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ABSTRACT

An experimental investigation was conducted on the laminar
flow of water over transverse rectangular cavities. Most of the
cavities were square ranging in size Ifrom 1/8 in. to 1 in. The flow
over the cavities was observed for an e ¥ range of from 16 to 400,
The quantity ¢ 8 may be regarded as a Reynolds number for the
cavity. It is defined as ¢ Foe uT/v yvhere € is the cavity depth,

u_ is the shear velocity, and Vv 1is the kinematic viscosity of the
fluid. The desired flow approaching the cavities was obtained one
foot from the leading edge of a flat plate suspended in an open
suriace water tunnel at free stream velocities from 0,125 to 0,75
ft/sec. Visual studies, instantaneous velocity measurements, and
velocity profile determinations confirmed that the flow was laminar,
The velocity measurements were obtained by means of a hot-film
anemometer.

The pi‘imgry goal of the investigation was to determine
whether the strong random mass-exchange activity observed in
identical cavities in turbulent flow in the same € range was due
to an inherent instability of the cavity flow or.due to the excitation
from turbplent fluctuations at the cavity opening. As the present
experiments showed no such strong mass exchange, it was concluded

that the latter mechanism was indeed the essential factor., In con-

junction with these studies the flow patterns in the cavities were
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examined by visualization techniques and cavity velocity measure-
ments were made., The cavity vortex velocities were found to be
less than 8 percent of the free stream velocity in the range of ¢ *
examined. In addition a laminar oscillation was observed in the
shear layer at the cavity opening and its frequencies are reported.
Photographic material on pp. 93-133 are essential and will

not clearly reproduce on Xerox copies, Photographic copies should

be ordered.
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I. INTRODUCTION

For the past several decades there has been considerable
interest in the nature of the flow field about the roughness elements
that comprise a rough surface. The interest comes primarily from
the desire to obtain a better understanding of the fluid flow and heat
transfer phenomena that are encountered with rough walls, so that
more effective heat-exchange surfaces may be designed.

Whereas most previous studies on flow over rough surfaces
have concerned themselves with turbulent flow, the present work is
concerned with laminar flow over the roughness elements. The
principal goal of the study is to determine whether the previously
observed unsteady flow between two-dimensional rou4ghnesses was
caused by the external turbulent flow or whether it was the conse-
quence of an inherent instability of the flow in bet&een the roughness
elements.

The original incentive for this study dates back to the work
of Dipprey (11, 12.)1, who conducted heat transfer experiments with
artificially roughened tubes for turbulent flow, In particular, he

observed that for high Prandtl numbers the upper portion of the

1 .
Numbers in parentheses refer to references.
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transition region, in the 'hydraulically smooth' to "fully developed
rough' flow transition, exhibited certain favorable heat transfer
characteristics, in that the ratio 2 Gh/Cf was greater for rough
tubes than for the corresponding smooth tubes. This was in contrast
to some earlier observations for flow over rough surfaces where it
was found that the shear represented by Cf increased proportionally
more than the heat transfer represented by Ch’ the heat transfer
effectiveness 2 Ch/cf thus falling below the Valﬁes that exist for
corresponding smooth surfaces. Interest was then expressed in the
flow pattern which might cause this observed behavior and the
examination of the flow in this regime became the subject of

Townes' work (44, 45).

Townes' experimental study in the roughness transition region
on square two-dimensional cavities (cavity length = cavity height < <
cavity span) showed that random mass-exchange bursts occurred in
this flow regime. These bursts expelled fluid from the cavity with
a violent action, thus scouring the heat—e;cchaxlge surfaces and
promoting the overall heat transfer. Since Townes' cavities had been
subjected to an approaching turbulent flow, the question arose as to
whether these mass-exchange bursts were caused by the turbulent
fluctuations in the boundary layer above the cavities or whether they
were caused by an instability in the cavity flow. The latter possi-
bility had to be considered especially as Maull and East (26) had
shown that the flow in a cavity could be unstable and lead to a three-

dimensional cellular flow.
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The principal goal of the present work was, therefore, to
study whether the observed mass-exchange. bursts were caused by
the turbulent fluctuations in the outer flow. For this purpose it was
planned to subject geometrically similar cavities to flow conditions
as nearly similar to those of Townes, but without the turbulent
fluctuations.

In addition it was intended to survey the velocity field within
and adjacent to the cavity and to determine the magnitude of the shear
stress across the cavity opening, as wecll as upstream and downstream
of the cavity., These observations were to be made by both visual
studies and by hot-film ’anemometry. For the visual studies, dye
was to be injected from either small orifices or from slots depending
on whether cross-sectional or three-dimensional characteristics were
to be studied.

The range of square cavity sizes and water flow velocities in
the present work are comparable to those of Townes. By selecting
a location near the leading edge of a flat plate, it was possible to
produce values of suriace shear in tkﬁle range studied by Townes
allowing .the intended comparative study to be carried out.

The data presented arein the form of velocity profiles, visual
and photographic observations, and jerived quantities such as shear
velocities. It is believed to be sufficient to determine the character-
istic features and differences of the [low in cavities exposed

respectively to an outer laminar or turbulent flow.
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As a '"by-product' of the principal investigation some
observations were also made on an instability in the shear layer
above the cavity. These laminar oscillations were periodic and
seemed to depend on the local velocities and cavity dimensions.
These oscillations differ from those observed by Townes in the
sense that they are periodic rather than random and do not
materially affect the flow in the cavities.

In summary, the present work was performed to help in the
formulation of a suitable model for cavity flows and to ascertain
the causes of various phenomena observed in the turbulent regime

as well as to determine the properties of laminar cavity flows.



II. REVIEW OF LITERATURE

Many investigations have been made to study the friction drop
and heat transfer behavior for rough surfaces of various kinds.
Much of this effort has been directed toward obtaining engineering
data to permit efficient design of heat transfer surfaces. Some of
the investigations have been concerned with the study of the flow
near relatively large scale roughness elements. These latter inves-
tigations, many of which may be classified as cavity flow studies,
are of primary iﬁterest here.

Most previous cavity flow investigations were experimental
studies in turbulent flow. Since the flow over most heat exchange
surfaces is usually turbulent, this type of flow is of primary engi-
.n'eering interest. The present experimental work is one of the few
which was performed in laminar flow., The results of the turbulent
flow investigations will be outlined here and will later be compared
to those from the present laminar flow experiments, The basic
differences between the two will then be discussed. .

Historically the first comprehensive investigation of a rough
surface was the study on pipe~-friction by Nikuradse (29), published
in 1933, Nikuradse constructed a rough surface by attaching sand
grains to the inner wall of a pipe. The sand grains were nearly

uniform in size and gave a close-packed, three-dimensional rough
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surface. Turbulent flow of water was examined for most of the
investigation. From the data, Nikuradse developed relationships
for the frictional behavior in pipes as a function of Re and ¢ i

3
Of special interest to the present investigation is the parameter ¢ ,

which is defined as

€ = T (2-1)

where ¢ is the sand grain size, u'T = \f;ol_p—is the shear
velocity and v is the kinematic viscosity, The dimensionless
quantity e g , which was found to govern the behavior of the friction
coefficient, is a '"‘wall parameter'', fqrmed entirely from quantities
associated with the wall region. The present investigation is also
concerned with flow conditions in the vicinity of the wall and there-
fore one should expect ¢ * to be one of the principal parameters.
Nikuradse observed three characteristic regions for the
friction coefficient and found it possible to specify these regions in
terms of ¢ * . For e * values = 3.5 the friction coefficient of the
rough surface was seen to be the same as that of a smooth surface.
This region is called "hydraulically smooth', For values of ¢ *
between about 3.5 and 67 the friction coefficient deviates from that
of a smooth surface, passes through a minimufn and then increases
toward a constant value. The region of 3.5 5 ¢ * < 67 1is termed the

£ . .
"roughness transition' region. For values of ¢ 2z 67 the friction

coefficient remains fairly constant, independent of the Reynolds
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number; the corresponding flow condition is called 'fully rough'',

In Nikuradse's work the parameter ¢ * was based on the
sand grain diameter ¢ . For different roughness types, for which
¢ 1is an arbitrarily sel'ected characteristic size, the exact numerical
value of ¢ * at the boundaries of the flow regions described above
may well be different. For transverse rectangular cavities, with
which the present work is concerned, the cavity depth is taken as € .
Frequent use of the parameter ¢ * will be made in the following
sections when describing the behavior of the flow near the cavities.
The range of ¢ * for the present investigation is approximately
15 to 400,

A later investigation pertinent to the present work is the one
by Folsom (13). Folsom used an experimental arrangement consisting
of an annulus with éeries of disks of various diameters and spacings.
The effect of these disks was to create an annular flow passage with
thin fins on the inner cylinder. In effect, the geometry between the
fins was that of a cavity similar to those examined in the present work.
In addition to pressure drop measurements, Folsom also made some
visual observations of the flow in the space between the annular fins.
The flow in the annulus was turbulent. In ''square' cavities between
the fins Folsom found a single, fairly steady vortex. Of further
interest was the observation by Folsom of a "pulsating flow'" within
the cavities, causing a fluctuation in the pressure drop across the

test section. This occurred when the spacing of the disks formed an

¢ /L (cavity depth/cavity length) value of approximately 0.3,
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Wieghardt (46) also has reported some visual observations
of flow in single rectangular cavities on a flat plate with turbulent
flow perpendicular to the axis of the cavity. Despite the differences
in geometry, Folsom and Wieghardt observed quite similar flow
conditions within the cavity;l in both cases a single, fairly steady
vortex formed in the ''square'' cavity., Wieghardt also reported
some observations for ¢ /L wvalues other than 1 . In narrow cavities
(for example ¢ /L = 2) the space was occupied by two counter-rotating
vortices, the lower or deeper vortex being very weak, The values
of € * for this work ranged from approximately 1, 000 to 10, 000,

Roshko (34) studied the wall pressure distribution and
measured local cavity velocities in a single rectangular cavity of
fixed width and Variable depth in a wind tunnel at 75 to 210 ft/sec,
There was no large difference in the shape of the pressure ciistri-
bution on the cavity walls for the two speeds, indicating little if any
influence of the approaching turbulent boundary layer thickness.
The maximum velocities of the vortex in>the cavity were found to be
in the range of 30 to 40 percent of the free stream velocity. Roshko
also noted a fluctuation in pressure readings on the cavity walls in
the ranges of € /L from approximately 0.45 to 0.85 and from
€ /L of 2 to 2.5,

The work of Maull and East (26) is of importance as it refers
to certain pulsations and three-~dimensional aspects of cavity flow.
Using an experimental arrangement similar to that of Roshko, Maull

and East conducted their flow studies by noting the pattern formed by
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an oil film on the cavity bottom. From these observations Maull
and East concluded that under certain conditions a three~dimensional
cellular type flow occurs in the cavities. .As evidence of this cellular
structure they cite the curved shape of the oil film on the cavity
bottom formed by the flow, AMaull and East postulate that the
unsteady pressures observed by Roshko and others were caused by
the inability of the cavity spans to accommodate an integral number
of the preferred three-dimensional cell spans, the cavity flow thus
fluctuating between two flow configurations. Maull and East noted
an absence of the cellular flow for 0 <e/L. s =0,45, 0.85<e¢/L <
1.25, ¢ /L > = 2,2. The findings by Roshko and Maull and East
in regard to the stable regions are, therefore, in fair agreement.
Tani et al (43) investigated the distribution of surface
pressure, mean velocities and fluctuating velocities in the flow over
a backward-facing step and over rectangular cavities in turbulent
air flow by means of piezometric orifices in the wall, small pitot
probes and hot-wire apparatus. The fre‘e stream velocity was varied
betwe_en 33 and 92 feet per second. The cavity studied had a depth, ¢,
of 1,58 inches and a variable length, L, of from 0.79 to 3.94 inches.
Of primary interest to the present work are the measurements of
Reynolds stresses near the cavity opening. These together with the
measured velocity profile in this region permit estimates of the total
shear stress acting across the cavity opening. Tani et al broadly
divided the cavities studied into "deep'' and ''shallow', the demar-

cating value of ¢ /L being about 0.7. In deep grooves, the maximum



-10-

pressure on the downstream wall was found at the shoulder,
indicating a smooth flow past the shoulder, In shallow grooves,
the maximum pressure, corresponding to a stagnation point,
occurred slightly below the shoulder of the downstream wall, The
resulting flow around the anglular shoulder led to higher values of
drag coefficient Cd for the cavity.

Further studies of the flow in transverse rectangular notches
were performed by Fox (15) in the range of ¢ /L from 0.57 to 4.0
by means of turbulence intensity measurements, mean-speed surveys,
dust pattern observations and surface-pressure measurements. The
free stream speed in the wind tunnel ranged from 160 to 600 feet per
second., Typical notch dimensions were 1 to 2 inches and the span
was 6 inches. For a velocity of 160 ft/sec the flow in the approaching
boundary layer was laminar, a fact which was ascertained by turbu-
lence intensity measurements, Fox also paid special attention to the
free shear layer over the top of the notch. He observed a marked
increase in u'/Uoo above the free stream value quite cl ose to the
front edge of the notch (less than 0.08 inches) indicating transition
to turbulence in the small region adjacent to the front edge. The fact
that transition did occur was substantiated by_ the observed straight-
line spreading of the free shear layer which is characteristic of
. turbulent free shear layers., The mean-speed traverses of the cavity
also showed the presence of cavity vortex velocities of the order of

35 percent of the free stream velocity,
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A series of heat transfer and friction studies for finned
annular tubes was conducted by Knudsen and Katz (22) who also
visually examined the flow between the annular fins. The observa-
tions for turbulent flow were similar to those of Folsom; however,
Knudsen and Katz actually extended their work into the laminar flow
region, These laminar studies which are particularly pertinent to
the present work show that the dye, used for visualization, does
not enter the space between the fins even though it is introduced
very close to the bfin tips. This indicates very poor exchange of
fluid between the cavity and the outside flow which may be contrasted
with the very good exchange of fluid across the cavity opening noted
by other investigators for turbulent flows,

Velocities iﬁside square cavities were also measured by
Mills {27, 28). The outside stream was turbulent and the average
velocity at the cavity interface was shown to be about 55 percent of
the free stream valﬁe. Additional rather ingenious experiments are
reported where the cavity flow motion was generated by the action of
a flat belt passing over the open side of the cavity.

| Mills also offered an analytical solution for the cavity flow
on the basis of a model comprising an inviscid core surrounded by
a spatially periodic boundary layer. An analysis was also performed
by Burggraf (2) who calculated the cavity flow field and pressure field
using‘Batchelor’s (1) model of an inviscid rotational core separated
from the external flow by a recirculating viscous shear layer. This

model is said to apply for relatively large cavity dimensions and
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moderate ¢ /L. Burggraf furthermore calculated the pressure and
flow fields for deep cavities, where the recirculation becomes
negligible, using Chapman's model (3) of a free shear layer, and

its extension by Denison and Baum (10) to include the boundary layer
upstream of separation.

Special mention is to be made of the work of Dipprey (11, 12)
which, in a way, served as an incentive for the present study.
Dipprey measured heat and momentum transfer in smooth and rough
tubes in a turbulent water flow. The rough tubes contained a close~-
packed, granular type of roughness with roughness-height-to-diameter
ratios ranging from 0,0024 to 0,049, The Prandtl number range of
1.20 - 5,94 was investigated and the Reynolds number range was
from 6 x 104 to 5 x 105. Increases in heat-transfer coefiicients Ch
due to roughness of as high as 270 percent were obtained. These
increases were, in general, accompanied by even larger increases
in friction céefficient Cf. However, an exéeption to this general
behavior occurred at high Prandtl nunber in the region of transition
between the ''smooth' and "fully rough'' flows where values of
2 Ch/Cf greater than those for corresponding smooth tubes were
observed.

Dipprey's results stimulated ’interest in the flow around
roughness elements. As a consequence Townes (44, 45) initiated
studies of the flow around roughness elements under conditions
similar to those occurring near the wall of a pipe. The transverse

square cavities of Townes were to represent simplified roughness
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elements. The roughness sizes ranged from 1/8 to 1 inch and the
free stream velocities in the open surface water channel varied

from 0,1 to 0.75 ft/sec. Velocity profiles taken with a hot-film
anemometer showed the flow approaching the cavities to be turbulent.
The range of ¢ * covered was from 11 to 260. Ratios of slot depth
to laminar sub-layer thickness as low as 2 or 3 were obtained with
the physical dimensions sufficiently large to allow convenient visual-
ization. The visualization study of the cavity flows led to the
classification of five characteristic fiow modes, When the slot size

exceeded the thickness of the laminar sub-layer by a factor of about

o,
0

20 (e > 200) a more or less steady vortex pattern would form in the
slots. This is the pattern that had been observed by most investi-
gators mentioned previously. However, for ¢ § values below 100
the flow in the cavity was subject to random disturbg,nces; a fairly
steady vortex pattern would form only to be destroyed almost com-
pletely by the disturbances. The instantaneous appearance of the
cavity flow pattern could be described in terms of four fairly well
distinguishable patterns which were denoted as "inflow", ''divide',
"weak' exchange'' and ''strong exchange''. As mentioned earlier, it

is to these findings that the results of the present work in laminar

flow are to be compared.
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III. EXPERIMENTAL APPROACH

A. Apparatus Criteria

As has already been mentioned in the introduction, the major
purpose of the present laminar flow work was to serve as a com-~-
parison stﬁdy to Townes' cavity flow investigation in a turbulent flow,
Thus it was desired that the flow conditions outside the cavities
correspond to those of Townes' study in all respects except that the
turbulent fluctuations be absent. This of course is not entirely
possible since, for a given wall shear, laminar flow requires a
different boundary 1ayér thickness than turbulent flow even though
the free stream velocities may be the same. Similarly the length for
the development of the boundary layers will differ. Hence the question
arises as to which parameters should be maintained constant for a
comparison study and which should be allowed to change.

Since wall parameters were considered to be of greatest
influence in cavity flows the wall shear or equivalently the shear
velocity was selected as the primary parameter to be maintained
constant in the comparative studies. Also since flow visualization
and local velocity determinations were to be made, an adequate cavity
.size was required. A nominal size range of from 1/8 to one inch,
which corresponds to that of Townes, was specified. Furthermore,

due to the desire for maintaining laminar flow the free strcam
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velocity range was bounded. Preliminary calculations, shown in
the Appendix, determined the required boundary layer development
length, the free stream velocity range and the corresponding
boundary layer thicknesses. On the basis of these requirementsk

the test apparatus described below was selected.

B. Water Tunnel

With the above requirements in mind, the low-speed, low-
turbulence water tunnel in the Keck Laboratory of Hydraulics and
Water Resources was found to be most suitable for the intended
experiments. A photograph of this water tunnel is shown in
Figure 1, and a diagram of the flow circuit is shown in Figure 2,.

The working section, which is 105-3/8 in, long, is 12 in. x
12 in, in cross section at the upstream end and 12 in, wide x 14 in,
high at the downstream end. The side windows, which are of 1-1/4 in,
thick plate glass, are pé.rallel to each other and 12 in, apart., The
top and bottom windows are of Lucite and are removable to permit
access to the working section. In fact, for all of the present work
the toio windows were removed and the water tunnel was operated
as a free surface channel.

The nozzle upstream of the working section is square in cross
section, being 46 in., x 46 in. at the inlet end and 5 ft. long. Upstream
of thé nozzle there is a prismatic section 46 in. x 46 in, in cross

section and about 4 ft, 'long which contains three turbulence damping
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screens woven of 0,018 in. diameter wire with 18 meshes to the inch,
A sheet metal honeycomb baffle with equilateral triangular passages
about 1 in. in altitude and 7 in. long is located at the upstream end

of the prismatic section, The first two vaned elbows upstream of

the nozzle are also 46 in. x 46 in. in cross section, and differ only
in the size and number of turning vanes at the corners. The vanes

in the first elbow upstream have a spacing of about 1 in. and a chord
length of 2-7/8 in. Tilose in the second elbow are spaced at 3-7/8 in.
and have a chord length of 11 in. The flare angles of the diffusers
(downstream of the working section and in the return pipe) are small
(about 5 degrees, or less) so that there is little likelihood of sepa-~
ration of the flow.

The water ié circulated by a 30-in, pump of the mixed flow
type. The pump is driven by a 30 h.p. direct current motor through
a vee-belt transmission. The water velocity in the working section
is controlled by the motor speed, which is in turn controlled by
varying the field current.

In order to take satisfactory photographs and to make hot-film
anemometer measurements it was necessary to keep the water clean,
The principal device for accomplishing this was a filter with diato-
maceous earth on cylindrical porous stones as the filtering elements.
This filter, which had a capacity of about 30 gallons per minute, was
on a by-pass circuit in parallel with the lower portion of the tunnel
circuit and was operated almost continuously when the program was

in progress. Also an algaecide was added to the water to retard
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the growth of micro-~organisms.

In order to reduce the air content of the water without con-~
structing a de-aeration facility the tunnel was filled with hot tap
water through the filter system. After circulating the water in the
tunnel for about three days the water temperature dropped to room
temperature {(approximately 680F) at which time the series of
experiments was started. It was found that in this way the air
content of the water would remain sufficiently below saturation to
permit hot-film anemometer measurements for two to three weeks
before it was necessary to change the water.

With the motor-pump coupling used for the experiments,
stable water tunnel operation was obtained for a free stream velocity
range of from 0,125 to 2,0 ft/sec, Below these speeds the motor
speed was not steady. Above these speeds the free surface became
rippled. The average free stream velocity was determined by timing
the displacement of dye droplets over known distances. The dye
droplets were introduced approximately one foot ahead of the initial
measurement station to eliminate free surface effects. The dis-
placément intervals were selected such that the time intervals were
at least five seconds. Individual timings over these intervals were
reproducible to within * 0.1 sec. in most cases., The free stream

turbulence level was found to be less than 0.6 percent in all cases.
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C. Initial Tests on Channel Bottom

As the calculations in the Appendix show, one would expect
the boundary layer to be laminar for a distance of at least 2.0 feet
at a free stream velocity of 1.2 ft/sec. In a first attempt the
possibility of using the bottom of the test section itself as the test
surface was investigated. At a station 1 foot from the entrance to
this section velocity profiles and turbulence intensities were
measured to determine the nature of the boundary layer at this
station. A linearized hot film output signal that was proportional
to the velocity was recorded on a Sanborn recorder. These traces
showed a turbulence intensity of as high as 5 percent in the boundary
layer for 0.9 ft/sec. From these observations it was concluded
that the boundary léyer was in the transition range and that it
started to grow at some rather large distance upstream of the test
section entrance, probably at the screen section that was approxi-
mately 9 feet upstream. Thus the floor of the test section was

abandoned as a possible test surface.

D. Flat Plate at Channel Centerline

As the channel bottom was not considered suitable, a flat
plate mounted near the centerline of the channel was taken as the
test surface instead. A photograph of the working section with this
plate in place is shown in Figure 3.

The plate was supported between the two vertical walls of the

test section by 2 x 2 x 1/4 in. aluminum angles. The leading edge
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of the flat plate was 1 foot downstream of the entrance to the water
tunnel working section. This distance was selected since it keeps
the influence of the side-~wall boundary layer at a minimum and still
permits easy access to the plate. The leading edge portion of the flat .
plate was cantilevered for 3 inches ahead of the support .angles, the
plate being mounted on top of these angles. Thus the flow field above
the plate, the region of interest, was not influenced by the support
angles,

The flat plate itself consists of three sections of 3/8 in. thick
plexiglass each 12 in. wide, thus spanning the entire channel and
dividing the channel flow into two regions. The leading edge section
was 9-1/2 in. long and was fitted with a 2:1 elliptical nose. The
central section was 12 inches long and contained a 7 in., wide x 7 in.
long x 2 in, deep chamber in which several different inserts could be
mounted. One of the inserts was a solid block resulting in a smooth
and unbroken surface for the entire plate. | The other inserts were
provided with different transverse slots or cavities. The aft section
was 12 in. long and terminated in a semi-circular trailing edge. To
insure the smoothness of the entire plate the three sections were
mounted and then sanded smooth while in place.

The 2:1 elliptical leading edge was selected after considerable
experimentation. Initial attempts to use a sharp or a semi~circular
1eadiﬁg edge led to boundary layer separation at approximately 1 in,
behind the stagnation point. With the elliptical nose the separated

region became intermittent showing that the problem was almost
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solved. To insure complete suppression of separation it was found
necessary to slightly tilt the nose of the plate downward. A slope of
0.009 was found to have the desired characteristic of complete
suppression of separation at all velocities. This slope was maintained
throughout the work discussed in this thesis. The slope plus the
boundary layer growth of course produced an acceleration of the fluid
as it flows over the plate. The magnitudes and effects of this

acceleration are discussed in Chapter IV,

E. Description of Cavity Geometry

As mentioned earlier the interchangeable cavity plate inserts
fit into the 7 in. wide x 7 in. long x 2 in. deep chamber in the central
section of the flat plate. Figure 4 shows the cross section of one of
these cavity plates. The insert plates were set on blocks within the
chamber and held in place by 5 screws which thread into the chamber
bottom. The mounting blocks were shimmed until the rib of the first
cavity was within 0. 001l inch of the flat plate surface. The upstream
wall of the chamber formed the upstream wall for the first cavity of
the series for all cavity sizes. Beeswax was used to fill th.e small
gaps between the chamber and the cavity plates.

The cavity sizes in the plexiglass inserts were 1/8 x 1/8 in.,
1/4x1/4in,, 1/2x1/2 in. and 1 x 1 in., respectively. The ratio
of cavity depth, ¢, to cavity length, L, was 1,0 for most cavity
plates. The ratio of cavity depth to rib length was 1/2. The span, s,

of the cavity plates was 7 inches; hence the ratio s/e¢ varied between
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7 and 56 for the different cavities, Thus the cavity span was suffi-
ciently large to have an essentially two-dimensional flow near the
middle of the span.

For several exploratory tests ribs were either removed or
added to form 1/2 in. deep x 1-1/4 in. long cavities with a 1/4 in.
rib length and 1 in. deep x 1/2 in. long cavities with a 1/4 in. rib

length,

F. Description of Dye Injection Systems

In order to make flow visualization studies dye was injected
into the flow at various locations around the cavities, The dye
solution was stored in a 5 gallon polyethylene bottle, which was
suspended approximétely 4 feet above the flat plate. From there
the dye flowed through polyethylene tubing to a six~port distribution
manifold., The valves in the manifold were adjustable to control the
injection velocity of the dye. From the manifold the dye flowed
through 0,055 in. I.D. polyethylene tubing to the injection orifices.

The injection orifices consisted of 0,025 in., diameter holes
drilledi through the plexiglass cavity plates.. All orifices were located
on the spanwise centerline of the cavity plates. Orifice No. 1 was
common to all cavities and was located 1/8 in. upstream of the
leading edge of the chamber. Orifice No. 2 was located in the center
of the first cavity(bottom. Orifice No. 3 was located in the center of
the downstream wall of the first cavity. Orifice No. 4 was located

in the center of the first rib, Two other orifices were located on two
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ribs further downstream to observe the effect of successive cavities,

A black aniline dye was used. The dye solution was checked
for neutral buoyancy by placing drops in a beaker of water. If care
was taken in placing the dye drops in the water the water dye solutions
were found to remain at almost the same level for several minutes,
the effect of currents in the water being as great as the effect of
gravity., However for some of the denser dye solutions used at higher
velocities the drops would steadily sink at rates of up to . 002 ft/sec.
This small sinking rate is less than 0.5 percent of U, at the veloc-
ities at which the denser dye solutions were used.

The injection velocity of the dye through the orifices was
carefully controlled to insure that the dye stream would not affect the
existing flow. The .valves in the distribution manifold were regulated
so that the dyc just seeped out of the orifices to be carried away by
the main flow. The method of arriving at the proper dye injection
velocity was one of trial and error,

In order to study the three-dimensionality of the flow a special
cavity insert, similar to the previous' 1/2 in. x 1/2 in, insert, was
prepafed. Figure 5 shows the cross section of this insert plate
which has a span of 7 inches, and is provided with two injection slots
along the full span of the cavity. A uniform steady flow through the
slots was observed for a gap spacing of 0,007 in, for the entire
velocity range examined (0.125 to 1.0 ft/sec). Again the flow of dye
was regulated by valves in the distribution manifold. To make the

observations, the dye in one of the slots was turned on for several
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seconds and then shut off. The flow pattern of the dye sheet could
then be observed.

In addition to injecting dye as described above, the flat plate
was seeded with finely ground potassium permanganate crystals as
an alternate method of making the flow visible. A solution of the
potassium permanganate crystals and water was injected to the desired
locations on the flat plate with the aid of a hypodermic syringe having
al/16 in, I.D, tube. This seeding method was particularly suitable
for observing the flow upstream of the cavity section and for studying

the side-wall boundary layer effects.

G. Photographic System

As an aid in analyzing the flow patterns and flow phenomena
that occur in and near the cavities both still photographs and motion
pictures were taken. Several of these photographs and motion picture
strips are shown and analyzed in Chapter V and VII.

All photographs were taken through one of the test section
walls., The lens axis was set at an angle of approximately 20° from
the horizontal. The lens system was sharply focused on the spanwise
center of the first cavity, the plane of the dye injection., Points
outside this plane thus gradually became out of focus.

The lens system consisted of a 165mm focal length achromatic
lens rhounted on the front of a 2-foot long bellows and a still or motion
picture camera placed at the rear of the bellows, Both front and rear

bellows plates were movable. With this arrangement it was possible
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to adjust the field of view for both cameras from between 1/4 x 3/8
inch to 1-1/2 x 2-1/4 inch., This was more than sufficient to insure
optimum photographic conditions, The depth of field was of the order
of 1/2 inch for most photographs, The lighting for photography was
provided by a single 1500 watt floodlamﬁ placed 2 feet above the {lat
plate.,

The still pictures of the flow field in the cavities were taken
with a 35mm camera through the lens system described above., All
photographs included the first cavity within the field of view and \;vere
focused on the dividing streamline made visible by the dye emanating
from dye orifice No., 1. To obtain the pictures the dye injection from
orifices No, 1 and/or No. 2 was started once the desired free stream
velocity had been obtained., As soon as there was a sufficient and
steady dye flow, a series of photographs was taken, showing more
and more dye in the cavity in successive pictures. The photograph
best showing the cavity flow pattern was selected from these for each
set of test conditions,

The motion pictures were necessary to record and to permit
the analysis of the laminar oscillation that was found to occur in the
shear layer at the top of the cavity for certain velocities and cavity
sizes. Since the magnitude of the oscillation was best suited for timing
in the second cavity the motibn pictures were taken of this cavity.
Since the oscillation frequencies were in the range of 1 to 12 cycles
per second a standard 16mm motion picture camera with a framing

rate of from 10 to 64 frames per second was found to be suitable.
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To obtain these pictures the dye injection from orifice No. 1 was
started and as soon as sufficient dye was present to make the
oscillations visible the motion picture camera was started.

To obtain the oscillation frequencies from the motion pictures
the film was analyzed frame by frame ana the total number of frames
per 50 cycles was recorded. The framing rate was detern\lined by
recording the time required to expose 400 frames. From these the
frequency was determined. It should be pointed out that for the
lower frequencies the use of motion pictures was unnecessary, as

it was possible to time a given number of cycles by direct observation.

H. Measurement of Local Velocities

The measurément of low local velocities in water presents
serious difficulties, but these were precisely the velocities that were
to be measured in the present experiments. The three fundamental
methods of velocity measurement, involving either the pitot tube,
tracer particles, or hot-film anemometers (or hot-wire anemometers),
all have serious drawbacks when used to measure water velocities in
the range that exists in the present experiments. In this range
(u < 1.00 ft/sec and frequently u < 0.10 ft/sec) accurate pitot tube
readings are most difficult to obtain because of the low velocity heads
involved. Since for the present study the total boundary layer thickness
is 1esé than 0.5 inches, even for the lowest free stream velocity, tracer
particles are difficult to locate and follow with the required accuracy.

This leaves the hot-film method which also is by no means trouble-free
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if water is the working fluid, Nevertheless, this method had the
most promise and consequently was selected.

The hot-film system offered the great advantage in that the
position of any given velocity measurement could be accurately
determined since the size of the velocity sensing element was quite
small compared to the extent of the boundary layer. In all of the
present work the sensor diameter was 0,001 in, which corresponds
to a minimum of 200 sensor diameters per boundary layer thickness
and 125 sensor diametcrs for even the smallest cavity. Further-
more, the active sensor length was only 0.10 in,

Among the disadvantages of the hot-film system in water is
that the surface of.the hot~film must be kept below the water
temperature at which air comes out of solution. Air bubbles on
the sensor surface inhibit the heat transfer mechanism on which
the velocity determination as well as the calibration of the instru-
ment depend. This seriously limits the allowable overheat (i.e.,
temperature difference between the hot-film and the surrounding
water) on which the accuracy of the measurement depends. This
low overheat limitation therefore imposes stringent requirements
on the stability of the sensor. At low overheats a very slight shifl
in the resistance of the sensor caused by a deterioration of the film
produces relatively large changes in the velocity calibration and as
a consequence it was necessary to perform continual calibration

checks during operation.
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The hot film probes were commerically ::waila.l:ole.‘2 Figure 6
shows the sensing element and a portion of the supporting needles of
one of these probes, Figure 7 shows the cross section of the active
portion of the sensor. The sensing element consists of a 0, 001 inch
diameter Vycor glass tube, a 1000 angstrom thick layer of platinum
deposited on the tube (the active resistive element), and a 12, 000
angstrom thick sputtered quartz coating. The quartz coating is
required for operation in water in order to electrically insulate the
current-carrying platinum film from the conductive water and to
protect the sensor from chemical attack., The advantage of a hot-film
sensor over that of a quartz coated wire is that a sufficiently high
operating resistance is obtained while the size of the element is large
enough to give it mechanical strength, The element was sufficiently
strong to allow even cleaning and bubble-removal with a soft brush,

The hot-wire anemometer set used for the experiments was
a modified Shapiro and Edwards model 60B. The circuit diagram is
shown in Figure 8., The hot-wire set output signal is proportional to
the current required to maintain a given sensor temperature. To a
good approximation this current is related to the flow velocity past
the sensor by the well-known King's Law (7, 21):

| 1
Nu = A + B Re® (3-1)

2ZE‘rom Thermo-Systems, Inc,, 2500 Cleveland Avenue N.,
St. Paul, Minnesota,
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where Nu is the Nussult number, Re is the Reynolds number oi
the wire, and A and B are constants involving hot-film and fluid
properties., This equation can be written in a more useful form for

the present work as:
[ : ]2
u = -
(Clei) C2

where e; is a voltage proportional to the current to the hot film,
u is the fluid velocity past the sensor, and C1 and CZ are again
constants involving hot-film and fluid properties.
For calibration purposes and for ease in data reduction, it
was advantageous to record a signal that was directly proportional to
the fluid velocity. To accomplish this the signal from the hot film
was processed through a linearizing circuit. The operations are
described below,
(2) The hot-film output was amplified to a convenient level.
(b) This signal was then squared by means of a quadratron circuit.
(c) From the output of (b) the constant CZ was subtracted by
means of a bias voltage. This constant corresponded to the
natural convection component at the given temperature
difference. To determine the required bias voltage the sensor
was immersed in a 4 in. high, 1 in. I.D. tube filled with water
from the water tunnel. Then the bias voltage was adjusted
until the output of the sum of the squared hot-film signal plus

the bias voltage was zero.
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(d) The probe was then replaced in the flowing fluid. The signal

(Clei)2 - C2 was then squared by another quadratron circuit,
The result was proportional to the velocity u according to
Equation (3-2).

(e) Part or all of this output signal could be biased by an accu-
rately known voltage to obtain greater reading accuracy in the
measurement of the output voltage. This bias voltage was
obtained from a calibrated -300 V to +300 V power supply
built into the linearizing system.

The linearizing circuit which performed the above functions is shown

in Figure 9. The voltages at various stages of the linearizing circuit

were read from a Hewlett Packard Model 425A DC Micro Volt-

Ammeter by means of a 1000:1 divider probe. This voltmeter was

calibrated against accurately known standard voltages. The possible

reading error of the voltmeter scales was less than £ 1 percent in

all cases.

For the velocity profile measurements the hot-film probe was
positioned by the traversing mechanism shown on Figure 10. This
piece of apparatus was equipped with a micrometer feed which was
accurate to within + 0, 0005 inches. The initial detefmination of the
distance vy from the_ center of the sensor to the flat plate (y = 0)
‘was accomplished with the aid of a brass pointer, shown on Figure 11,
which was made to touch the flat plate (or the cavity bottom for cavity

profiles), The distance Y1 between the pointer tip and the center

of the sensor was previously measured by an optical comparator to
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within 0, 0001 in, After the initial determination of the probe zero
point the pointer was of course removed. To obtain a further check
on the accuracy of positioning the pointer was reset and the pointer-
sensor distance remeasured after the velocity i:rofile had been
taken. In all cases the error was less than £0,0005 in. Thus the
maximum possible cumulative error in position was estimated to

be less than £ 0,001 in.

To determine the velocity at a given point .in the boundary
layer or in the cavity the procedure presented below was followed;
First the specified free stream velocity was attained by adjusting
the speed of the circulating pump of the water tunnel. In this way
the desired velocity could be obtained to within + 1 percent. The
average free stream velocity was then measured by timing dye
droplets for a known distance as described earlier. Five readings
were taken. Only when the five readings were within + 0.1 sec. of
the mean was the tunnel considered at steady state conditions and
ready for tests. At this time the hot-film cold resistance of the
sensor was measured, the 4 percent overheat (defined in terms of
the increase in electrical resistance) was set, and the hot-wire
instrument was balanced (at the free stream velocity). The pre-
amplifier gain was adjusted to the proper output level for the
successive amplifie:fs. The sensor was immersed in the tube and
the bias voltage was adjusted to read zero output, The sensor was
replaced in the free stream and the second stage amplifier gain was

adjusted to a convenient output level. The output of the third stage
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was now proportional to any velocity in the range from zero to free
stream.

To check the proportionality of the third stage output to
velocity, a series of calibration tests was periormed. These tests
were conducted in a tow tank, the probe being towed on a carriage
being driven by a variable speed D. C, motor regulated by a speed
control. The true towing velocity of the probe was determined by
timing the probe travel over known distances. Four calibration tests
were performed, each having a maximum velocity that corresponds
to one of the four free stream velocities of the main test series
(UOO = 0.125, 0.250, 0.50 and 0,75 ft/sec). The maximum
velocity and zero velocity were taken to balance and adjust the
system parameters by a method analogous to that used in the velocity
profile runs. The water in the tow tank was siphoned from the water
tunnel to insure comparéble operating conditions. The overheat in
all calibration tests was about 4 percent. Typical results for these
calibration tests are shown in Figures 12 and 13, cach corresponding
to one of the desired maximum velocities.

These figures are plotted with (u/ Uoo)i as the abscissa and
(u/UOO)t as the ordinate. The subscript 1 refers to the so-called
indicated velocity which is computed from the electrical signal o the
hot-film system assuming King's law to hold ar‘ld perfect operation of

the entire hot-film system. The velocity u_ is based on the speed of

t

the carriage in the tow tank. This was the most convenient form for

applying the calibrations to the data. The quantity li(Cle,l)2 - CZ]Z/
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2. CZ]Z is ideally equal to the ratio (u/UOO), i.e., if the

(€12 o)
above-mentioned assumptions are strictly obeyed for the entire

range of velocity. In that event the (u/Uoo)t vs. (u/Uoo)i curve
should be the 45° line shown on the calibration curves. The deviation
of the experimental calibration curve from the 45° line indicates the
extent to which these requirements. are not satisfied,

The calibration curves show good reproducibility for the data
taken before and after the velocity profile measurements. This
insures that the particular probe and the adjustments of the electrical
apparatus used for the measurements did not change or deteriorate
during the course of the measurements. It also lends credibility to
the fact that the exact overheat is not a critical variable in the
reproducibility of data since the overheat could only be set to within
+ 2 percent of the desired value, i.e., (4.00 = 0.08) percent overheat.
This is further substantiated by some of the data on Figure 12 which
was taken by J#mes (20) in distilled water using a different probe
(of the same size) and at 5 percent overheat.

Although it has no direct bearing on the accuracy of the velocity
measurements, some thought was given to the possible causes for the
deviation of the calibration curve from the 45° line. It was concluded
that the electronic system of the hot-film was most likely responsible.
This conclusion was supported by the results of a separate series of
tests on the heat transfer from the sensor by James (20)., In these
tests there were definite indications that in the low velocity range the

control system allowed the wire temperature to deviate in a systematic
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way from the selected value. Consideration was also given tc the
possibility that King's law may not be sufficiently accurate at the low
heat transfer fates, to possible wall effects for readings taken close
to the surface, and to the limitations of the electronic squaring
circuit. None of these effects is believed to l?e responsible for the
observed deviations. This opinion is based in part on experimental
tests conducted as part of the present work and on information given
in the literature on the convection from wires. The references in

the literature include studies on the efiect of the proximity of the wall
and in addition a full series of calibration tests was performed in

this laboratory with the velocity sensor located from 3 to 20 diameters
from the wall,

The principal non-systematic errors stem, of course, from
the low overheat allowable with water and the stringent requirements
which, therefore, have to be placed on the stability of the amplifiers
and the electrical properties of the sensor, One particular hot-film
sensor Qas found to be superior in this respect and almost all of the
velocity measurements reported herein were taken with this unit.
Consiaering all the uncertainties the error in the velocities is esti~

mated to be less than £3 percent of the free stream value.

I. Recording of Instantaneous Velocities

As one check to determine if the boundary layer was indeed
laminar a series of experiments was performed in which the output

of the linearizing circuit (proportional to the velocity) was recorded
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by a Sanborn recorder. In these tests most of the linearizing circuit
output was cancelled out by a bias voltage. The remaining signal was
then applied successively to a Sanborn model 150-1000 AC-DC pre-
amplifier, a Sanborn model 150-200B driver amplifier, and a Sanborn
model 152-100B recorder. The low biased input signal allowed the
use of sensitive scales of the instruments to aid in the detection of
turbulent bursts., The entire boundary layer was traversed for all
four iree stream velocities at which experiments were conducted.
Stations 1/4 inch ahead of the cavity, in the center of the cavity, and
on the center of the rib behind the cavity were examined. The fre-
quency response of the above combination of instruments is flat
between 0.4 to 50 cycles/second with a rise time of 10 milliseconds.
The sensitivity is vériable between 1 mv, to 2 volts per millimeter,
The system did prove suitable for the intecnded measurements and

the results are discussed in Chapter IV.
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IV. FLOW CONDITIONS

A. Instantaneocus Velocity Measurements

Prior to taking the hot-film velocity measurements and
studying the flow structure in the cavities it was necessary to firmly
establish the flow conditions ahead of the cavities. Most importantly
it was necessary to establish that a laminar boundary layer indeed
existed ahead of the cavity. To obtain this information several
serie's of preliminary experiments were performed.

Based on the results published in the literature one would
expect the boundary layer on the flat plate immediately ahead of the
cavity to be well within the laminar flow regime as for the present
experiments the Reynolds number based on the free stream velocity,
Uoo’ and the distance from the leading edge, x , 1is below 75, 000.
This number is well below the figure of 300, 000 which is character-
istic for the laminar-turbulent transition of the boundary layer.

In order to examine the type of flow more directly instantaneous
velocity studies using the Sanborn recorder were performed to
indicate any possible presence of turbulence. Measurementé taken
ahead of the cavities for the two lowest free stream velocities
(U, =0.1252and U = 0.250 ft/sec) showed no signs of any velocity
disturbances. The run at Uoé = 0.500 ft/sec showed only 6 velocity

disturbances in about one-half hour that might be classed as turbulent
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bursts. These disturbances occurred in the boundary layer between
y = 0,05 in., and y = 0.20 in. Their average duration was 5 seconds

(approximately 3 maxima in this time) and the average rms intensity

u'?‘

observed, defined as , was about 2 percent. A tracing of the
strip chart showing two such disturbances is shown in Figure 14. The
U00 = 0,75 ft/sec run also showed only occasional turbulen;:eulike
patches in the boundary layer between y = 0.05 in. and y = 0.175 in,
The average rms intensity observed was about 1.75 percent and the
peak-to-peak period averaged 1.7 seconds with the number of patches
approgimately twice as frequent as for the Uoo = 0,50 ft/sec case.

Similar series of instantaneous velocity records were also
taken in the center section of the cavities and on the center of the rib
behind the cavity. The results of these measurements were similar
fo those just upstream of the cavity. In general no increase in the
intensity nor in the frequency of occurrence pf the random distur-~
bances was noted.

It was concluded that the flow in the boundary layer at the
cavity station and for velocities below 0.75 ft/sec was laminar and
free of significant disturbances. The occasional fluctuations are
believed to be '"patches' of turbulence which occur as a forerunner
of transition, or possibly amplified disturbances originating in the

main . stream and carried by the circulation system.,
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B. Flat Plate Transition Studies Using Potassium Permanganate

Seeding

As an independent test to study the existence of laminar-
turbulent transition on the flat plate, the cavity section was covered
with the smooth insert and potassium permanganate crystals were
seeded at various locations. The potassium permanganate crystals
were crushed with a mortar and pestle until their size was less than
0,004 in, in diameter so that the crystals themselves would not
disturb the flow appreciably. These small crystal fragments were
then deposited at the desired location on the flat plate by injecting
them, mixed with water, through a hypodermic needle with a 1/16
inch internal diameter. The dye trails of the crystals could then be
studied. A laminar streakline spread quite slowly due to diffusion
making the region from y = 0 toy = = 0,02 in. visible. Any turbulent
burst (similar to those observed by Runstadler, et al (36) in the
laminar sublayer of a turbulent boundary layer) was readily discern-
ible as a rapid movement of the dye filament normal to its usual line
of travel, For these tests dye crystals were deposited at x = 2 in,
and x = 20 in. In addition the cavity dye system orifice No. 1,
1/8 inch upstream of the normal cavity location, was used to deter-
mine the flow properties along the channel centerline immediately
upstream and across the normal location of the cavities.

The span of the plate may be divided into a central portion and
the two outer portions which were influenced by the side walls of the

channel. The undisturbed central portion was the one of importance
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for the present investigations. The regions of influence of the
boundary layers which were growing on the side walls of the channel
were restricted to the outer portions. These boundary layers which
start a considerable distance upstream of the test plate became
turbulent within the velocity range of this test series. The outer
portions spread as the velocity was increased thus encroaching on
the central portion,

The observations showed that at velocities up to about 1.0
ft/sec the entirely laminar central portion had widths of 6 in. at
x = 24 in. and 10 in, at x = 12 in. At velocitieslof about 1,5 ft/sec
the portions influenced by the side-wall boundary layers extended to
the center of the plate at x = 24 in, The point at which the two outer
portions met moved upstream with increasing velocity., At the position
at which most of the experimental work was performed ( x = 12 in, )
the central laminar portion was about 3 in., wide even at the highest
flow rate (Uoo = 1,75 ft/sec). No measurements were made, how~
ever, at velocities above 1.75 ft/sec, because of the waviness of the

free surface beyond this speed.

C. Cavity Potassium Permanganate Seeding Studies

Flow visualization tests by means of potassium permanganate
seeding as well as by dye injection were also performea with one of
the cavity inserts in position (four 1/2 in., deep by 1~1/4 in. long
cavities)., This study was performed to investigate the effect of the

cavities themselves on the turbulent transition. The permanganate
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crystals were sceded at x = 2 in. and x = 20 in., the latter being just
downstream of the cavity section.

Concentrating on the central 10-inch portion of the plate no
bursts indicative of turbulent transition were observed Ior velocities
from 0.23 to 0.38 ft/sec. All streaklines from the individual dye
crystals remlained coherent and showed only laminar characteristics
to the end of the entire 33-1/2 in. long plate,

t about 0.4 ft/sec a weak oscillation was detected near the
interface of the last cavity. As the free strear;n velocity was increased
to about 0.5 ft/sec the oscillation became stronger and the third cavity
began to show some activity, In addition the flow downstream of the
cavities began to look quite turbulent with the dye being rapidly
dispersed. This turbulent-like condition was first observed down-
stream of the cavities and then moved upstream as the velocity was
increased until it occurred as far upstream as the last cavity for
U,=0.5 ft/sec.

From Uoo = 0.50 to 0.75 ft/sec all cavities exhibited the
laminar oscillation, the magnitude of the oscillation increasing with
increésing free stream velocity and with increasing x. In this velocity
range the flow downstream of the mid-point of the cavity insert plate
showed considerable turbulence as evidenced by the swirling dye
motions and the rapid disintegration of dye filaments. In fact it
was n.ecessary to also seed permangzanate crystals at x = 10 inches
in order to obtain a sufficient dye concentration to observe the dye

filaments in the cavity region. - However, the flow within and immedi-
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iately above the first two cavities did not show evidence of
turbulence. The flow in these cavities showed a standing vortex
pattern with no random motions characteristic of turbulence. In
this velocity range the influence of the turbulent side-wall boundary
layer penetrated to within the sides of the cavities (2-1/2 inches
from the wall). In fact for the highest velocities the outside 1/2
inch of the 7-inch wide cavities showed signs of turbulence indicating
a side~-wall boundary layer influence on the cavity flow.,

As the free stream velocity was increased from 0.80 to 1.75
ft/sec, the turbulence became more evident over the cavity section
and everywhere within the cavities, The three-inch wide central
portion of the first cavity did not show signs of turbulence until Uoo
approached 1.0 ft/sec.

In summary one should note that for even the highest velocities
examined here (over twice the maximum primary test velocity)
transition did not appear to occur ahead of the cavity section in the
central three inches of the channel., Furthermeore, the central three
inches of the first cavity, the only one studied in subsequent tests,
did not show evidence of turbulence in the range of the primary

test velocities.

D. Side-Wall Boundary Layer

Although, as pointed out in the previous section, the boundary
layers on the side walls do not interfere with the experiments, a brief

description of these layers will be given.,
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The boundary layer on the side walls of the channel begins to
grow somewhere in the settling chamber upstream of the nozzle.
As the flow passes through the nozzle (approximately 5 feet) and
through the upstream two feet of the test section the side-wall
boundary layer continues to grow. By the upstream end of the cavity
section this boundary layer has been growing for approximately
10 feet and it is turbulent along the side walls of the test section for
most of the velocities used in the experiments. This fact was
verified by seeding permanganate crystals on the side walls (small
crystals clung to the vertical walls) and noting the turbulence in the
dye streaks. This turbulence was noted even at the entrance of the
working section for a velocity of 0.25 ft/sec. It may be pointed out
that the boundary lajer on the channel bottom (a similar boundary
layer growth length for this case) is also turbulent as indicated by

the preliminary tests described in Chapter IIL

E., Free Surface

The channel test section had a height of 12 inches and was
operated as a free surface channel. Since the test plate was mounted
on the centerline of this channel it was located only 6 inches below
the free surface and the question arose as to whether the free surface
would have any effect on the results.,

There are several reasons why the effect of surface tension
and secondary flow phenomena at the free surface can be neglected,

even though such phenomena were observed. (For instance, at



42

Uy, = 0.125 ft/sec dye and dirt particles on the surface would flow
upstream, not just relative to the free stream but also absolutely
with respect to the channel walls.) The first reason, and probably
the most important, is that the flow character being examined,
namely the interaction of cavities with a laminar boundary layer,
should depend strongly on only the properties of that boundary layer
rather than on the free stream portion of the flow. The properties
of the boundary layer that are used for the evaluation are physcially
measured and would automatically include any effects of the proximity
of the free surface. Secondly, velocity measurements made in the
free stream show a 5 inch high region of uniform velocity between
the boundary layer and the free surface, indicating that the surface
effects do not seem to penetrate deeply.

The above is true, however, only as long as the free surface
does not form any significant waves as some effects of these are
transmitted through the free stream portion of the fluid and affect the
boundary layer. It was noted for example that the fluid near the plate
was set in motion when the surface was manually agitated such that
waves of about 1/8 inch height were produced. The effect of these
waves was found on the velocity records of the hot-film measurements
and was also visually observable in the dye traces over the cavities.
It was found that these waves would damp out in a period of from one
to three minutes, Waves of smaller amplitude did not produce an
observable effect in the boundary layer. It was found that without

intentional agitation the free surface was smooth to the degree that it
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produced no observable effect for velocities of less than 1.75 ft/sec

which is well above the range of test velocities.

F. Velocity Profile in the Central Portion of the Channel

No complete velocity mapping at a given channel cross section
was made. However, several simple experiments were conducted to
obtain an estimate of the uniformity of the free stream velocity
profiles across the square éhannel.

First of all the average free stream velocity was measured at
various stations away from the channel centerline. This was accom-
plished by injecting drops of dye at various =z (spanwise dimension;
z = 0 at test section centerline) stations at x = -5 inches (5 inches
ahead of the leadingA edge of the flat plate) and by timing these drops
between x = 0 and x = 24 inches with a stopwatch. The drops were
introduced at the free surface and would sink as they traversed down-
stream, the average y distance being app'roximately 3 inches.

These tests were conducted at a free stream velocity of 0.250 ft/sec.
Five readings were taken for each value of z. These were all found
to be With + 0.1 second (+ 1.25 percent) for the given z station.

The =z locations studied were =4, =2, and O inches. The sum of the
five readings for each station was found to be within 1,5 percent of
the value for z = 0, Thus it was concluded that the flow in the free
streaxﬁ itself was uniform.,

A further check was made using the hot-film system. The set

was balanced at Uoo = 0.25 ft/sec, y = 2 inches, z =0, x= 12 inches.
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Then y was varied from y = 2 inches toy =5 inches and z was
varied from z = -3 inches to z = +3 inches, in increments of 1 inch
in both directions. No detectable variation in hot wire output signal

was noticed during this experiment.

G. Acceleration of the Free Stream

Due to the slope aé which the test plate was mounted to
eliminate flow separation near the leading edge and due to the growth
of the boundary layers on the tunnel walls as well as on the plate
itself the fluid accelerates as it passes through the test section. The
magnitﬁde of the acceleration was determined by measuring the local
velocity as a function of x (x = 0 at the leading edge of the flat plate)
for f_ixéd y outside of the boundary layer. Measurements were
made at several flow rates and for different distances y above the

plate. Plots of Uoo(x)/Uooo, versus x (where U denotes Uoo(x)

Q

at x = 12 inches) are shown for U_ = 0.125 ft/sec and 0.75 ft/sec
o]

in Figures 15 and 16, respectively. The front edge of the cavity
section corresponds to x = 12 inches. As Figures 15 and 16 show the
acceleration is approximately constant over the cavity section. The

magnitudes of the average flow acceleration from x = 0 to 12 inches

1

u
O g

For discussion purposes the term 'free stream velocity" and

are recorded in Table 1 as

dUoo(X) / dx.

the symbol Uoo are used to indicate the average free stream velocity
in all but the present part of this dissertation. It should be noted that

the average free stream velocity, by its method of measurement and
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definition, closely corresponds to the local free stream velocity at

x = 12 inches, the section of primary interest in this work,

H. Velocity Profiles Upstream of the Cavities

Velocity profiles were measured on the flat entrance plate
1/4 inch ahead of the cavities (x = 11.75 in.) in order to determine
the actual approaching flow conditions, These measurements were
made both with the 1/2 x 1/2 inch cavity insert in place and with the
smooth insert instead of the cavities. No differences were noted in
the approaching velocity profiles for these two cases indicating no
measurable upstream disturbances due to the cavities. The profile
measurements were made for average free stream velocities of
0.125, 0.25, 0.50, and 0.75 ft/sec. The data areplotted as u/UOo
versus y/ﬁ* in Figure 17. As can be seen from this figure, the
data for all four free stream velocities fall- on a single curve.

The primary objective of the detailed velocity profile
measurements ahead of the cavities was to determine the actual shear
velocity uT (or equivalently the wall shear stress) at this point. The
magnitudes of the shear velocity derived from the wall slope of these
profiles ahead of the cavities are tabulated in Table 2. In addition,
the values of the displacement thickness 5* are also given in this
table., From the measured values of shear the parameter o uT /v
was calculated, These ¢ B values are given in Table 3 as functions

of the cavity depth ¢ and the free stream velocity Uoo" Considering

the data scatter, the reproducibility of measured quantities, as well
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as the other uncertaintiecs, the accuracies of uT and ¢ are esti-
mated to be + 4 percent. The accuracy estimate for 5* is also
about = 4 percent.

The velocity profile obtained is one corresponding to an
acceleration of the free stream and is not a classic Blasius profile,
No attempts were made to eliminate this acceleration as for the
present purposes the exact velocity profile was immaterial. To
obtain a rough comparison, however, a laminar profile was computed
taking into account the measured average acceleration of the outer
stream. The resulting profile matched the actual one considerably
better than the Blasius profile, Nevertheless there remained a
discrepancy of about 20 percent in 5* and about 40 percent in u_ .
No attempts to refine the computation or to modify the test installation
were made as the prevailing flow was believed to be adequate as

indicated above.
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V. EXPERIMENTAL RESULTS

A, Photographs of Flow Pattern in Square Cavities

Photographs of the flow patterns within the cavities were
taken as described in Chapter III. The flow was made visible by
means of the dye injection system described in the same chapter.
Several representative photographs are shown in Figures 18-24.

The size of the smallest cavity was 1/8 x 1/8 inch and the
lowest free streém velocity was 0.125 ft/sec., This set of conditions
led to the lowest value of ¢ * le * 15.8), and the corresponding flow
is shown in Figure 18 in which the first three cavities are visible.
The flow was from right to left. | Dye was injected from the orifices
1/8 inch upstrcam of the leading edge of the first cavity in the center
section of the plate. The photograph shows this dye sweeping over
the first three cavities, The standing vortex in the first cavity was
made visible by injecting dye from an orifice in the center of the
cavity bottom which was shut off several seconds before the picture
was taken. Due to the very low velocities in the cavity and the lack
of fluid exchange at the interfacc the dye remained lvery dense and
showed the steady vortex pattern for periods of several minutes.

This same steady vortex pattern is also observed in Figures
19 to 24 for all of which ¢ was below 192, Figure 19 shows the

first three 1/8 x 1/8 inch cavities at U__ = 0.75 ft/sec. The dye
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from the upstream orifice again sweeps over the cavities without
exhibiting any fluid interchange. The dye emanating from the bottom
orifice in the first cavity clearly traces the vortex pattern in the
cavity. Figures 20 and 21 show the flow patterns in the first two
1/4 x 1/4 inch cavities. For Figure 20 the free stream velocity was
0.125 ft/sec and for Figure 21 it was 0,50 ft/sec. Both figures show
the dividing dye streamline passing over the cavity without fluid
exchange, the dye making the flow visible in the first cavity having
been injected from the bottom orifice several seconds before. For
Figure 21 the dye injection velocity was slightly too high and the
basic flow was being disturbed somewhat; the dye filament was
separated from the pre-cavity flat plate and the rib behind the cavity.

The flow in the first of the 1/2 x 1/2 inch cavities is shown in
Figures 22 and 23, the free stream velocities being respectively
0.125 and 0.50 ft/sec. Both figures show that the cavity vortex is
shifted slightly toward the downstream wall of the cavity. Figure 23,
taken at a higher velocity than Figure 22, shows some of the dye that
had previously settled in the boundary layer on the cavity bottom being
entrained into the cavity vortex, whereas Figure 23 shows little
activity in this region. Note that the dye appears to be slightly too
dense so that it sinks in these two figures. Again the steady vortex
is noted.

The flow pattern in the 1 x 1 inch cavity, the largest square
cavity for the present experiments, is shown in Figure 24 for a free

stream velocity of 0,25 ft/sec. Again the well-established steady
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vortex exists in the central portion of the cavity but the fluid near the

cavity bottom shows little trace of movement.

t
k0

For the observations described above (15.8 < ¢ = = 192) both

the approaching flow and the cavity flow were entirely steady and
laminar. At an ¢ * value of approximately 200 a new phenomenon
was observed which consisted of a rather weak periodic oscillation
of the shear layer over the cavity. This oscillation was confined to
the immediate vicinity of the opening of the cavity and left the vortex
flow essentially undisturbed. This phenomenon, which was termed
"laminar oscillation' will be discussed in some more detail in
Chapter VII.

As the free stream velocity was increased to a value above
2.0 ft sec the approaching boundary layer at the cavity location and
the cavity flow became turbulent. This flow regime is outside the
region of principal interest in the present experiments, It is the
region of turbulent flow at high ¢ for which Townes observed a

rather steady though strongly turbulent vortex. The same type of

pattern was also observed here.

B. Study of Three-Dimensional Effects in Cavity Flows

The 1/2 x 1/2 inch cavity insert constructed with dye slots
running the entire 7 inch span of the cavity (described in Chapter III)
was installed in the test section to investigate any possible three~
dimensional effects of the flow in the cavities. For these tests a

relatively dense dye solution was prepared that would sink slightly
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so as to provide dye throughout the cavity.

For the first series of tests dye was injected through the slot
in the cavity bottom in a uniform sheet., After several seconds the
injection was terminated and the motion of the dye sheet was noted.
Most of the dye injected from the slot lay on the cavity bottom (i.e.,
only a small portion entrained by the cavity vortex), indicating very
low velocities in this region even at the highest free stream velocity
(U =0.75 ft/sec). For U, =0.125 ft/sec the dye creeping from the
slot extended both upstream and downstream, indicating an almost
complete absence of velocity in the dye layer. For higher free
stream velocities the fluid motion in the cavity was sufficient to
sweep the dye onto the upstream half of the cavity bottom. The dye
sheet on the cavity bottom became stationary approximately 10-40
seconds after the end of dye injection (depending on the free stream
velocity) and showed no evidence of three-dimensional cells. Also,
except for some end effects at the spanwise extremes, the cavity flow
appeared to be completely twb—dimensional. The above observations
are the composite result of 6-10 tests made for each free stream
velocifsr. The duration of dye injection and hence the amount of dye
in the cavity was varied slightly from test to test,

The second series of tests to examine possible three=-
dimensionality of the flow consisted of observing the movement of the
uniforrﬁ dye sheet from the slot 1/8 inch ahead of the cavity. Due to
the density of the dye a portion would flow over the rib behind the

cavity and the remainder would sink making the cavity flow visible,
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Both portions of the dye sheet were found to exhibit steady uniform
characteristics for Uoo < 0.5 ft/sec. No spanwise variation was
noted for either portion of the dye sheet in the central three-fourths
of the cavity span. At the next higher velocity, Uc;o = 0,75 ft/sec, the
laminar oscillations at the cavity interface were noted, but no three-
dimensionality was detected even in this case.

In summary, no three-dimensional cellular patterns were
observed in any of these tests. In addition, the flow in the central
five inches of the cavity was found to be entirely two-dimensional. It
should be pointed out that since ¢ /L was equal to 1 for the cavities
studied, this result is compatible with the findings of Maull and

East (26) in turbulent flows.,

C. Velocity Profiles Within and Above the Cavities

Profiles showing the velocity field within and above the first
cavity are shown in Figures 25-31. These were selected as being
representative of the 17 different sets of test conditions (Uoo’ X
and ¢ wvariable). The conditions corresponding to each of these
profiles are listed in Table 4.

Figures 25-30 correspond to velocity profiles measured above
and within the center section of the cavities. The profile obtained for
the lowest value of ¢ * (e * 31.6, ¢ = 1/4 in., U = 0.125 ft/sec)
for Which measurements within the cavity were made is represented
in Figure 25. The profiles in Figures 29 and 30 were taken in a

1 x 1 inch cavity and for a free stream velocity of 0.50 ft/sec. These
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two figures correspond to the highest value of ¢ * (e * e 286.4) for
which cavity velocity profiles were measured.,

For all cavity-center velocity profiles one finds that the
velocit;/ in the y = 0 plane of the cavity interface is in the range of
1/4 to 1/3 of the free stream value. The velocity then becomes
undetectable as one proceeds downward through the cavity. The
point where the velocity approaches this zero value varies with x4
and U_, butin general lies in the y/¢ range of - —1-10- to - -%- .

After the region of non-detectable velocity, which probably corresponds
to the solid-body-type vortex center, the velocity again becomes
measurable with the present instrumentation as longas U _ = %I-ft/sec.
This velocity in the lower portion of the vortex in all cases was found
to be less than 8 percent of the free stream value. For a free stream
velocity of 0,125 ft/sec no velocity could be detected in the lower half
of the cavity with the given hot-film system. This is not surprising
since the velocities in this portion of the cavity are expected to be of
the order of a few: thousandths of a foot per second for this free
stream velocity.

Off-center velocity profiles were also measured for the 1 x 1
inch cavity at the upstrecam and downstream quarter points of the
cavity. The lower portions of these profiles are shown in Figure 31 for
U =0 50 ft/sec. From the location and magnitude of the velocity
peaks in the cavity it seems that the vortex was slightly shifted

toward the downstream bottom corner of the cavity. This is verified

by the photographs of the flow pattern in the square cavities presented
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earlier. The magnitude of the peak vortex velocity for a given free
svtr‘eam velocity, as detected by the three separate profile measure-
ments, is approximately the same.

As a check on the cavity velocities measured with the hot-film
system (as reported above) an independent study by means of timing
dye drops was made in the .l x 1 inch cavity. The radius of the
maximum-=-velocity dye filament was estimated and the time for the dye
filament to trace one revolution of the cavity was noted. The velocities
determined from these measurements were of course average
velocities for one revolution. Since the velocity in the shear layer
across the cavity is greater than the velocity in the remainder of the
circuit these average velocities would be expected to be slightly -
higher than the velocities detected by the hot-film measurements in
the lower half of the cavity. The tests at U__ = 0.125 ft/sec showed
cavity velocities of approximately 0,004 ft/sec as compared to
undetectable velocities for the hot-film measurements. For
U, = 0.50 ft/sec these tests showed cavity velocities of approximately
0,017 ft/éec as compared to hof-film values of 0,015 ft/sec.

'The shear velocity (or shear stress) in the fluid at the cavity
opening is a measure of the amount of momentum exchange between
the cavity and the adjacent boundary layer. These values for all the
cavity profiles are tabﬁlated in Table 4. As expected the {ree stream |
%/elocity exerts a strong effect on these values. A diminishing of this
shear as one proceeds downstream along the cavity is noted. The

velocity profile exhibits an extended straight line portion near y = 0



and the slope of this line is based on as many as 30 velocity points.
The data scatter was negligible and the shear veiocities are estimated
to be accurate within 2 percent. In .general, the shear velocity at the
cavity interface (y = 0) was found to be about one-half of the value

immediately upstrcam of the cavity.

I
i

A value of ¢ “ based on the approximate average shear across
the cavity can be calculated from these shear stress measurements.
The measurements on the 1 x 1 inch cavities show that the shear
velocity remains fairly constant from the upstream to the downstream

quarter points of the cavity. Thus taking the shear at the cavity

Abe
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centerline as an average for the cavity opening a parameter ¢,

defined as ¢ = ¢u /v was calculated., These values are given
TC
in Table 4 and are found to be close to one-half of the ¢ " based on the

shear just ahead of the cavity., Duec to the higher shear stress that

must be present in the transition regions. at the front and back edges

sle
Exd

of the cavity eC‘ as computed here will be somewhat lower than the
corresponding parameter based on the true average for the cavity

interface.

D. Velocity Profiles Downstream of the Cavity

The velocity profiles shown on Figures 32-34 were measured
above the center of the rib behind the cavities. Each profile corre=
sponds to one cavity size, and hence one value of X (the distance
from the upstream cavity wall). The data for all free stream

velocitiesare found to fall on a single curve for each figure when
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plotted as u/Uoo versus y/ 5*.

From these profiles the shear velocity u and the displace-
ment thickness'. 5* were calculated. These values are reported in
Table 2. In general one observes that these shear velocities are
about 8 pércent higher than the pre-cavity values. This higher wall

shear is a consequence of the sudden start of a new surface, the rib.

To summarize the development of the shear velocity

(u = V -g-;l; Jy—b on the y = 0 plane as one traverses downstream
- \V | v=

across the 1 x 1 inch cavity Figurc 35 was plotted. Separate curves
of u_ o as function of 3 for U_ = 0.125, 0.25, and 0.50 ft/sec are
shown. The sheaf velocities reported were computed from the wall
shear 1/4 inch ahead of the cavity, the y = 0 cavity interface shear
for the upstream quarter point, center, and downs tl_'eam quarter point
of the cavity, ‘vand the wall shear on the center of the rib downstream
of the cavity. Generally the shear velocity at the cavity interface

is approximately 50 percent below the value ahead of the cavity;-

that behind the cavity about 8 pércen£ above. The dashed lines

represent estimnates and are not based on measurements.

E. Photographs of the Flow Pattern in Non-Square Cavities

In order to obtain some indication of the effect of the shape
of the cavity some exploratory tests were conducted with two cavities
for which the length L differed from the depth ¢. These cavities

were exposed to a range of free stream velocities from 0.125 to
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1.0 it/sec and the observed flow patterns are reported below.

The series of photographs in Figures 36 - 40 show a 1/2 inch
deep by 1-1/4 inch long cavity located 12 inches downstream of the
leading edge of the flat plate. The free stream velocities in Figures
36-40 are consecutively 0.125, 0.25, 0.50, 0,75 and 1.0 ft/sec. In
Call photographs the dye was injected 1/8 inch ahead of the upstream
wall of the cavity and from one of several orifices located around the
perimeter of the cavity., Figure 36 shows an elongated vortex shifted
toward the downstream edge of the cavity. The fluid flow near thé
upstream bottom corner is toward the upper right, indicating that
this fluid is traveling as part of the primary vortex. On the other
hand in Figure 37 some motion of the fluid near the upstream bottom
corner toward the bottom left may be observed, indicating the presence
of a weak second vortex in this region rotating opposite to the primary
vortex, Figure 38 at a still higher velocity (Ug, = 0.50 ft/sec) shows
the presence of an increasingly stronger secondary vortex in the
upstream bottom corner. In Figure 39 at U, = 0.75 ft/sec the
secondary vortex is quite distinct. In addition, if one. examines the
dye flowing over the rib following the cavity, one sees evidence of the
laminar oscillation in the forfn of a dye finger just past the rib., The
evidence of the oscillation is more distinct in Figure 40 which shows
a waviness in the dividing streamline as far upstream as the cavity
center as well as the dye finger escaping over the rib, In this photo-
graph, which was taken at Uy, = 1. 0 ft/sec, a considerable amount

of turbulence is also noticed.
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The photograph in Figure 41 shows a 1 inch deep by 1/2 inch
long cavity at a free stream velocity of 0.25 ft/sec. Evidence of two
counter-rotating vortices is indicated. The sinking "finger'' of dye
that is observed is caused by the relatively high dye density. Similar
observations for Uoo = 0,125 ft/sec do not show the bottom vortex
because of the very low absolute velocities.

These observations for non-square cavities have shown steady
flow characteristics in the same region where steady characteristics
were observed in the square cavities. Also the onset of the laminar
oscillations was detected for about the same ¢ * as for the square
cavities. In their flow pattern studies in finned annuli in laminar flow
Knuds en and Katz (22) also failed to observe the bottom vortex in deep

cavities at the low flow wvelocities.
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VI. DISCUSSION OF RESULTS

A. Parameters for the Comparison of Laminar and Turbulent Flow

Over Cavities

The primary goal of the present work was to compare the flow
in geometriqaily similar cavities exposed alternately to laminar and
turbulent flo/w. " In a previous inves tigation Townes (44, 45) had
performed the turbulent flow studies and found significant fluid
exchange between the cavities and the adjacent boundary layer. By
subjecting the cavities to a "similar' flow without the boupdary layer
fluctuations and observing the cavity activity the influence of the
turbulent fluctuations was determined.

To obtain this kind of 'similar' flow it was decided tol establish

the same surface shear stress at the cavity. In dimensionless terms

e y Tolp

this similarity may be expressed by the parameter ¢ Yo >

which was introduced earlier. The comparison will then be made
between flows in a cavity for which the only difference is the boundary
condition at the open interface. At this interface the shear stress is
to be maintained the same, but in one case the interface is subject to
turbulent fluctuations whereas in the other case such disturbances are

to be absent,
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It is to be understood that ¢ " alone will not insure a complete
similarity of the entire flow field, The two flows of course differ in
boundary layer thickness, distance from the leading edge, etc., and
these differences are the very ones which lead to a turbulent
boundary layer in one case against a laminar one in the other.
Complete similarity would, in fact‘, defeat the purpose for the present
experiments,

For full similarity a second dimensionless parameter would
have to be introduced. Any parameter such as x/e, 5*/e or Re_
would serve this purpose, Of these, ReX is particularly ;onvenient
as it is gencrally used in the literature in reporting transition from
laminar to turbulent flow. For flat plate flow the transition ReX is
in the range of 3,0 x 105 to 106 depending on the iree stream turbu-
lence intensity. The present work for which Re_  is below 105 is
therefore well within the laminar range. For Townes' turbulent
flow work Re_ varied between 6 x 10% and 3.6 x 106.

In the foregcﬁng it has been assumed that a single dimension,
¢, is sufficient to specify the cavity. If rectangular cavities with

various ratios of depth e to length L are to be introduced an

additional parameter such as ¢ /L would have to be added.

oo
=%

B. The Shear Term in the Parameter ¢

It is necessary to comment on whether ¢ " based on the measured
wall shear stress immediately ahead of the cavity, rather than e:

based on the true shear stress that exists at the cavity interface, is
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a valid wall layer similarity parameter for the laminar-turbulent
comparison. Intuitively it appears that the true shear stress in the
fluid at the cavity interface is the meaningful shear stress. It is this
quantity that one would expect to govern the mutual interaction
between the cavity and the adjacent boundary layer. It is also this
quantity, rather than the stress ahead of the cavity that one would
expect to develop and propagate an instability in the interface region.
To compute the turbulent shear stress at the cavity interface
measurements of the velocity profile as well as of the turbulent
fluctuations are required. Townes did not measure either of these

quantities and, therefore, a direct comparison with his work on the

e
Exd

basis of ¢ c‘ is not feasible., One can, however, make some
estimates of the ratio ¢ C*/G ) from available .measurements in both
laminar and turbulent flow. From the present work one finds that, on
the average, for the four free stream velocities for which measure-

ments were made, the value of C"‘/e “  was about 1/2. For

turbulent flow, on the other hand, from the data of Tani, et al (43)

ale
sk re

one finds ¢_  about equal to ¢ “. In this case the shear stress was
] 1
computed from the relation - = g—; + puv where du/dy and

1 1
uv were measured at y = 0 in the center of the cavity. The corre-

sponding value ahead of the cavity was obtained using the equation

-0.2

C.= 0.0592 (Rex) (39). While these measurements in turbulent

f
flow were performed at an ¢ * about 10 times greater than those in

Townes' experiments they do indicate that the total cavity interface
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shear is not expected to differ drastically from the pre-cavity value
in turbulent flow. The Rkeynolds stress is of course included in the
estimate of the total s‘hear, and it is interesting to note that the

Reynolds stress comprises over 95 percent of the total shear stress

at the cavity interface for the case cited.

3
4

For the present work both ¢ " (based on the shear ahead of the
cavity) and ec"‘ (based on the shear at the center of the cavity
interface) were computed. The experiments by Townes covered a

range of ¢ * from 12-260 and the present experiments extended from

Te

e o f
E

16-400 in terms of ¢ = and 8-200 for ec' . Although ¢ " and €.
differ by a factor of about 2 for the laminar flow, both ranges well
overlap the experiments by Townes. In addition the observed flow
patterns in the present experiments are not sensitive to ¢ * and the

findings may well be reported in terms of either parameter. Since

e
bd

¢, 1is entirely composed of measured quantities whereas ¢

requires certain approximations, the laminar and turbulent flows

3

will be presented on the basis of ¢ “. In the discussion, however, it

ale
R

will be kept in mind that EC' may be the more significant parameter.

C. Comparison of Cavity Flow for Laminar and Turbulent Approaching

Flows

Accepting € * (based on the shear ahead of the cavity) as a
suitable parameter for the presentation of results, we may now proceed
to compare the present work and that of Townes on this basis. As

)

b3
mentioned earlier both experiments included the ¢ range from
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about 10-200,

For the same ¢ * any difference in the observed flow in the
cavities must stem from the nature of the flow just outside the
cavity, i.e., from the presence or absence of turbulent fluctuations.

Let us recall then the principal findings concerning cavities
exposed to turbulent flow. Townes had observed randomly changing
flow phases inside the cavity which he classed as "inflow', 'divide'!,
"weak exchange', and 'strong exchange'. All four flow phases
occurred for ¢ * less than 100 with the '"strong exchange' mode
disappearing for e * greater than about 100, The changes in flow
pattern resulted in rather large and violent velocity fluctuations
throughout the cavity. In particular, the 'strong exchange'' pattern
would often cause an almost complete exchange of cavity fluid with
fluid from the adjacent turbulent boundary layer. No continuous
stable vortex motion in the cavity could be observed in this range of
. with the cavity exposed to turbulent flow,

In contrast Ito this, for the present laminar flow study,
especially below ¢ * s 200 (e C* = 100), the cavity was in a perpetual
"divide'' phase with little or no fluid exchange with the adjacent
boundary layer. As the cavity flow pattern photographs and the visual
observations have shown, in laminar flow the vortex system in the
cavity was completely steady and stable in this range of ¢ *. Even
above € * = 200 the stable vortex continued to exist within the cavity;

however, the dividing streamline between the outer and inner flow
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began to be unstable and to fluctuate in a periodic sinusoidal manner,
The effect of these oscillations was confined to the immediate vicinity
of the dividing streamline and did not disturb the steady vortex pattern
to a significant degree.

One may state, therefore, that with a laminar boundary layer

ate
i~

flow, the steady vortex pattern persisted for a wide range of ¢ .
This is true no matter whether ¢ ¥ is defined on the basis of the shear
over the cavity or the shear directly upstream. " This steady flow is
contrasted with the randomly changing flow patterns observed by
Townes.

Thus it can be concluded that the apparent cavity vortex flow
instability in the turbulent flow was theresult of the velocity fluctuations
in the adjacent boundary layer penetrating to within the cavity and not
the result of any inherent instability of the flow within the cavity.

This is the information which was desired at the outset and for which

the present experimental study was designed. It confirms the hypoth-

esis proposed as a result of the observations by Townes.

D. Velocities in the Cavity Region

Although the observations of the steadiness of the flow patterns
was the principal purpose of the investigation, some attempts to
measure the velocity within the cavity were made. Irom these it
was noted that the ratio of the maximum velocity in the lower half
of the cavity to the velocity of the free stream was much different in

the case of a turbulent free stream than in that of a laminar one, For
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turbulent approaching flow the magnitude of the maximum cavity
vortex velocities observed by Roshko (34), Fox (15), Tani et al (43),
and others was found to be of the order of 30-40 percent of the free
stream velocity. Although Townes did not measure local cavity
velocitiés directly one may derive from his original films values
of the order of 15-30 percent for this ratio. For the present laminar
flow studies, on the other hand, the ratio of maximum velocity in
the lower half of the cavity to free stream velocity was always below
8 percent. In fact, for all cases, the velocities at the cavity interface
(y = 0 plane) for the laminar flows were only between 1/4 and 1/3 of
the free stream. Thus even these values are below those observed
in the cavity.vortex in turbulent flows.

These results indicate, as one may expect, that the turbulent

shear stress in the fluid acts as a more efficient mechanism of

momentum transfer to the cavity than a purely viscous shear stress.
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VII., LAMINAR OSCILLATIONS

A, Description of the Laminar Oscillations

In the previous sections it was mentioned that under certain
conditions an instability was observed at the interface between the
fluid in the cavity and the outside flow. The streamline over the
opening of the cavity would begin to show a sinusoidal motion and
for reference purposes the phenomenon has been called "laminar
oscillations'., The oscillations were made visible by dye injection
just upstream of the cavity, They were also detected by velocity
measurements at the cavity opening.

It should be emphasized that the study of these oscillations
is not a part of the main work of this thesis. As a result, not all
facets of the phenomenon have been thoroughly investigated. However,
since the oscillations were observed in the flow regime of the cavity
studies, the description of the phenomenon, the conditions undex
which it occurred, and some correlations of the observed frequencies
are reported here.

When viewing the dividing streamline the sinusoidal motion
could be seen clearly. At the downstream edge of the cavity the
oscillation would result in an alternating overflow and inflow. The
sequence of motion picture film in Figure 42 illustrates this motion.

The film strip shows the top portion of the downstream half of the
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second 1 x 1 inch cavity plus the rib behind the cavity. The free
stream velocity was 0.50 ft/sec and the framing rate was 12.0
frames/second. The observed oscillation occurs at a frequency of
2.00 cycles/second.

The two photographs in Figures 43 and 44 also show evidence
of the laminar oscillations. Both show the first 1 x 1 inch cavity. In
the former the free stream velocity is 0,50 ft/sec and for the latter
the free stream velocity is 0,75 ft/sec. The waviness of the dividing
streamline and the finger of dye extending over the rib behind the
1/2 inch deep by 1~1/4 inch long cavity have already been pointed
out in Chapter V (Figures 39 and 40).

Velocity measurements exhibiting the oscillations are shown
in the form of two portions of Sanborn strips (Figures 45 and 46).
The strip in Figure 45 was taken on the rib following the first 1 x 1
inch cavity at Uoo = 0.50 ft/sec. The measurements were made for
y = 0.015 in. at which point u/Uoo = 0.33. The signal on the chart
is proportional to the velocity., The frequency of the fluctuation is
2,04 cycles/second and the root-mean-square amplitude is found to
be 2.3 éercent of the local mean velocity. The strip of Figure 46
represents measurements in the center section of the 1 x 1 inch
cavity for U_ = 0.50 ft/sec and y = -0,10 in, (i.e., 0.10 inches
below the top of the cavity) at which point u/UOo = 0,043. The root-
mean~-square fluctuation intensity based on the local mean velocity

is 10,02 percent, and the frequency is again 2,04 cycles/second,
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It should be emphasized that the character of the laminar
oscillations observed in the present work differed entirely from the
random fluctuations observed by Townes. First the former are
regular and periodic as distinct from the random occurrence of the
latter. Secondly the turbulent fluctuations were quite violent
affecting a major portion of the fluid in the cavity whereas the
laminar oscillations left the continuous vortex pattern inside the
cavity undisturbed with only the flow near the downstream top corner
of the cavity being slightly modified.

In the literature similar oscillations have been theoretically
predicted by Lessen (24) for the free shear layer between two parallel
flows and observed by Sato (38) for a half jet. Lessen theoretically
treated the stability of the boundary layer between two semi-infinite
parallel flows, A solution for the mean velocity distribution was
derived and one branch of the neutral stability curve was calculated.
Lessen concluded that the boundary layer between parallel streams is
an unstable flow configuration except at low Reynolds numbers
(Re‘S less than 10), Sato's experiments on a laminar half jet were
conducted in a wind tunnel in the free stream velocity range of from
9.8 to 49 ft/sec. The flow was two-dimensional without pressure
gradient, and the boundary layer before separation had a Blasius-type
velocity distribution. Entrance plates varying from 1.77 to 13.6 in.
were ﬁsed to study the effect of boundary layer thickness. Hot-wire
anemometer measurements detected the existence of regular

sinusoidal velocity fluctuations of up to several percent of the main
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stream velocity in the transition region of the separated layer. The
present cavity geometry differs from the geometry in both of these
works, but for all thrce the laminar free shear layer exists and the
occurrence of the oscillations appears to depend on the stability of

this laminar free shear layer.

B. Flow Regime of the Laminar Oscillations

U _x
The lowest boundary layer Reynolds number (

} at which
the oscillations were observed was approximately 30, 000 and the
highest Reynolds number at which the oscillations were distinct and
occurred at a well-defined frequency was 150, 000, Thus the boundary
layer flow conditions in the entire range where the oscillations were
observed were laminar, hence the name 'laminar oscillations'' for the
observed phenomenon, Above the highest boundary layer Reynolds
number reported here, the flow in the cavity interface region became
quite violent with the presence of large scale eddies being observed.
It appearced that the cavity was tripping the flow to a turbulent flow
state. Thus the indications are that the observed oscillations are
present just prior to and during the early stages of a laminar to
turbulent transition of the free shear layer at the cavity interface.
This is the same flow regime where Sato (38) observed the fluctuations
in the half jet.

Of the four sizes of square cavities examined (1/8 x 1/8,
1/4x1/4, 1/2x1/2 and 1 x 1 inch) only the latter two exhibited the

laminar oscillations at the velocities examined (up to 1.5 {t/sec) in
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these studies. The two non-square cavities (1/2 inch deep and 1-1/4
inch long; 1 inch deep and 1/2 inch long) also showed the oscillations.
Each cavity size appeared to have a critical velocity below which the
oscillations did not exist. As the critical velocity was approached
from below the downstream cavity in the series (4 cavities in the

1 x 1 inch cavity plate, 9 cavities in the 1/2 x 1/2 inch cavity plate,
etc.) was the first to show the oscillation. As the velocity was
increased, successive upstream cavities exhibited the oscillation
until finally all cavities were active. The upstream travel of the
oscillation activity seemed to be uniform and generally occurred
within a U__ range of 0.05 ft/sec.

The lowest free stream velocity for which the oscillations
could be detected in the first cavity, for both the square and the non-
square cavities, was about 0.3 ft/sec for ¢ = 1 inch and about 0.6
ft/sec for ¢ = 1/2 inch. This corresponds to a cavity Reynolds

number (based on ¢ and Uoo) of 2400 for both instances,

C. Frequencies of the Laminar Oscillations

The oscillation frequencies for all active cavities in a given
cavity plate were identical and thus could be measured in any of the
cavities. Since the dye concentration in the dividing streamline
appeared best for observing the oscillations at the rear of the second
éavity, all measurements, both the visual timings and the motion

picture data, were taken there.
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The frequencies of the laminar oscillations are tabulated as
2 function of the free stream velocity in Table 5 for each of the four
cavities examined that exhibited the oscillations. Also shown are the
Strouhal number defined as S, = fe /Uoo and the cavity Reynolds
number defined as Re = Uooe /v . Plots of frequency versus free
stream velocity and Stroubal number versus Reynolds number are
shown in Figures 47 and 48, respectively, with the data keyed to
indicate the particular cavity geometry for which it was taken.

The data can be summarized to some extent as follows, For
¢ = 1 inch the inception velocity is about 0.3 ft/sec with a corre-
sponding Re, of approximately 2400. The lowest observed
frequency was approximately 1.1 cycles/second at inception. For
¢ = 1/2 inch the inception velocity was about 0.6 ft/sec with the Re,
again at approximately 2400, TFor this case the observed frequency
varied from 3.70 to 12.0 cycles/second as the velocity was varied
between 0.58 and 1.5 ft/sec.

The correlation velocity used in computing the Strouhal number
was the free stream velocity and on this basis a relatively constant
value of S was obtained. As Figure 48 shows - except for the 1 inch
deep by 1/2 inch long cavity above about Re_ = 4800 -the values of 5,
using this velocity are bounded between 0. 24 to 0.36 for the entire
range of Re, examined (2400 to 7500},

It should be pointed out that the oscillation frequency éppears
to be influenced by the cavity depth in addition to the other character-

istic lengths, such as the cavity length, L, and the displacement
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thickness of the outer boundary layer, 5*, which are also expected
to be of importance. In fact, for the four cavities examined in which
the oscillations were observed the cavity depth appears to be the
principal dimension governing the frequency. As Figure 47 shows
the 1/2 inch square and the 1/2 inch deep x 1-1/4 inch long cavities
exhibited the same relationship hetween frequency and velocity (Uoo)’
and also led to a considerably higher frequency at a given veiocity
than the 1 inch square cavity. The 1 inch deep by 1/2 inch long cavity
on the other hand showed the same frequencies as an inch deep cavity
at low velocities. Beyond a velocity, Uoo’ of about 0.6 ft/sec,
however, it showed frequencies corresponding to a one-half inch deep
cavity. It should be noted that this elocity corresponds to the
inception velocities noted for the ¢ = 1/2 inch cavities.

It is expected that the laminar oscillations depend on al least
three parameters, for iﬁstance 5*, € *, and € /L. A complete anc
thorough analysis would require a detailed program in which these
parameters were systematically varied, DBut as pointed out earlier,
the analysis of the flow stability of the shear layer over the cavity
was not the primary goal of this invesfigation. The findings are
reported here as incidental information, in the hope that the data may
be of use in future investigations of this specific problem.

In order to compare the laminar oscillation frequencies

observed with those of other investigators the data are plotted as

S = 2rig vs. Re = Uooe/v in Figure 49 following the procedure

0 S 6
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of Sato (38). To obtain the values of momentum thickness ¢ the
pre-cavity displacement thicknesses.were divided by a factor of

2.57. This value was obtained from Curle's (9) summary of laminar
boundary layer flows with pressure gradient. The amount of deviation
from Blasius flow was determined by the comparison of the measured
displacement thicknesses to thosc f3r a Blasius profile. Values of
displacement thickness for velocities above 0.75 ft/sec were ob~-
tained by extrapolation. While these methods of estimating the
existing @ wvalues could result in some error, the ratio 5* to 9 is

a very insensitive function of the acceleration and the error in 0 is
estimated to be less than 10 percent. The oscillation frequencies that
Sato measured for the half jet and the upper half of the theorectical
neutral stability curve for the free shear layer between two semi-
infinite parallel flows calculated by Lessen (24) are also shown in
Figure 49, A parameter representing the effect of the cavity size, ¢,
does not appear as Lessen and Sato consider only one geometrical
arrangement corresponding to ¢ —>» oo. The data from the present
work fall into two groups indicating an eéffect of the geometry. it

is noted that all of the data points from the current work fall below
the upper branch of the neutral stability curve and are thus probably
in the unstable zone. However, since the lower branch of the neutral
stability curve has not been calculated one cannot be certain that ali
points are above this branch of thé theoretical neutral stability curve.
Although a direct comparison between the data presented here and that

of Sato is not possible because of the differences in geometry it is
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seen that the Strouhal numbers for the two cases are of the same
general magnitude. This gives further credence to the view that the

same basic phenomenon is involved.
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SYMBOLS AND ABBREVIATIONS

Constant used in King's Law, Equation (3-1)
Constant used in King's Law, Equation (3-1)
Constant in King's Law as written in Equation (3-2)
Constant in King's Law as written in Equation (3-2)
Constant in King's Law as written in Equation (3-2)
Cavity drag coefficient C, = Drag/-lz— onoz

. L. . . 1 2
Friction coefficient Cg = q-o/—z-ono

Heat transfer coefficient Ch =q/ onon (TW - Tr)

Hot-wire set output voltage

Hot-wire set output voltage at free strecam velocity
Frequency of laminar oscillation

Length of cavity

Nusselt number

Pipe or wire Reynolds number Re = Uood/v

Reynolds number based on boundary layer thickness,

Cavity Reynolds number, Re, = Uooe /v

Reynolds number based on momentum thickness,

Re6 = UmG/V
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Flat plate Reynolds number based on distance x from

leading edge, Re = Uoox/v

Cavity span

Cavity Strouhal number, S = f¢ /Uoo

Strouhal number based on momentum thickness,

SG= ZTTiG/UOO

Time
Local mean velocity in x direction, u = u(x,y)

Fluctuating component of u

Shear velocity, u_= q-O/p
Cavity shear velocity, u_ = v -g—li y =0, x=L/2)
. Te \/ v

Average free stream velocity between x = 0 and x = 24 in,

Free stream velocity at x = 12 in.

Fluctuating component of velocity in y direction

Distance from leading edge of flat plate

Distance from upstream wall of cavity

Distance above flat plate surface

Distance between sensor and locating rod

Location of maximum velocity in lower half of cavity

Location where velocity approaches zero in shear layer
across the top of the cavity

Spanwise dimension, z = 0 at channel centerline |
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Greek Letters:

& Thickness of boundary layer
5* Displacement thickness of boundary layer
co
5T = Jf (1 -u/U_)dy
0
6 Momentum thickness of boundary layer
co
6 = f uw/U_ (1 - u/Uoo) dy
0

€ Cavity depth
e Dimensionless roughness pafameter based on.pre-cavity

wall shear, € = eu /v
-

€. Dimensionless roughness parameter based on cavity
interface wall shear, ¢ * 2 e uTC/v

T Shear stress at y = 0

p Fluid density

[t Absolutc viscosity

1% Kinematic viscosity
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APPENDIX

DESIGN CALCULATIONS

Preliminary design calculations were made to determine the
boundary layer development length and the free stream velocity
range to span a given shear velocity range in a laminar flat plate
flow., The shear velocity range desired was that of Townes' study,
i.e., 0,0075 ft/sec = u,_ 0.031 ft/sec. The working fluid was
to be water at about 23,5°C, Thus the kinematic viscosity v is

5 ftZ/sec. For these calculations the results of the

1.01 x 107
Blasius solution are used.

From the Blasius solution for laminar flat plate flow:

1 du _
o @ = 0.33206 (A-1)
oo 1”] =O

where

"

n o=y U /v (A-2)

Eliminating g

3

(0.33206)°U -2
x = [:du/dy‘ ] (A-3)
- A%

y=0
“or in terms of uT

(0.33206)°U_ v

x = v (-A"4)
u

T
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The above is the primary relation between x, Uoo, and u_
A second relationship between these variables is obtained from the
requirement of laminar flow., The Reynolds number ono/v for
laminar-turbulent transition is given in the literature as between

5 to 10° (39). To be on the safe side a maximum ReX of

- 3.0x10
300, 000 is allowed. A further requirement of the boundary layer is
that it be thick enough so that velocity profiles can be precisely
measured. A minimum § value of 0.10 inch was considered
satisfactory.

From Equation (A-4) the following table was prepared using

the maximum and minimum desired shear velocities:

x  (U) wy

o 'u, max ' u_ min (Rex)u,r max (s )u,r max

(£t) (ft/sec) (ft/sec) (inch)

0.5 0.113 0.76 38, 000 0.154
1.0 0.142 0. 96 96, 000 0.196
1.5 0.162 1.10 165, 000 0.221
2.0 0.179 1.21 242,000 0.244
2.5 0.193 1.30 325, 000 0.264
3.0 0.204 1.38 414, 000 0.280
4.0 0.226 1.52 608, 000 0.308

From this table one observes that any boundary layer

development length between 0.5 and 2.0 ft. should be satisfactory
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in that it gives the required shear velocity for a convenient free

stream velocity range in laminar flow.
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TABLE 1

AVERAGE FREE STREAM ACCELERATIONS MEASURED
BETWEEN THE LEADING EDGE OF THE FLAT PLATE AT

x = 0 INCHES AND THE TEST SECTION AT x = 12 INCHES

U dU _/dx 1/U0 dU _/dx
o} w oo oo
o o
(ft/sec) (1/sec) (1/1t)
0.125 0.0086 0.069
0.25 0.0130 0.052
0.50 0.0230 0.046
0.75 0.0330 0, 044
U = Free stream velocity at x = 12 inches.
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TABLE 2

SUMMARY OF

PRE-CAVITY AND POST-CAVITY VELOCITY PROFILE DATA

e
Exd

U : € X u

o 1 ™ 6
(ft/sec) (in.) (in.) (ft/sec) (in.)
0,125 -0.25 0.0152 0.112
0.125 1/4 0.31 0.0162 0.113
0.125 1/2 0.625 0.0164 0.117
0.125 1 1.25 0.0169 0.098
0.25 -0,25 0.,0232 0.089
0.25 1/4 0.31 0.0251 0.080
0.25 1/2 0.625 0.0246 0.075
0.25 1 1.25 0,0248 0,080
0.50 -0.25 0.0346 0.070
0.50 1/4 0.31 0.0363 0.072
0.50 1/2 0.625 0.0367 0.0064
0.50 1 1.25 0. 0406 0.058
0.75 -0.25 0.0483 0.051
0.75 1/4 0.31 0.0507 0.050
0.75 1/2 0.625 0.0511 0.051

Uoo = average free stream velocity

€ = cavity depth = cavity length

X, = distance from upstream cavity wall (+ in flow
direction)

v = v du/dy{ determined from wall slope of
velocity profiles

5* = displacement thickness of boundary layer

determined from measured velocity profiles



(in.)

1/8
1/8
1/8
1/8

1/4
1/4
1/4
1/4

1/2
1/2
1/2
1/2

et =t = e

CAVITY ¢ and ¢ c* VALUES

U
o0

(ft/sec)

0.125
0.25
0.50
0.75

0,125
0.25
0.50
0.75

0.125
0.25
0.50
0.75

0.125
0.25
0.50
0.75

c"
] i

m
1]
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TABLE 3

b3

15.8
24,0
35.8
50,1

31.6
48.0
71.6
100.2

63.2
96.0
143.2
200.4

126. 4
192.0
286, 4
400, 8

cavity depth

#*

est., 8.0
est., 14.90
est, 20,0
est. 28.0

14.6
24,4
38.2
53.4

27.0
44,6
73.3
103.0

50.8

86.7
133.6

est, 200.0

average free stream velocity

eu /v
T

ceu Jv
TC
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l x 1 inch cavity

U
co

(ft/sec)

0.298
0.305
0,327
0.341
0.349
0.377
0.385
0.386
0.394
0.403
0.419
0. 422
0.441
0.453
0.457
0.474
0,475
0,484
0.485
0.499
0.510
0.535
0,562
0.587
0.589
0. 641
0.650
0.676
0.725
0.730
0.740
0.764
0.770
0.825
0.893
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TABLE 5

LAMINAR OSCILLATION

(cps)

1.14
1.21
1.21
1.32
1.33
1.46
1.51
1.438
1.5
1.60
1.58
1.65
1.70
1.77
1.83
1.90
1.84
1.98
1.93
2,00
2.01
2.24
2.29
2.32
2.39
2.57
2.70
2,84
2.73
2.94
3.18
3.09
3,32
3,39
3.48

FREQUENCIES

0.319
0,330
0,308
0,322
0,318
0,322

- 0.327

0.319
0.322
0,331
0.314
0.326
0.322
0.326
0,334
0,334
0,322
0,340
0.332
0.334
0.328
0,349
0.339
0.329
0.339
0.334
0. 346
0,350
0.314
0.336
0.358
0,337
0.359
0,343
0.325

2480
2540
2720
2840
2910
3140
3200
3219
3280
3360
3490
3520
3670
3770
3800
3950
3960
4030
4050
4160
4250
4460
4680
4860
4900
5340
5410
5640
6050
6080
6170
6360
6410
6870
7440
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TABLE 5 {continued)

1 inch deep x 1/2 inch long cavity

U f S Re
o ¢ ¢

(ft/sec) (cps)

0.275 1.11 0.336 : 2290
0.322 1.29 0.334 2680
0.354 1.42 0.334 2950
0.380 1.49 0.327 3160
0.392 1.61 0.342 3260
0. 445 1.89 0.354 ‘ 3700
0,455 1,92 _ 0.352 3790
0.484 2.08 0. 358 4030
0.505 2.16 0. 356 4200
0.524 2,24 0.356 ) 4370
0.562 2.52 0.374 4680
0.625 2.81 0.374 5200
¢.775 4. 65 0.500 6450
0. 796 4,61 0.483 6630
0.925 7.40 0.667 7700
¢.970 7.33 0.630 8080
1,043 7.87 0.628 8670
1.110 8.78 0.657 9220

1/2 inch x 1/2 inch cavity

U f S Re
foe} € €
(ft/sec) (cps)
0,562 3,70 0.244 2340
0,606 4,00 0.275 2530
0.614 4.05 0.274 2560
0.687 4,78 0.290 2860
0. 750 _ 5.32 0.298 3120
0.816 5.95 0.304 3400
0. 836 6.02 0.300 3480
0.920 6.91 0.313 3830
1.00 7.57 0.315 4170
1.23 9.52 0,322 5130

1.50 12.0 0.334 6250
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TABLE 5

(continued)

1/2 inch deep x 1-1/4 inch long cavity

U
oo

(ft/sec)

0.595
0.642
0,705
0,784
0.840
1.00

f

(cps)

4,06
4.33
4.74
5.41
5.88
7.30

= average free stream velocity

]

= .fG /Um

:U G/V

(09

i

0.284
0.281
0.280
0.288
0.292
0.304

oscillation frequency

Re
€

2480
2680
2940 .
3260
3500
4170

Strouhal number based on cavity
depth and free stream velocity

Reynolds number based on cavity
depth and free stream velocity
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Photograph of the Water Tunnel,

1

°

1g
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Fig. 3. Photograph of Water Tunnel Working Section with Flat
Plate, Cavity section installed.
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o.10" 0.15"

i

Fig. 6. Photograph of 0.001 in. dia. Hot-Film Sensor.

VYCOR GLASS TUBE

PLATINUM FiLM

QUARTZ COATING

Fig. 7. Cross Section of Active Portion of the Hot-F1ilm Sensor.
The thicknesses of the platinum film and the quartz
coating are greatly exaggerated.
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ei Switch cl el
Operational
Amplifier
(N
u
z
C;°| (Clﬁl) - Cz
Douglas Opcrational
Quacrairon . Amplifier

’H"‘/—\M"“T“W_ |

Douglas / Operational | f { [(Cl o 2 - Cz]

] L
Quadratron | | (Ameiticr

1T
Integrating Capacitor

2
(CI Oi) - Ca

Fig. 9. Linearizing circuit diagram.
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Locating Rod

Probe

Fig, 11, The hot-film probe and locating rod.
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| .O T [ T I T l T ] T

©  INITIAL CALIBRATION
O  FINAL CALIBRATION
A JAMES [20]

0.8~ ==—== THEORETICAL 45° LINE -

0.2 0.4 0.6 0.8 1.0

(5.);

Fig. 12. Tow tank calibration curve for hot-film anemometer
system, Ug, = 0.125 ft/sec. The subscript i denotes
velocities indicated by the anemometer system. The
subscript t denotes velocities determined by tow tank
time and distance measurements.
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1.0 T I v I T ] T T T

© INITIAL CALIBRATION
O  FINAL CALIBRATION /,
—w—— THEORETICAL 45° LINE /F

)./ . | . | . | . | .

o) 0.2 0.4 0.6 0.8
&),
(%),

Fig. 13. Tow tank calibration curve for hot-film anemometer
system. Ug,=0.50 ft/sec, The subscripti denotes
velocities indicated by the anemometer system. The
subscript t denotes velocities determined by tow tank
time and distance measurements,
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T ! I I l I I
Ue = 0.5 ft/sec.
x =I1L75 in.
100~ y =0.10 in. -
80 -
60} .
40} .
20 -
| ] | | | | |
0 0.1 0.2 03 04 05 06 0.7 0.8
u(ft./sec.)
Fig. 14, Tracing of Sanborn velocity record showing typical

turbulence~like disturbances.
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Fig. 18. Photograph of cavity flow,
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Fig. 20. Photograph of cavity flow, Flow is from right to
left, 1/4 x 1/4 in, cavities, U__ = 0,125 ft/sec.,
ex = 31.6, @

Fig. 21. Photograph of cavity flow. Flow is from right to
left. 1/4 x 1/4 in. cavities, U__ = 0.50 ft/sec.,
e* = 71.6.




Fig. 22, Photograph of cavity flow. Flow is from right to
left. 1/2 x1/2 in. cavity, U= 0.125 ft/sec.,
ex = 63,2,

Fig. 23, Photograph of cavity flow. Flow is from right to
left. 1/2 x1/2 in. cavity, U,=0- 50 ft/scc.,
e* = 143,2,
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R

Fig. 24. Photograph of cavity flow, Flow is from right
to left. 1x1in, cavity, U_ = 0.25 ft/sec.,
ek =192.0,
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0.06

i | ] 1

x,* 0.75 INCHES

X, = 0,25 INCHES

]

-0 -0.8 -0.6 -0.4 =0.2 0"
i y
€

Fig. 31, Off-center cavity velocity profiles, 1 x 1 in.
cavity, U_ = 0.50 ft/sec.,, ¢* = 286.4.
(Velocity ratios indicate absolute values—
points at u/U_=0 represent readings smaller
than margin oI error)
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Fig. 35, Shear velocity development across top of cavity
1x1in. cavity. Dashed lines represent

estimates,
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Fig., 36, Photograph of cavity flow, Flow is from right to left,
1/2 inch deep x 1-1/4 inch long cavity, U_ = 0.125
ft/sec., e¢* =63.2,

Fig. 37. Photograph of cavity flow. Flow is from right to left.
1/2 inch deep x 1-1/4 inch long cavity, Ug = 0.25
ft/sec,, e%* = 96,0,
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Fig, 38, Photograph of cavity flow., From is from right to left,
1/2 inch deep x 1-1/4 inch long cavity, U, = 0.50
ft/sec., ek =143,2,

Fig. 39. Photograph of cavity flow, Flow is from right to left.
1/2 inch deep x 1-1/4 inch long cavity, U(D =0.75
ft/sec., e* = 200.4,
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Fig. 40, Photograph of cavity flow. Flow is from right to left,
1/2 inch deep x 1-1/4 inch long cavity, U, =1.0
ft/sec., et = approx. 250,
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Fig. 41, Photograph of cavity flow. Flow is from right to
left. 1in. deep x 1/2 in. long cavity, U =0.25
ft/sec., 12 frames/sec,
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Fig. 42. 16mm Motion Picture Frames of Laminar Oscillation.
1 x 1 in. cavity, U_ = 0.50 ft/sec, 12 frames/sec.
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Fig. 43. Photograph of cavity flow showing the laminar
oscillation., 1x1 in, cavity, U_ = 0,50 ft/sec.,
ek = 286,.4. @

Fig., 44. Photograph of cavity flow showing the laminar
oscillation. 1 x 1 in. cavity, Um =0,75 ft/sec.,
eg* = 400, 8, :
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Flg- 45. Sanborn veloC1ty record showing the laminar
oscillations. 1 x 1 in, cavity, Uoo = 0,50 ft/sec,,
X = 1.25in,, y = 0,015 in,
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Fig. 46. Sanborn veloc1ty record showing the laminar
: oscillation, 1x1in. cavity, U_ = 0.50 ft/sec.,
® = 0,50 in,, y = —70.10 in,
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Fig 49, Strouhal number based on momentum thickness versus
: Reynolds number based on momentum thickness.,



