m.s. velocity
on triangular trench width.
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F1G. 5. (a) Mean velocity, 6 mm rectangular trench, probe
1260 vs 1276. (b) r.m.s. velocily, 6 mm rectangular trench.
probe 1260 vs 1276.

speed, was too coarse 1o permil repeating experiments
at exactly the same velocity. It can be seen that, with
the possible exception of the 2 mm cavity, appreciable
velocities occurred in these cavities.

More significant from the viewpoint of these studies
is that turbulence, reflected in non-zero r.m.s. devi-
ation from the mean value, appeared in all but the
smallest cavity.
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F1G. 6. (a) Mean velocity, 4 mm 53"C V-trench, probe 1260
vs 1276. (b) r.m.s. velocity, 4 mm 53° V-trench, probe 1260
vs 1276.
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Figure 3 presenls corresponding results for the
square sectlion Lrench and again it is seen that, excepl
for the smallest trench. there is considerable velocity
fluctuation within the cavily.

Results for a triangular scction trench, of depth
cqual to hallits width al the mouth. are shown in Fig.
4. This trench is much more confining than the cavitics
of Figs. 2 and 3 and. as might be expected. the mean
velocities and r.m.s. deviations are smaller than in
those earlier cases. Nevertheless, significant pen-
etration ol lurbulence into the cavity appears to be
laking place (or cavilies of opening 4 mm or more. A
limited amount of mecasurement was carried oul using
a second Lype of triangular section trench with a depth
cqual to 1ts mouth width. For the 4 and 6 mm trenches
studied, the resulls were inlermediate between Lhose
of Figs. 3 and 4.

Bascd on the mean velocity at the cavily mouth and
the width of the mouth, Reynolds numbers for (he
flows of Figs. 24 range [rom 0.1 1o 3, 1.e. well below
the range al which unslcady flow would be caused by
the flow within the cavity itselfl. To [urther cnsure that
what was being delccled in the measurements was
turbulence penctrating the cavily from oultside, rather
than turbulence gencrated within the cavily, some
measurements were carried oul with the grid removed.
These were conducted using 4 and 6 mm reclangular
cavilies al a flow rale sufficient Lo give a velocily of
approximalely I m s~ ' at 10 mm above the cavity (i.e.
the same [ree strcam velocity profile as when the grid
was present). The maximum r.m.s. velocities within
the trench were 0.0013 and 0.0012 m s ' in the 4 and
6 mm trenches, respectively. These values, which may
be below the precision of the probe, are one or Llwo
orders ol magnitude below the r.m.s. values appearing
in Figs. 2—4. It appears that the turbulence within the
cavity seen in those figures is penctrating the cavities
[rom the outside, rather than being generated within
the cavity.

Although the hot film probe is a miniature onc,
nevertheless its length (0.25 mm) is a significant frac-
tion of Lhe cavity dimension, particularly [or the
smaller cavities. Tt might therefore be hypothesized
that the measurements are appreciably affected by the
measuring device. To test this hypothesis a limited
number of experimcnls were done wilh a second
probe, a TSI 1260 hot film probe which has slightly
more than twice the length (of the cylindrical sensor)
of the probe normally used. These experiments were
conducted with the grid in place. Resulls [or the two
probes appear in Fig. 5 for a 6 mm square section
trench and Fig. 6 [or a triangular trench 4 mm wide
by 4 mm deep. In both cases velocities were nor-
malized by dividing by Lhe measurements at [0 mm
so as Lo avoid the (an speed conlrol problem described
above. Differences between mesurements with the two
probes in other geometries (4 and 6 mm cylindrical
cavily) were comparable with those seen in Fig. 5 and
are not reproduced here. Il appears that the results
are insensitive Lo probe size [or these miniature probes

and Lherefore thal the probe is likely to have had
negligible effects on the velocitics.

The spectral analysis of the velocity signal showed
a distribution within the cavity that was similar to
that outside: a broad peak al approximately 25 Hz
descending Lo background noise at approximately 250
Hz. The peak at the mouth of the cavily appears
somewhal broader than al higher or lower posilions.
The spectra from measurcments within a 4 mm cavily
were indistinguishable from background.

A simple understanding of the ability of turbulence
Lo penetrale a cavity may be rcached as follows. A
plausible mechanism for the “penetration” ol tur-
bulence into the cavily is convection of the turbulence
into the cavity by the mean velocity. This suggests
that an eddy with a length scale significantly greater
than the cavily size would be unable to penctrale it.

The Prandtl eddy length can be obtained from [27]

eddy length
= fluctuating velocity/'requency’ of turbulence.

From the spectral analysis, 50 Hz would be an
approximale average for the frequency; 0.1 ms™' is
a representative value for the velocity al the mouths
of the cavilies. Hence the eddy length is estimated Lo be
2 mm. The experimental data revealed that turbulence
had penetrated the 4 mm cavily o some extent (and
the 2 mm cavily to an even smaller extent) but would
readily penetrate 6 mm and larger cavities. This simple
analysis is seen. therefore, to be in agrcement with the
data.

CONCLUDING REMARKS

Experimental measurements ol velocilies within
small cavilies have been carricd oul using hot film
velocimetry. The results suggest that turbulence in the
stream external Lo the cavily can penetrate the cavity
when the Prandtl length scale is smaller than the size
ol the cavilty mouth. It 1s concluded thal studies ol
mass and heal transport within such cavilies must
allow for the penetration of turbulence under these
circumstances.

The investigation described here was a preliminary
one: il is hoped that measurements with a grealer
spacial and temporal resolution can be carried out in
the future by laser Doppler velocimetry.
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