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Summary

The principle mechanisms leading to the transition of a laminar boundary layer due to a small
paticle travelling through it are not well understood. Whereas, it is generally accepted that the effect
can be attributed to the particles ability of producing turbulence within its wake, the critical
parameters have not been experimentally verified until today.

The great difficulties encountered during efforts to re-create the naturally occurring mechanisms
in the laboratory have led to the proposal of an alternative experimental method. This is based on a
surface moving within a fluid at rest, thus reversing the conventionally applied wind tunnel approach.
It allows for a fixed positioning of the patrticle to be investigated, while the involved processes can be
slowed down, thus alleviating the measurements to be taken.

A computational pre-study on the proposed method has generated encouraging results in terms of
(1) time-limited boundary layer growth and (2) flow field stability. Nevertheless, some indication was
given that thicker boundary layers should be expected when compared to those developing over a flat
plate at zero pressure gradient conditions.

A physical realization of the proposed method has been manufactured. Preliminary tests have
been successful in terms of obtaining a stable equilibrium of the generated non-uniform flow field.
Measurements obtained from boundary layer Pitot tube traverses were found to be repeatable.

The tests also revealed that a certain amount of background flow is generally excited throughout
the test section. Since, however, this appears to be slow, the particle conditions can easily be kept sub-
critical within those regions. Furthermore, it could be shown that the background flow can be reduced
by introducing a small pressure gradient. For the determined optimal configuration, a surprisingly
close match of the velocity profile when compared to the Blasius profile has been obtained.

During attempts to obtain more accurate data from hot wire measurements unexpected problems
were encountered. The signals of the employed single hot wire probes showed regular large amplitude
disturbances which were exactly in line with the frequency of the rotating drum, and thus attributable
to a slight imperfection of the manufactured test facility. An effort to improve the found concentricity
deviation was successful in reducing the effect to within the developing boundary layer.

Meaningful visualizations of the particle’s wake when immersed into the non-uniform flow field
of the boundary layer proved to be difficult, since the smoke within the latter is quickly carried away.
Outside of those regions the applied technique provided for clear representations, substantiating both
a quasi-quiescent free stream and the boundary layer thickness as derived from Pitot traverses.

Despite of the issues met, the fabricated particle wake investigation facility is likely to produce
some of the missing answers on the particle wake development within a wall-bounded non-uniform
flow, subject to an upgrade of the currently employed measurement techniques (e.g. crossed HW

probes or PIV).
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Introduction

Steadily increasing energy costs and a growing awareness of the environmental impact of the
buming of fossil fuels have renewed R & D interest in laminar flow technologies in aeronautics.
These technologies have the potential to considerably reduce the friction drag of eligible aircraft
components by maintaining a laminar boundary layer state at chord positions that are conventionally
associated with turbulent flow. Drag reductions in the order of 15% have been proposed to be
realistic, which translates into a net benefit of up to 10% fuel savinifs*"! This is an immense
potential considering that across the airline industry $700 million per annum could be saved by
lowering fuel consumption by as little as 144.

Whereas, most of the coherent technological challenges are reasonably well-understood,
knowledge about operational aspects, such as, the effect on the boundary layer when encountering
cirrus cloud, is incomplete. The observed performance degrad&tidrieve been attributed to the
ability of the ice crystals to produce turbulence within their wakes when entering the artificially-
maintained laminar boundary layéfs Premature transition can be triggered by such turbulent
contamination mechanisms.

While the main focus of this work lies in the aeronautical field, some considerations are also

given to studies that were run under water.

Background

Aeronautical Applications

For an aircraft flying through a cirrus cloud the prevailing situation may be described as follows.
The ice particles are typically very small in comparison to the dimensions of an aircraft component
over which the affected laminar boundary layer is maintained by drag reduction techniques.
Moreover, in the majority of cases, the particle dimensions will be an order of magnitude smaller than
the boundary layer itseff. Furthermore, it may be acceptable to consider the ice crystals as being in
equilibrium to the surrounding air before being approached by an aircraft, since their falling velocities
will rarely exceed 2 m/s, whereas a typical cruise speed of a commercial jet transport is in the order of
200 m/s. At the same time the ratio of the density of the particles to that of the surrounding air is
usually large (in the order of )0when considering particles that are primarily composed of water. As
earlier studies have concluded that the application of drag reduction technologies based on
maintaining extended regions of laminar flow are limited in their practicability to altitudes above
20,000 ft*% this may also be considered a valid assumption.

This results in a twofold effect. While on one hand, an approached ice crystal will quite closely

follow the streamlines of the adjacent air (when being diverted around an aircraft wing for example)
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on the larger scale, its relatively heavy weight makes it impossible for the particle to adapt to the rapid
velocity changes occurring within a boundary layer when entering it. This gives rise to the build-up of
a relative velocity between the particle and the air that is large enough to enable the ice crystal to
produce a wake while travelling through those regions. Subject to this wake containing turbulence it is
widely accepted that transition of a laminar boundary layer could occur due to a turbulent

contamination mechanism.

The X-21 flight tests and the “Hall Criterid®

In the early 1960s, researchers at Northrop were the first to recognize that ice crystals as
occurring in cirrus cloud would have a detrimental effect on the performance of Laminar Flow
Control (LFC) systems. During flight tests of full chord suction type LFC systems aboard two X-21
aircraft, laminar flow was entirely lost when entering thick cirrus cloud and degraded even in light
cirrus haze with reported visibilities of up to 50 miles.

Subsequent theoretical analysis resulted in the so-called “Hall crit8rigee Fig. 1), which
propose the existence of a minimum critical particle size and a minimum ice crystal concentration,
both of which must be exceeded for any affect to occur. If particles of larger dimensions are present
at higher concentrations, the achievable extend of laminar flow reduces with particle flux until a level
is reached, where the boundary layer is entirely turbulent.

However, Davis et af! pointed out that the findings illustrated in Figure 1 are limited to a Mach
nunber of 0.75 flown at an altitude of 40,000 ft. Furthermore, the data is based on an elliptical
approximation of the X-21 wing leading edge and the assumption that a cylinder with a length-to-
diameter rationl/d, of 2.5 is an adequate representative of most frequently occurring ice crystals. A
further limitation was seen by Pfennind&tin the sweep angle, as an alteration of this would also
change the particles’ residence time within the boundary layer and the span-wise deflection of
affected boundary layer velocity profiles.

There is however evidence from flight test results that a laminar boundary layer maintained from
LFC technology is capable to tolerate the existence of ice crystals within the flown through
surroundings if certain critical parameters are not exce&ed.

Overall, the effect of an ice crystal on an initially laminar boundary layer has been entirely
attributed to its ability to produce turbulence within its wake. Assuming that any transitional behavior
is bypassed due to the prevailing complexity of ice crystal shapes resulted for the above given flight

envelop in the critical particle size shown in Figure 1.
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Figure 1 The ,Hall Criteria“, reproduced from Fowell &
Antonatos ©

The X221 experiments concluded with full chord LFC ibeing applicable to production ty

aircraft, mainly due the fact that the required manufacturing tolerances were not achievabl
time.

The NASA LEFT Jetstar flight te

In the mid 1980showever NASA decided to review the earlier made findingithin their
Leading Elge Flight Test (LEFT) progre as part of the AirCraft Energy EfficiencACEE) program
which had been launched inspons to drastically increased fuel prices dudtte oil crisis in 197:
The djectives were to determin(1l) whethe a slotted or a porous suction surface woulc
preferential, (2) to validater not the findings othe Hall criteria, and (3o identify how distinctive

the effect of cirrus cloud on the performance of laminar flow technowould be along
commercially flown routes.
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With regard to the Hall criterid, principal agreement could be achieved (see Fig. 2) in terms of
the prevailing ice crystal concentrations; however, the employed Knollenberg probe was incapable of
accurately identifying particles smaller than 60 pum at the speeds flown. Thus, the critical minimum
ice crystal size could neither be confirmed nor abolished; in fact, a corresponding experimental
verification has not been adduced until today.

Both, the X-21 and the LEFT Jetstar flight tests have described the detrimental effect of
encountering cirrus cloud on the LFC performance as a reversible phenomenon, as the anticipated

benefits immediately re-established after leaving a cloud in eack ¢hse

EXAMPLE OF VALIDATION OF ‘“HALL CRITERIA™
Flight 1061

\\___JHall total loss of LF

100 000
50 000

10 000
5000

Particle
concentration, 1000 |-

m-3 500 |-

: /—Hall threshold of LF loss

100 -

50 |
0 20 40 60 80 10 120 140

Particle diameter, pm

Figure 2  Comparison of results from the NASA LEFT program to
the ,Hall Criteria“, reproduced from Davis et al. (6]

Knowing that the effect exists inevitably led to the question of how pronounced it is along typical
commercial airliner routes. The required information could be obtained from the Simulated Airline
Service (SAS) phase, during which the aircraft was flown in typical commercial environments out of
three hubs within the United States (US), covering all seasons and a wide range of weather conditions.
It should be noted that during the SAS no special maintenance in addition to normally applied
standard procedures has been applied to the LFC systems without observing any major malfunction.

An overall average of 6 % per flight has been obtained, leading to the conclusion that the effect
of ice crystals as occurring in cirrus cloud would not have a major effect on the feasibility of LFC

applicationd?!.
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Analysis of GASP data

These findings were in good agreement to those from the analyses of more than 88,000 cloud
encounter samples that have been recorded aboard four Boeing 747 aircraft in routine commercial
airline service between 1975 and 197 The data was available from the Global Atmospheric
Sampling Program (GASP), which had monitored a wide range of environmental data along world-
wide routes!™®

However, it must not be overlooked that Jasperson & abncluded with seasonal and regional
changes and thus with strong variability in the likelihood to encounter clouds from route to route. A
corresponding example is illustrated in Figure 3 for a particular route.

Furthermore, it should be noted, that even though the majority of the flights could be shown to
encounter clouds for less than the average, there occurred cases in both programs where on-route

cloudiness was as severe as 394",

60%

50% A

40% {

30% H

20% -

Percentage of Cases

10% H

0%

0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60
Average Time-in-Cloud (TIC) on Route

[@ FL 33.5t0 38.5 BFL 28.5 to 33.5 N Average l

Figure 3  Typical GASP data for the US East Coast/NW Europe route,
reproduced from Young & Fielding

Impact on Flight Planning

In order to comply with stringent airworthiness requirements, always the worst possible case
must be taken into consideration for fuel planning. As pointed out by Young & #ie large
variability in the observed data makes it difficult to plan the fuel required for a specific mission. If the
periods of the flight during which laminar flow would be lost were known in advance, then the
optimum fuel quantity could be up-loaded before departure.

However, without such advance knowledge a conservative assumption of, for example, a loss of

laminar flow for 50% of the flight time would have to be made. This results in a greater fuel load on
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takeoff for most missions. And, as a jet airplane’s fuel flow during cruise is approximately
proportional to its weight (an airliner consumes about 3% of its current weight per hour in fuel), more
fuel is thus burned due to the increased fuel that is up-loaded.

To fully capitalize on the potential of this technology further information is needed on the impact
of ice crystals on laminar flow and on the incidence of cirrus cloud on flight routes. Youn§?%t al.
propose that, once sufficient information were avddaa cloud parameter could be included within
the fuel planning of future aircraft equipped with laminar flow technology. This could be applied in a
similar manner as the wind parameter is used today. The preceding discussion identifies the future
need for a reliable en-route cloudiness prediction tool, as suggested by Yound?ktifakuch

laminar flow airplanes are to be operated to their full potential.

Previous laboratory studies conducted in air

As a natural consequence of the observations made during the X-21 test flights and subsequent
analytical considerations, the phenomena were also examined in the laboratory. For this purpose,
Hall ™Y investigated the effects of the wakes from fixed, but elevated, particles in a laminar pipe
flow at length Reynolds numbers froml@’® to 31C°, based on the stream-wise distance from the

pipe entrance to the particle location.

12+ e S
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Figure 4 Variation of the critical Reynolds number with the ratio of
transverse distance of the top of the sphere from the pipe
wall, y, to boundary layer thickness, ©, reproduced from
Hall )
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The pipe flow was undeveloped, thus providing for a stabilizing favorable pressure gradient due
to the persisting boundary layer growth. It was found that spheres when exceeding a critical Reynolds
number (derived from their diameter and the local undisturbed free stream velocity at the top of the
particle) produced a steady turbulent wedge downstream of the element originating close to the object.

Being only slightly dependent on the length Reynolds number, this critical value was determined
to vary between 585 and 665 for elements close to the surface. Since these numbers appeared to
closely coincide with values where the onset of transition within the particle wake in a uniform flow
field would be expected, Haf ™ attributed the effect entirely to the ability of the element’s wake to
spread turbulence into the laminar boundary layer. Thus, the “bypass” mode seems to be the driving
mechanism in triggering the boundary layer transition rather than a disturbance of growing amplitude.

Regarding the influence of particle elevation from the surface, three regimes were distinguished
(see Fig. 4). Regime | unveiled the surprising result that particles placed with their top at or below
ylo = 0.2, having a smaller ratio of diameter to boundary layer thicknessditithan 0.2, affected
the flow exactly like particles of the sizid equal to 0.2 as long as the gap between the surface and
the particle did not exceed a critical value. In other words, within this region a small subcritical
particle can produce the same effect as a considerably larger one that could bé'&fitical.

In regime I, for 0.2 <y/< 0.7, the critical Reynolds number increases moderately with distance
from the wall from a minimum of 450 to ~650, totally independent on the length Reynolds number
within the investigated range.

Regime 1lI, abovey/o of approximately 0.7, suddenly shows a very strong influence of the
distance from the surface. H&™Y attributed this influence to the ability of the spheres’ wake to
spread turbulence into a region belgs of approximately 0.4 to 0.5. This view is supported by
observing a dependence of the stream-wise distance between the sphere and the origin of the wedge
on particle elevation, as it will take the wake longer to diffuse into the aforementioned “trigger”
region when it has to expand transversally from a further remote particle.

Hall's results compared well to data obtained by MochiZtikiduring earlier wind tunnel
experiments conducted on spheres attached to a flat plate. Modfzaidposed a dependence of the
critical Reynolds number on the ratio of the sphere diameétd¢o, the boundary layer thickness at the
location of the sphere, Extrapolation of the published information results in a minimum value of
approximately 600 fod/s << 1. Unlike Hall's observations the turbulent wedge initiated not before
some distance downstream of the element. This discrepancy was later be ruled out by*¥jmdent
investigated both surface attached and elevated spherical particles, and found that the wedge behind

the former developed more gradually than past the latter case at matched conditions.
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Oceanic Applications

Unlike in air, most particles in water are nearly neutrally buoyant. Furthermore, the prevailing
speeds are considerably lower. Nevertheless, the much greater dynamic viscosity of water (when
compared to that of air) produces particle Reynolds numbers that are of similar orders of magnitude.

Since the particulate background level of oceans has been determined as generally being of too
large diameters, drag reduction technology based on maintaining extended laminar flow regions does
not seem to be feasible for oceanic applications. Nevertheless, the studies described below provide for
some interesting insight that might be of important relevance when anticipating a study on the effect

of free stream particulate on a laminar boundary layer.

Related research work carried out in water

Observations of laminar flow control performance degradation have been made during efforts to
reduce the drag on marine bodies by thermal surface heating. Barker &?Gilave found
discrepancies between their maximum achievable transition Reynolds numberl@f @Td the
theoretically predicted value of 20@° in a heated pipe flow experiment — a fact which they
attributed to naturally occurring particulates contained in the water they used as the flow medium.

This effect could be substantiated by Lauchle & Guff&yduring their experiments about a
large heated ellipsoid in a water channel, where filtering the water for all particles larger than 5 um

considerably improved the performance.

800

dU«/v
S
o
S
b

Figure 5 Estimated critical particle conditions on a heated laminar
flow control body at three heating conditions, reproduced
from Lauchle et al. ")
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Unlike all other studies, these experiments (the focus of which had been set on the effect of the
free stream particulate on the maximum achievable transition length Reynolds number at several
heating levels) could not reveal the existence of a minimum critical particle size. It was found that all
particle sizes considered detrimentally affect the maximum achievable transition length Reynolds
number, this effect being greater, however, for larger part{€iigs 5). For spheres with a diameter
smaller than half the boundary layer thickness, there seems to exist a quite linear relationship of
critical Reynolds numbers on particle size up to a certain point, from where on a constant number of
700 is proposed, which again compares well to observations made by other resBarchers

In a further investigation it was anticipated whether or not the pure presence of the particles
could cause the laminar flow to breakdown. The particles were introduced from a dye injection tube at
the nose of the inlet. Surprisingly none of the particles, no matter what size, were found to have any
influence on the laminar boundary layer supporting the hypothesis that there must be a sufficiently
high slip velocity between the particle and the undisturbed flow for the above-described effects to
occurt®,

A more controlled investigation in a similar experiment upon a smaller heated ellipsoid has been
carried out by Ladd & Hendrick§!, where four different particle sizes were seeded into the free
stream selectively. For the two lower particle sizes (12.5 um and 38.9 pm), no measurable effect on
transition could be identified when compared to the “clean” viz. filtered water case. Injected plant
pollen of approximately 85.5 um, however, caused the transition delaying effect of the heating to be
totally lost above a length Reynolds number ok#05about the ellipsoid. Unexpectedly, this effect
was reduced with the larger 132.2 um polystyrene divinylbenzene (DVB) particles, leading to a
further study of particle concentration variations. Within this study, it could be clearly demonstrated
that the particle concentration has a strong influence on the transition location at the impacted body.
Interesting is the plateau which formed at the higher concentration levels of the 85.5 um particles,
possibly indicating a limit at which a further increased particle number density would not cause a
further increased deterioration for a particular particle size.

Petrie et al® re-investigated the matter in a two-fold way by carrying out experiments on both
fixed and freely suspended particles. While the observations made by previous researchers could be
generally substantiated for the fixed sphere case, the mechanisms leading to transition due to freely
suspended particles was described as being substantially different. Most importantly, it was noted that
neither a horseshoe vortex nor hairpin-shaped vortices have been observed in the freely convected
particle case. This observation led Petrie €t‘ato the statement that “...convecting particle wakes
have little, if any, affect on turbulent spot generation...”, which is in clear contradiction to Hall's
assumptions!® The rapidly developing spot, occurring as similar to the fixed case at Reynolds

nunbers exceeding 700, was attributed to disturbances brought about by the impacting particle to the
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laminar boundary layer near or belows yf 0.2. Furthermore, in some of the convecting particle
experiments the flow visualizations illustrated span-wise fluctuations ahead of the generated turbulent
spots. This could not be observed when investigating particles at a fixed position. However, due to the
short time scale between particle impact and spot emergence, a nonlinear growth of these disturbances

has been suggested, thus not questioning the bypass-mode as being the triggering mechanism.

Aerodynamics of Blunt Bodies

The aerodynamics of blunt bodies has been the matter of interest for many studies. Of special
interest in this case is the cylindrical shape, since this approximation was believed Bytoiié
valid for an ice crystal, and the spherical shape to which much of the analytical work in particle
dynamics relates. It should be kept in mind, however, that in reality the design of ice crystals is rather
irregular. The wakes forming behind cylinders and spheres will now be reviewed, and thereafter
arbitrary shapes will be considered.

Cylinders: Roshkd?” provides a detailed study of the wake development downstream of
cylinders, which was based on wind tunnel experiments. Three different regimes could be
distinguished: the stable range for Reynolds numbRegs ¢f 40 to 150 based on the cylinder
diameter, a transitional range for alBween 150 and 300, and the irregular range for 306.

Within the stable range, the familiar pattern of the so-called Karman vortex street forms, a pair of
counter-rotating vortices alternately developing from the upper and the lower separation point of the
cylinder. The wake will remain entirely laminar. On the other end, in the irregular range, turbulence is
produced right from where the vortices are generated. The transitional regime is characterized by
laminar vortices separating from the cylinder’s surface, which breakdown to a fully turbulent wake
approximately 40 to 50 diameters downstream of the object.

However, Half* pointed out that short cylinders/d <= 5) will suffer from vortices developing
from their flat edges and should be considered as three-dimensional objects, which bypass the
transition regime. This view is supported by the rather sharp edges that are found in real ice crystals
(commonly described as hexagonal columns). Thus, the critical Reynolds nuR&yg) ébove
which turbulence in the wake of a cylindrical particle can be produced, is assumed to be in the order
of 150.

The frequency, at which this phenomenon occurs, has been shown to be represented by the
Strouhal numberSt, with excellent agreemelit’. Thus, the graph dit versusReprovides the time
frame within which a particle can produce a turbulent disturbance. Knowing the residence time of a
particle within the boundary layer will help to determine whether or not a disturbance of the laminar

flow is likely to result in each case.

16
Distribution A: Approved for public release; distribution is unlimited.



Spheres: Due to its three-dimensional character, the wake behind a sphere is a little more
complex and has been extensively studied in a uniform flow by Sakamoto and'#amihose
results can be summarized as follows:

While increasing the Reynolds number, starting from very low values, the formation of a
separated vortex ring at the rear of the sphere is observed as well as a long straight streak line along
an axis through the centre of the sphere parallel to the free stream, which begins showing a periodic
pulsating motion above Reynolds numbers of 130. This wave-like wake develops into so-called
hairpin shaped vortices, which are periodically shed with equal strength and frequency as soon as a
Reynolds humber of 300 is exceeded. This represents the onset of the regular range.

At a Reynolds number of 420, the shedding direction starts to oscillate intermittently from left to
right until no further signs of regularity in the vortex shedding are apparent at Reynolds numbers
above 480. Within this region, termed the irregular range and ranging up to Reynolds numbers of 650,
the shedding pattern of vortices is always in the irregular mode. Furthermore, the shedding direction is
described as rotating slowly and irregularly about an axis through the sphere’s centre along the
velocity vectors of the undisturbed flow.

At further increased Reynolds numbers, some regularity can be observed again in the vortex
shedding pattern being linked to the onset of pulsation of the cylindrical vortex ring. The vortex tubes
periodically shed in this way diffuse near the sphere without retaining their cylindrical shape.
Additionally, the large scale hairpin-shaped vortices transition from a laminar to a turbulent state.

Above Reynolds numbers of 800 the wake is described as being fully turbulent. Besides the large
vortices, which are obscured in their form now, the smaller scaled vortices shed from the cylindrical
vortex ring partially cease to diffuse now and interact heavily with their surroundings, while being
transported downstream. This is connected with a bifurcation of the vortex shedding frequency into a
high-frequency mode associated with the smaller vortices and a low-frequency mode, with which the
larger vortices are shed.

Two further regions have been identified at still larger Reynolds numbers. However, due to the
expected size of the particles under consideration, they are of little relevance for this study.

Later investigations have been carried out in a uniform shear flow and revealed that the critical
Reynolds number is increased under this condition. Furthermore, it was found that the vortices always
detach at the high velocity side and that the Strouhal number increases with the local shear parameter,
K, which is defined ashe local transverse velocity gradie@, non-dimensionalized by the free
stream velocitylJ,,, and the sphere diametdr,The regular region starts to develop at slightly lower
Reynolds numbers compared to the uniform flow case and the shedding frequency is determined to

also increase with R,
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Arbitrary Shapes: There is only sparse information about the wake characteristics of irregularly
shaped elements. Investigations of discs and flat plates normal to the free stream represent worst case
scenarios and are of little interest for this study. However, some quantitative information can be found

in Hall !

, Where it has been observed that replicas of ice particles that were collected in flight,
termed as “quasi-spherical elements”, where found to yield similar results to those of a sphere.
Depending on the grade and the orientation of the irregularities the critical Reynolds number was
found to lie between 75 to 100 % of the sphere’s value.

Explorations concerning a double-sided cone of length-to-diameter ratio of 2.5 resulted in
answers similar to that of a cylinder of the same ratio, the critical Reynolds number being a little
larger for the former. It is interesting is to note that the measured data did not change significantly for
angular deviations of +/-30° about the anticipated orientation of the particular element (with its axis
normal to the approaching flow) for both cases. Thus, possible oscillations about their axis, which are
likely to occur while travelling within certain Stokes number regimes as described ifi°l atre not
likely to have a major effect. Surprisingly, despite the low length-to-diameter ratio, the measurements
on the cylinder compared favorably to earlier experimental results obtained for purely two-
dimensional tripping elementg.

The above information led Hall to revise his originally proposed minimum effective diameter for
a Mach number of 0.75 at 40,000ft from 38 (see Figure 1) to a three-fold value of aboup80
Similarly, he increased the corresponding value for the same Mach number at 25,000 ft frartol7 p
50 pm.
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Methods, Assumptions, and Procedures

Laboratory issues and the particles’ view

In order to capture all mechanisms occurring in reality due to the above described combination of
parameters by the conventional approach of positioning the model (object of interest) at a fixed
location and forcing the fluid (air in this case) to flow over it (i.e. the common methodology for wind
tunnels and water channels), would require the experiments to be run at very high speeds. This
however, results (as in reality) in very thin boundary layers that can only be analyzed with great
difficulty. Anticipating detailed investigations of the wake effect of an even smaller suspended
particle on such a boundary layer is considered by the author to be impossible without extremely
sophisticated measurement techniques of the latest state of the art. Furthermore, the recreation of a
cirrus-cloud-like environment for extended periods of time is costly and would require a closed-loop
wind tunnel, which will be subject to a degree of wear due to the particles repeatedly passing through
the fan. Furthermore, it is likely to introduce additional health and safety concerns for the
investigators.

Making use of a water channel instead, which can often overcome problems encountered with
laboratory work involving gaseous flow, would not be adequate in this case, as ho known matter is
heavy enough (in comparison to water) to produce even comparable inertia forces. Therefore, the
relative velocity component in the stream-wise direction (between the particle and the water) would
diminish and thus not provide the desired results (Fig. 6).

An alternative approach that has been considerad i®duce the speed of the wind tunnel
experiment, as this would achieve thicker boundary layers and simultaneously slow down the
effective mechanisms. However, this method will automatically necessitate lighter particles;

otherwise they won't be as easily transported by the carrier fluid as in the original case.

Figure 6 The adaption of the stream-wise velocity component due to alterations of the
density ratio between the particle and the carrier fluid. Shown are the original
case for a heavy particle (a) and a nearly neutrally buoyant particle (b).
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7.

Figure 7 The changing ratio of the wall normal and stream-wise velocity
components due to alterations of the free-stream speed. Shown are the
velocity vector components of a particle at high (a) and at low free stream
velocity (b).

This in turn would result in a progressively pronounced effect of the vertical velocity component
in comparison to the stream-wise direction, which contradicts the initial assumption of the vertical
velocity being negligible(Fig. 7). Furthermore, considerable disagreement bmarexpected when
comparing trajectories.

On the other end, making use of lighter particles aldo reduce their inertial forces. Together
with the effect of a thicker boundary layer and a reduced speed at the boundary layer edge, the
particles are progressively inclined to adapt to the velocity changes of the shear layer profile (Fig. 6).
This will introduce errors very quickly: a particle size that could be critical in the real case is not
likely to show an effect in the laboratory when adopting this procedure.

Also, attempts have been made to fix the particle at several heights within the boundary
layer™® ' This method has the great advantage of eliminating the vertical velocity component while
enabling measurements to be taken within the effective non-uniform stream-wise velocity field. The
particle investigated in this manner will always experience the largest relative velocity on its side
farthest from the wall. However, as the particle, in reality, is moving with the free stream, the critical

side should in fact be the one adjacent to the wall.

Figure 8 The stream-wise relative velocity magnitude experienced by a particle immersed
in a boundary layer at each of its sides (top and bottom). Shown are the
prevailing situations for a fixed (a) and a suspended particle (b). Note, that in the
suspended case the particle will develop its wake in the opposite direction.
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As the velocity gradients are substantially larger in the boundary layer’s near-surface regions, this
procedure is likely to produce considerable disparity (Fig. 8). Additionally, for this method a critical
particle will always be critical before entering the boundary layer, being in clear contradiction to the
original case, in which the ice crystal’s relative velocity tends to zero within the free stream.

Furthermore, it may be pointed out that in reality the stream-wise velocity vectors are generally
of opposite orientation when compared to the conventional laboratory case (e.g. wind tunnel) (see
Fig. 9). Whereas, this is of no consequence for standard aerodynamic investigations, it might be one
cause for the observed differences in previous analyses of the particular case of a boundary layer

affected by freely suspended patrticles.

v

% 7

Figure 9  The differences in the orientation of the velocity vectors. Shown are the situations as
occurring in a conventional laboratory experiment (a) and in reality (b).

An alternative experimental method

The great difficulties encountered while attempting to recreate conditions in the laboratory that
are representative of the real occurrences, and the considerations discussed in the preceding sections
have led to an alternative experimental approach. This involves reversing the commonly-employed
approach of a wind tunnel in terms of moving a surface within a test section (e.g. one of its side walls)
which is filled with a fluid that is at rest, at very low, or more precisely at “subcritical” speed. Such an
approach would allow for positioning the particle at a fixed position, while at the same time processes
could be slowed down, thus providing for relatively thick boundary layers. Additionally, important
key features, as for instance the direction of the velocity vectors, the position of the critical condition,
and the insignificance of the particles’ wall normal velocity component, are preserved.

This method is hoped to shed further light onto the mechanisms occurring when investigating the
effect of particles that are in equilibrium or near equilibrium to a carrier fluid before entering a shear
layer. It is believed to be a suitable approach for investigating the wake development of a particle
immersed into a wall-bounded non-uniform shear flow, thus being capable of identifying the needed

critical particle parameters.
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According to theory (First Stokes Problem), however, the boundary layer over an infinitely large

flat plate set suddenly into motion has been proposed to grét as

5 =3.6\/vt. Eq. 1

In other words, the boundary layer will steadily continue to thicken with time. Nevertheless, it is
characteristic for a root function to have its steepest gradients near zero. Thus, by assuming a constant
dynamic viscosity, the rate of increase in boundary layer thickness will reduce with duration and may
be negligible after some run up time for a certain period of time, within which meaningful
measurements could be taken.

Furthermore, Eq. 1 describes a mathematical model based on boundary conditions that, according
to everyday's experience, do not necessarily apply to practical applications. In other words, when
imagining a plate attached to a flying aircraft, the initial condition at its leading edge would be
constantly reset to zero, since fresh air parcels (being “quasi-at-rest”) are continuously approached.
The anticipated method aims at achieving similar conditions by forcing a constant rebuilt of the

prevailing boundary layers due to the wind-tunnel-like configuration.

Preliminary Computational Fluid Dynamics analysis

In order to obtain an initial proof of concept for the anticipated approach a preliminary
Computational Fluid Dynamics study has been made. Within this, the most critical features of the
planned setup were attempted to be reproduced, namely the rotational drum bounding the inner side of
a semicircular test section.

The required computational mesh was generated by using the meshing tool GAMBIT and
consists of 40,000 quadrilateral cells, of which 200 are attached to the rotational drum. The resolution
of the mesh is greater in regions where greater computational accuracy is needed, i.e. close to the
drum. Cell face areas range from 0.000%er0.0057 rh

The simulation was run using the FLUENT software package, into which the generated mesh has
been loaded to a double precision solver. Much consideration was given to defining a suitable setting
of boundary conditions (BC), which were set to either infoutflow or pressure in/outlet. The velocity
inlet condition, frequently used for conventional wind tunnel investigations was not deemed to be
suitable, as this restricted the free inflow due to a fix definition of the inflow velocity at each
computational step over the entire inlet. The drum was defined as a moving wall and set to rotate at a
speed of 4 m/s (25 rad/s).

Due to the steady build-up of the boundary layer (as expected from theory) the decision was

made to run the simulation with an unsteady solver. Surprisingly, the initially rapid boundary layer
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growth seemed to stop after only a few seconds of simulated time and only minor changes in the
boundary layer thickness were apparent thereafter (see Figure 10). This was further substantiated by
the characteristics of the monitored error functions, showing that the solutions for the computation of

subsequent time intervals could (after some run time) be found within the first step of each subsequent

interval, thus representing a quasi steady behavior.
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Figure 10 Quasi-steady boundary layer velocity profile, which was
established for an unsteady simulation after a period of
approximately 8s (Note, this is a turbulent solution).

It should be noted that the model was run initially as a turbulent simulation (based on a standard
k-e-turbulence model). After converging, the solution has been used as the initial condition for the
laminar solver. This procedure has been chosen based on experience, since convergent laminar
solutions are very time-consuming and difficult to obtain. Proceeding as described above however
considerably reduced computational expenses and provided the desired solutions in a timely manner.

Figure 11 shows the obtained “steady” laminar solution of the boundary layer at a position half
way between in- and outlet of the test section. As can be seen, the resulting boundary layer thickness
is somewhat larger than, for example, a Blasius solution, even though the constant cross sectional area
throughout the test section length, should provide for a near zero pressure gradient flow. This can
probably be attributed to the curvature of the test section resulting in some inertial forces.

A 3D simulation was also run, since it is generally believed that they are more accurate;
however, the solution did not achieve the quasi-steady characteristic described above for the 2D case.
Nevertheless, convergence could be achieved for each time step after a few iterations. Again, after a

few seconds of simulated time the changes in boundary layer thickness were too small to distinguish

the solutions of different time steps.
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Figure 11 Laminar boundary layer velocity profile determined mid-way between
in- and outlet (two-dimensional laminar solution)

In summary, the results obtained from the CFD analyses support the initial assumptions on the
feasibility of the anticipated approach. However, it is generally accepted, that computations are
meaningless without being able to benchmark results to a practical application. Thus, the logical

consequence was the attempt to build and test a novel experimental device.

Design and Manufacture of the Test Facility

The test facility has been designed around a circular drum, which can be rotated in order to
provide for the required moving surface. At the same time, it replaces one of the test section side
walls. Figure 12 shows a principle sketch of the anticipated facility. This approach has been chosen in
preference over the more commonly found method of moving a straight wall, as it considerably
reduces the complexity of the setup. Furthermore, it overcomes a number of issues that are usually
connected to a driven belt configuration, like for instance smoothness, rigidness, waviness and
durability, making the choice of the right material a very difficult task.

The drum has been made of a 208 mm long section of a steel pipe to which a side wall has been
welded on either side, resulting in a closed-up compartment. Along the centerline a 20 mm rod has
been fitted, providing for the axle to which the bearings and a v-belt pulley to drive the drum can be

attached.
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Integral Parts:
1 - Rotational Drum
2 - Test Section Wall
3 - Test Section

Figure 12 Principle example sketch of the test facility (side view)

From one side a 5 mm hole has been blind-drilled into the rod along its axis for about half of its
length. At the end of this hole, another one has been fitted perpendicular to the former, going all the
way through the rod. This provides for access to the inside of the compartment, which can thus be
filled with smoke during the experiment if required. Subsequent to the complete assembly of the
drum, its outer surface has been machined to the desired dimension to achieve the highest possible
degree in concentricity. The resultant diameter amounts to 322 mm providing for a run length of
approximately 1 m per rotation.

The test section is bent around the rotational drum with a squared cross-sectional area of 210 mm
side length. Since it is entirely made of plexy glass, it provides for great visible access from all sides.
The two 10 mm thick straight side walls are centered on the drum’s axle and curved on the other side
with a 361 mm diameter. Along the curved ends, a 3 mm thin plexy glass sheet has been attached
providing for the outer test section wall.

For reasons stated above, it has been decided to design the reminder of the facility in accordance
to a conventional wind tunnel approach, involving a contraction area and a diffuser, as well as a
settling chamber to which a potentially required additional flow supply can be attached. The only non-
standard component is an 1800 W electric motor, which drives the drum over a v-belt configuration.

The general purpose of the contraction is to reduce the variations of the mean and fluctuating
velocity variations, and to increase the flow speed delivered from a flow supply. It is defined by its
length, 1, the contraction ratiog and its contour. Regarding the latter, it is desirable to have a wall

profile with zero second derivatives at both in- and outlet. Furthermore, a widely accepted view is that
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the most favorable combination of flow uniformity, thin boundary layers and negligible losses can be
achieved when providing for inlet and outlet profile radii that are roughly proportional to the area. The
fifth-order polynomial proposed by Bell & Metffhhas been successfully applied in many low speed
tunnels. However, while providing for the desired derivatives, the second condition on the radii is not
fulfilled (see Eq.2). This inspired Brassard & Ferchi@hio work out several modifications of the
above mentioned polynomial. Based on the results of a numerical evaluation of this!fnatter
subsequent profile has been chosen for the 500 mm long contraction of this test facility(dising

x/l'in EqQ. 4:

h= [-10¢3 +15¢* - 6¢%] —Z—) +1 Eq. 2
n = [10&3 — 15&* + 6&°] Eq. 3
h= {—n [1—(’;—) f<f)]+1} Eq. 4

Where, h = y/Klis the contraction heighy, normalized by the contraction inlet heigh, H, is
the contraction outlet height=x/l, and » simply replaces the core polynomial of the original equation
(Eqg. 2) for ease of use in Equation 4.

A diffuser is defined by its area ratié/A, and an equivalent cone anglé?®. This angle is the
overall angle enclosed by a frustum having the same cross sectional area at both the inlet and the
outlet openings. Separation in the diffuser can cause velocity oscillations in the test section (often
called surging) and thus needs to be avoided. At the same time, it is desirable in most cases to recover
as much pressure as possible. A workable compromise, frequently proposed, places the cone angle at
about 59?4, However, considering both, a possibly still laminar boundary layer at the exit of the test
section and the expected greater than normal boundary layer thickness, the decision was made for a
slightly smaller cone angle of 4°. This view is further supported by the fact that due to the open-
circuit configuration of the tunnel, pressure recovery is not a decisive design criterion for this project.
The resultant diffuser has an area ratio of 2 over its length of 1500 mm.

The settling chamber commonly holds both, screens and honeycombs to condition and straighten
the flow delivered from the blower before it enters the test section via the contraction. Whereas the
former reduces the longitudinal velocity variations of the flow, the latter removes the lateral ones as

well as the swirl.
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Figure 13 The particle wake investigation test facility (University of Limerick)

In order to reduce manufacturing cost, it was decided to base as many components as possible on
standard off-the-shelf materials. A further objective was to obtain a high degree of flexibility. This
was achieved by a frame construction based on box steel, which allows for a time-efficient attachment
of potentially required additional equipment. Furthermore, the facility allows for interchanging all in-
and outflow components, which may be desirable in order to obtain a specific flow condition within
the test section. Since the experiments are likely to require a quiescent environment, the decision was
made for a mobile construction that can be moved effortlessly to a suitable area. In Figure 13, the
completed particle wake investigation test facility is shown.

Testing the Equipment, and Proof of Concept

As soon as the test facility was assembled, a quick preliminary test has been done by traversing a
standard pitot tube in the wall normal direction of the rotational drum at a single stream-wise position
near the centerline of the test section. Figure 14 shows the obtained velocity profile in non-
dimensionalized parameters based on an estimated shear layer thickness of 100 mm. The
measurements were taken at a location about 300 mm downstream of the test section inlet for a drum
rotation of 300 rpm, thus approximately 5 m/s. This provided for a length Reynolds niRgbef,
107,000. As is apparent from the illustration, a certain amount of stream-wise flow velocity could be
detected throughout the entire height of the test section, which is unlike the results proposed by the
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CFD investigation. Nevertheless, a boundary layer like flow profile develops within a few seconds
and measuring the same values at the same wall normal distance repeatedly, points out that a stable
equilibrium can be achieved for the flow. This represents an initial fulfillment of the anticipated target
and thus provides for a proof of concept.
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Figure 14 First boundary layer velocity profile measure-
ments providing for the required proof of concept.

It must be noted, however, that at the time these initial measurements were taken, the rig was
subjected to a serious vibration issue, which has meanwhile been overcome by statically balancing the
equipment. Furthermore, the drum’s surface was covered by a thin layer of silicon oil, which had been
applied during manufacture as a rust prevention measure. Therefore, it is not clear whether or not the
air particles adjacent to the surface actually achieved the anticipated speed of 5 m/s. It could therefore
be speculated that more rigidly enforcing the no-slip condition could result in even more air being

dragged along with the rotating surface, thus leading to an even higher “background” velocity within
the test section.
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Preliminary Results

The shape of the velocity profile shown in Figure 14 appears somewhat fuller than the result
obtained from the CFD study (see Figure 11). Furthermore, the thickness of the developing shear
layer raised concerns that the flow could have been turbulent and emphasized the requirement to
appropriately characterize the flow. In order to obtain some greater insight, smoke flow visualization
was conducted to investigate the flow. Furthermore, it has been decided to reduce the speed of the
rotational drum to 175 rpm, which is equivalent to 2.95 m/s. The smoke has been introduced near the
test section inlet at the upper side of the contraction. This is close to the position where the shear layer
over the drum begins to develop. The illustration on the left hand side of Figure 15 clearly shows

turbulent structures along what is believed to be the edge of the shear layer.

Figure 15 Example illustrations of the smoke flow visualization showing turbulent
structures on the left hand side, which have disappeared after improving the
inflow conditions on the right hand side.

This observation has led to a modification of the inflow conditions by adjusting the contraction
outlet in such a way that a small gap rather than a step was present. This gap was covered by a 20 um
thin PTE foil that smoothly attaches to both the contraction contour and the surface of the rotational
drum. The photography on right hand side of Figure 15 has been taken subsequent to this modification
making apparent the achieved improvement.

Both situations have also been investigated by traversing a total pressure head through the shear
layer in the wall-normal direction. The static pressure reference was taken from a flush-mounted inlay
at the test section sidewall, in order to eliminate the effect of being also partially subjected to dynamic

pressure when using a straight standard pitot in a rotating flow. The obtained boundary layer traverses
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are shown in Fig. 16, together with a parabolic approximation for the velocity profile a flat plate
laminar boundary layer as a reference (see Eq. 5). Also this data indicates that the modifications of the
test section inlet have improved the flow quality, since the turbulent case shows the typical full profile
near the surface. However, even though the “assumed laminar” case approaches the parabolic
approximation, there are some differences. It is probable that this can be attributed to the great
ambiguity involved in defining the boundary layer thickness. Nevertheless, more accurate

measurements are required in order to reach confidence in this regard.
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Figure 16 Examples of measured velocity profiles at
rpm=175 (acc. to U- = 2.95 m/s) in comparison to
the elliptical approximation of a Blasius type
solution.

The “background” flow, which has been described earlier, is again found to spanning the entire
test section in all cases and seems to amount to about 15% of the rotational speed of the drum.
However, since a stable equilibrium condition is established, this merely means that care must be
taken for this phenomenon to remain sub-critical for a particle to be investigated. Within the regions
adjacent to the drum’s surface, the desired flow condition can be established with the test facility

providing for a variety of opportunities for the anticipated particle wake studies.
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Preliminary Discussion

The assumptions that a particle can cause a laminar flow to breakdown as soon as a critical
Reynolds number (based on its diameter and its velocity relative to the surrounding flow) is exceeded
could be substantiated. Even though the agreement about the order of magnitude of such a critical
value is generally good, the measured data show considerable scatter, ranging from 450 to
approximately 1000, with values around 700 being the most frequent occUtféhég!® 2324 28-29. 381
However, more previously made investigations of particles travelling through a boundary layer in air
have found a value as small as 300 to be crititay.

Besides, further influencing variables might play a role in the mechanisms for the phenomena to
occur, amongst them the ratio of particle size to the local boundary layer thickness and the
instantaneous distance from the surface. &l suggested, based on his measured results that a
supercritical particle would only have an effect on the laminar boundary layer if its turbulent wake
diffuses into boundary layer regions below gf approximately 0.5.

Sakamoto & Hanilf® have determined that in a uniform shear flow of sufficiently strong
velocity gradient the familiar pattern of vortex shedding from alternating sides breaks down and the
wake vortices will always originate from the high velocity side. This is of particular importance, when
considering that the particle side closest to the surface (a wing for example) will generally be the
critical one for the case of a cirrus cloud being approached by an aircraft.

As discussed in this document, the recreation of the desired in-flight phenomena in a laboratory
is forbiddingly difficult due to the twofold mechanisms prevailing for a comparatively heavy patrticle
travelling through a boundary layer at a typical aircraft cruise speed. The investigator was left with

only two options when trying to obtain meaningful data from his experiments:

(1) a setup involving the real parameters in terms of wind tunnel speed as well as
particle sizes and densities
(2) an attempt involving an alternative approach as for instance the one described

within this document

Within this work, the second approach has been chosen by manufacturing an appropriate particle
test facility, as this could result in obtaining greater insight into occurring mechanisms. First obtained

results are encouraging.
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Experimental Work — Second Phase

Following major structural modifications of the test facility, which were completed during the
proof-of-concept phase of this project, it was moved to the aerodynamics research laboratory of the
University of Limerick, in order to obtain easier access to the required measurement equipment.
Figure 17 shows the complete setup consisting of the test facility itself, the power supply, a
manometer, a thin-sheet illuminating laser, a stepper motor controlled probe traverse system, a Hot
Wire (HW) measurement acquisition system (TSI IFA 300), as well as two computers used to control

the systems and for data storage.

Figure 17 The complete experimental setup of the new test facility in the
aerodynamics research laboratory at the University of Limerick

Measurements with a purpose-built flattened Pitot tube

As determined during the proof-of-concept phase of this project, the free stream, which was
initially anticipated to be entirely quiescent, performed with a uniform flow velocity in the order of
10% to 20% of the drum’s rotational speed. However, it was found that blocking parts of the diffuser
outlet, thus building up a slightly favourable pressure gradient, considerably reduced this effect (see
Figures 18 and 19).

Additionally, as could be expected, this had a stabilizing effect on the developing boundary layer.
A steady vortex, probably caused by a separation bubble occurring at about half way through the test
section, could be moved downstream when applying some diffuser blockage (refer to the Smoke Flow

Visualization section).
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The complete absence of previously published data from similar experiments posed a problem
for this project in terms of benchmarking. Therefore, the decision has been made to compare the
obtained results to the standard Blasius pr&flewhich is a common procedure when dealing with
zero pressure gradient flows, at least for flat plate studies. Since determining a valid x-value, which is
required for the Blasius approach in order to calculate;ethd not seem to be a straightforward task
for this experiment, the elliptical approximation as proposed by v. Karman (cf. White,*foaa}
been chosen, since it is only dependent on wall normal parameters:

Y¥_»
u

yZ
- Eqg. 5

SIS

where: u local stream-wise velocity
U rotational speed of the drum
y  wall-normal distance
0 local boundary thickness

Measurements taken with a purpose-built flattened miniature Pitot tube, which was attached to a
stepper motor controlled traverse system enabled for more accurate readings to be taken and this

provided for a surprisingly close match when compared to v. Karman'’s ffié¢sge Figure 18).

0.9 -

0.8
=¢=—rpm120

0.7 -

ell appr (Blasius)

0.5 -
y/6
0.4 -

0.3 -

0.1

0 T T T T v
0 0.2 04 u/u, 06 0.8 1

Figure 18 Boundary layer traverse measurement data for the rpm120 (2 m/s) test case
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This observation is in line with results obtained by Liepmann (1443who investigated
bounday layer profiles at zero pressure gradient conditions within bent wind tunnel test sections of
both convex and concave shape, and compared them, to those developing within a straight test
configuration. Liepmann (1948! found that the transition mechanisms in the boundary layer over a
convex section matched closely to those over a straight configured test section, whereas the concave
case was showing considerable deviations. The latter can probably be attributed to Gortler type
instabilities developing over concavely formed surfates Assuming that similar transition
mechanisms necessitate similar boundary layer velocity profiles, comparison to Blasius appears to be
viable.

Since the data obtained in this project was subject to some pressure gradient, a somewhat fuller
profile when comparing to Blasius could be expected. On the other hand, the inertial forces (which are
inherent in this test facility) are likely to counterbalance the effect to some extend by stretching the
boundary layer profiles. This finds substantiation by the thicker than normal boundary layers
developing when considering the stream-wise distance from the test section inlet to the measurement
location.

The data, furthermore, suggests that there is an optimum rotational speed for the current test
facility. While the 60 rpm (1 m/s) test case tends to slightly deviate from the Blasius solution, the
180 rpm (3 m/s) profile shape seems to behave like a turbulent boundary layer near the surface which
then appears to adapt to the Blasius profile towards the boundary layer edge (see Figure 19).
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Figure 19 Boundary layer traverse measurement data for several rotational speeds
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By far the closest match when compared to the Blasius solution was obtained with a 120 rpm
(2 m/s) rotational speed. For that reason, it was chosen as the base flow condition for subsequent
particle investigations. This speed provides for a Reynolds number of greater than 300 at a distance of
about 3 mm above the drum for an object with a diameter of 5 mm. While for investigations on a
cylindrical particle this is more than adequate, for those on a spherical one it is considered the
absolute minimum.

Furthermore, possible suppression of vortices due to wall proximity as proposed by Zdravkovich
(2002)* for a circular cylinder would make any location closer to the drum ineligible for the
anticipated purpose of this study. These considerations currently restrict possible experiments to
objects that meet the above-mentioned dimensions at a single rotational speed.

Therefore, subsequent to preliminary particle experiments, efforts should be undertaken to
sufficiently stabilize the flow at higher rotational speeds, in order to widen the window for

experimentations.

Hot Wire Measurements

Calibration procedures: Calibrating the HW probes represented another problem for this
project. Since in general the calibration procedure needs to be carried out within an undisturbed free
stream, the newly developed test facility could not be used, as the current setup makes it impossible to
cover the velocity range required for the boundary layer measurements. This issue was overcome by
conducting the calibration process in another wind tunnel located in the same laboratory. Even though
this tunnel was not particularly well suited for the very low speeds required for the calibration, careful
observation of the calibration curve’s behaviour and constant screening to standard Pitot tube readings
lead to results that could be used with confidence.

However, this made the calibration a time consuming process. It also suggests a future

improvement to the design of the test facility, by adding an additional flow supply.

Technical difficulties encountered:First attempts on taking HW measurements in order to gain
more detailed data were unsuccessful in producing conclusive results. Subsequent in-depth post-
processing of the single traces revealed high amplitude disturbances near the drums surface, that were
quite similar in shape to that known from turbulent spots (see Figure 20). These distortions were
exactly in line with the rotational speed of the drum, thus indicating that a slight concentricity
deviation of the drum was causing the issue. Earlier measurements using a micrometéradauge
shownthe drum being out of centre by approximately 50 um (a distance that had been considered

sub-critical at the chosen speeds until then.
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Figure 20 Disturbances recognized in the HW signal before improving the drum’s concentricity

In order to not lose the facilities very good balancing, which was reflected by a nearly vibration-
free operation throughout the entire required speed range, the decision was made to correct the
concentricity in-situ without disassembly of any part that was driving the drum. This has been
accomplished by coating the drum with an easy to “sétiéf (Isopon P38 Easy Sand), which after
sufficient hardening has been ground down by using a very fine grade sand paper that was glued to a
perfectly straight edge covering the whole width of the drum. Clamping this purpose-made tool
squarely to the frame of the facility such that it just touched the highest point of the drum and slowly
rotating the latter, took material off only in the required region until no frictional noise could be heard
for a full rotation. The procedure was carefully repeated until the initial friction of the sandpaper
occurred uninterruptedly throughout a full turn of the drum.

Subsequent to the above described modification, no movement of the shading image of an object
located close to the drum’s surface could be observed by the naked eye. Successive measurement
revealed that the procedure had succeeded to reduce the concentricity deviation to as little as 5 pm,
while at the same time improving the surface smoothness and entirely preventing any surface rust
accumulation.

Unfortunately, as is apparent from the subsequently repeated HW measurements, this was still
insufficient to eliminate the previously observed distortions (see Figure 21). While the spot-like
nature of the disturbances had disappeared, their amplitude was still very large. However, the latter
diminished with wall-normal distance and seemed to have completely dampened above the boundary
layer edge as determined by preceding Pitot traverses, thus supporting the derived value of the

boundary layer thickness (see Figure 22).
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Figure 21 Disturbances recognized in the HW signal subsequent to improving the concentricity

Figure 22also illustrates that the structure of the disturbacttanges within the boundary layer.
While near the surface as well as towards the boundary layer edge the signal shows a quite smooth
wave-like appearance, a more spiky deflection of larger amplitude is found in the central regions of
the boundary layer. Apparently, the proximity of both, the surface and the nearly quiescent free

stream, tends to dampen distortions for the chosen test case.
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Figure 22 Disturbances as measured by HW throughout a boundary layer traverse at rpm 120
subsequent to reducing the concentricity deviation

Investigating measurement results obtained at locations further away from the wall reveals the
importance of the achieved concentricity improvements. Whereas the post-modification data shows
no evidence of the surface imperfection outside the boundary layer, the pre-modification flow field
was still strongly affected at a wall normal distance of 35 mm (see Figure 23). Furthermore, the latter
signal appears to be quite irregular, which indicates that the underlying boundary layer was certainly

not laminar in this case.
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Figure 23 Comparison of hot HW signals at a distance of 35 mm normal to the drum’s surface before
and subsequent to reducing the concentricity deviation

This is unlike all traverse data shown in Figure 22, which reminds in appearance of Tollmien-
Schlichting (TS) wave$”, a disturbance type that is known to be tolerable by a laminar boundary
layer to a certain extend without causing a breakdown to turbulence.

It must be noted that the data shown for the 177 rpm test case provided in Figures 22 and 23 was
subject to an initial calibration problem and thus only amounts to about half its actual value. Since the
above considerations are dealing with the signals’ structural influence onto the flow field this is seen

to be of no relevance at this point.

Discussion of measurement results obtained from Boundary Layer traverses

A further finding of the above described laboratory studies is that the boundary layer thickness
seems to slightly increase with speed. While at a rotational speed of 1 m/s a,d#lta, nm was
determined; at 2 m/s this had increased to about 8 mm. At 3 m/s all indication pointed towards a delta
of 10 mm. However, it must be noted that the shape of the latter boundary layer profile is showing
some near wall turbulent structures.

This behaviour could be explained by the higher energy of the near wall air particles when
subjected to a higher rotational speed of the drum due to the no-slip condition. These particles are
increasingly likely to carry along air parcels further away from the wall with increasing kinetic
energy. This also explains, why the x-value as required for the calculation of eta in the Blasius
solution could not simply be taken as the stream-wise distance between test section inlet and
measurement location.

Furthermore, it is interesting to observe the peculiar shape of the 3 m/s test case. It seems to

suggest that the breakdown of the laminar boundary layer develops gradually from the wall region,
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before a completely turbulent boundary layer is obtained. However, such statement would require

further substantiation from measurements to be taken at higher velocities.

Pressure Transducer Measurements

In order to investigate whether or not the wave-like disturbances indeed stem from wall normal
flow components, a pressure transducer has been employed. This has been done, since on one hand it
would only detect flow changes in the anticipated (stream-wise) direction while on the other it
provides for readings that are of high frequency, and thus (unlike a standard manometer) enables for
the detection of the observed disturbances, if they were to act in this direction.

An example measurement taken at 2 m/s rotational speed at 1 mm and at 4 mm above the wall is
illustrated in Figure 24. It is evident that the distortions found in the HW signals did not occur here.
Since the pressure transducer could only sense flow fluctuations in the stream-wise direction, it can be
stated that these low-frequency high-amplitude disturbances, originate exclusively from wall-normal

imperfections.
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Figure 24 Near wall measurements using a pressure transducer at a sampling rate of 5 kHz, clearly not
showing any regular low frequency disturbances of high amplitude

Unfortunately, even though a high spec transducer has been acquired, its sensitivity was
insufficient to allow for complete boundary layer traverses. Nevertheless, the findings of Figure 24
give confidence that application of a crossed wire probe could resolve the issues initially encountered
when attempting to obtain results from HW measurements, since such a probe can resolve both the x-

and the y-component of a velocity vector independently.
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Smoke Flow Visualisation

Since there was little known about the flow field developing within the test section of the facility
built during this project, supporting application of flow visualisation techniques was considered
essential.

While initially oil based smoke was considered for its easy and cost effective generation and its
white colour, which is stated to be most suited for visualization purf8sethe problem of severe
oil condensation in the test section has led to the decision of employing a dry combustion based
technique instead. An oil film, coating the drum, was believed to introduce large errors to the
developing flow field by upsetting the no slip condition of air particles at the drum’s surface. While
cigarette smoke would have been the preferential solution on the above stated grounds, this could not
be used for legal reasons. Thus, the final choice was made for using incense in combination with a
sufficiently strong green light laser (15mW, class 1M), that could be focussed to illuminate a thin

sheet. The most important of in that way obtained results are illustrated within Figures 25 to 28.

Figure 25 Steady vortex developing at the boundary layer edge
half way through the test section at zero pressure
gradient conditions

Since the theory for a thin flat horizontal plate of infinite dimensions suddenly set into motion
horizontally proposed that all flow above its surface will gradually take on the speed of the plate with
time passind®”, the facility had been designed to work against the gravitational force, in order to
possibly counterbalance the effect to some extent. However, the development of a steady vortex near
the boundary layer edge and in particular its orientation (see Figure 25) gave room for the speculation

that this could be a result of gravity thwarting the kinetic energy of the flow which is swept along with
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the drum’s surface. This would also explain the location of the vortex near the point where the effect
may be strongest, at about half way through the test section.

Even though this vortex could be shifted further downstream by diffuser modifications as
described in an earlier section, it proved difficult to achieve regions lying behind the initially
anticipated measurement location, as is apparent from Figure 26. Hence, it was decided to position all
subsequent measurements a few degrees further upstream, in order to be not dependent on the

introduction of considerable pressure gradients.

Figure 26 Steady Vortex shifted downstream by partially blocking the
diffuser exit; however, this is near the initially anticipated
measurement location

Please note within Figure 26, the clear region upstream of the vortex, adjacent to the drum'’s
surface that is bound by a thin streak of smoke. This is believed to represent the developing boundary
layer since in here the smoke is carried away quickly due to the higher speed of the air particles. The
width of this region agrees well to the earlier from traverse data derived boundary layer thickness.

Even though slight pressure modifications and relocation of the measurements were successful in
providing a stable flow condition for the subsequent particle studies, it should also be investigated,
whether or not reversing the drum’s rotational direction would overcome the issues that may be
connected to gravitational forces (please note that the test facility had been designed from the
beginning to allow for interchanging the in- and outflow conditions without great efforts).

Surprisingly, the smoke being delivered from the diffuser side this time still appeared to be
rising. Unfortunately, the visualisation capabilities were unacceptably reduced. Thus, the smoke
introduction was moved back to the contraction side (representing the outflow for this study), which

considerably improved the obtainable views.
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As a first important result, the incense smoke (being of higher temperature than the ambient air)
was free to rise within the free stream, making apparent a nearly quiescent flow within this region,
even at higher rotational speeds of the drum. Secondly, as illustrated in Figure 27, the flow structures
of the rising incense were rapidly swept along (downwards) when coming close to the drum’s surface,
again providing for an approximate indication of the existing boundary layer thickness. A steady
vortex could not be observed at any location near the boundary layer edge. However, obtained
illustrations appeared somewhat less conclusive than in the anti-clockwise rotating case, since
irregular smoke patterns developed throughout the free stream while overlaying the flow features
being of greater interest for this particular project.

Figure 27 Flow structure of within the free stream rising incense being
swept along with the boundary layer over the reversely
(clockwise) rotated drum

In summary, employing the clock-wise rotating approach would lose a lot in terms of smoke flow
visualisation and possibly increase the overall turbulence level within the free stream due to the
smoke rising against the background flow generated by the drum’s rotation. Hence, the decision was
made to adhere to the initial setup, unless more severe difficulties should occur. Figure 28 shows the
stable flow condition achieved at the location, where subsequent particle impact analysis will take
place.

Unfortunately, while providing quite clear and steady illustrations of the flow within the free
stream, the smoke within the area of interest, namely within the boundary layer, is carried away

quickly making it somewhat more difficult to capture developing flow structures in here.
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Figure 28 Stable flow at the anticipated measurement location

The impact of a particle on the laminar boundary layer- Part 1

In order to surmount the problem of a practically smoke-free boundary layer, an attempt was
made to entrain the incense directly from the particle itself. This has been achieved by attaching the
particle to a capillary tube, which was connected to the smoke reservoir. The latter consists of a large
syringe which is filled with incense before each experiment and also serves to provide for the pressure
required to entrain the smoke through a little hole in the particle. In order to avoid additional
disturbances, the jet containing the smoke must be kept at a very low speed, which was found to be
easily controllable.

Figure 29 shows an example illustration of a streak of smoke initiated from a spherical particle
(d = 6 mm) located about 2.5 mm above the drum, which was rotating at 120 rpm. Apparently, there is
no sign of a developing vortex despite of a sufficiently large Reynolds number. It seems that the flow
drawn with the rotational drum completely counteracts any vortex development from the wall
adjacent particles surface. Whether or not this involves turbulence being produced in the boundary
layer behind the immersed patrticle is currently not known. In other words, if the particle is positioned
at a wall normal distance that is smaller than a certain critical value, which needs to be specified, then
the vortex that would normally start rolling in towards the particles centre line within the near wake is
stretched by the faster moving surrounding flow before it can form. Since the side of the particle
furthest away from the drum is subcritical, this would mean that the wake development as known

from theory for a uniform flow field is completely suppressed for the illustrated case.
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Figure 29 Thin streak of smoke entrained from a spherical particle
and drawn along with the rotational drum at rpm 120.

Thus in this region turbulence can only occur if the disturbance excites within the boundary layer
and breaks down into a turbulent spot some distance downstream of the particle, or if the particle is
large enough for transition to occur on its surface before the wake detaches.

Unfortunately, this was the only configuration providing for illustrations that were sufficiently
clear to allow for video images to be taken. Please note that only the lower right illustration within
Figure 29 represents the actual particle, while all other appearing objects are a result of optical

reflections from both the test section side wall and the rotational drum.

Work in progress

Flow field definition

The issues encountered when using single HW probes have led to the decision to employ X HW
cross flow probes instead. This will result in a clearer definition of the flow field provided by the
alternative experimental approach described herein. The flow definition explorations will be made at
different locations and rotational speeds and also be repeated at several times after running up the test
facility. Whereas, the latter will rule out or not any time dependence, the former should indicate
whether or not self-similarities between the profiles can be achieved, as can be observed in zero

pressure gradient flat plate boundary layers.

44
Distribution A: Approved for public release; distribution is unlimited.



The impact of a particle on the laminar boundary layer- Part 2

The limitations inherent to the currently applied smoke flow visualization technique and the
problems encountered during HW single probe measurements have as yet prevented the reliable
determination of a critical particle Reynolds number.

This makes an upgrade of the applied measurement techniqgue a requirement. Particle Image
Velocimetry (PIV) is believed to satisfactorily overcome encountered issues if sufficient seeding of
tracer particles into the boundary layer, which develops over the rotational drum, can be achieved.

Also, the double (or so-called “raised”) Pitot approach is under consideration as a supplementary
technique, since it has proven to successfully work during flightfestsd also in the laboratofy.
However, due to the low speeds inherent to the setup of the test facility, the earlier used equipment
failed to detect reliable readings. Unfortunately, the higher-spec pressure transmitter (0-0.1 mbar) that
has been sourced for this purpose could not be made available in time.

Considering the small window available for measurements on a spherical object, also cylindrical
particles will be included in all subsequent investigations. This will furthermore allow for a more
direct comparison to the “Hall criteri&. The particles will be fixed at both sub- and supercritical
conditions within the established non-uniform flow field at several elevations above the drum. The
investigation of the particle wakes, forming under these conditions, should reveal the critical
parameters, above which turbulence is produced in a wake.

With regard to this and the preceding section there will be an amendment to this report as soon as

the corresponding results are available.

Modifications of the test facility

The test facility, being to the author's knowledge the first of its kind, must be considered a
prototype. Hence, it was subject to continued modifications, the requirement of which arising from
lessons learnt during its development and initial testing. Furthermore, working on a prototype always
leaves room for the emergence of new ideas that would lead to performance improvements, some of
which are proposed within this section.

The experiences acquired while working on the test rig has indicated that it may be advisable to
introduce additional flow to the test section. The advantages could be twofold. On the one hand, the
kinetic energy of the free stream produced in that way could improve the overall flow stability near
the boundary layer edge. On the other hand, the test facility could be set to the specific needs of a
particular experiment, making it, for instance, possible to also investigate an object of 2 mm diameter
further away from the wall. This could be set by carefully adjusting both free stream speed and a

respectively higher velocity of the rotational drum. Such a modification would, of course, require an
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upgrade of the current system used to rotate the drum, since rotational capabilities of up to 600 rpm
(or more) might be necessary. Furthermore, the employment of a stepper motor would be beneficial
allowing for constant rotational speeds to be set from a computer.

Due to the fact that flow within the settling chamber is barely existent in the current setup, only a
simple design in terms of flow straightening and conditioning was required. However, when
introducing additional flow supply, a more complex approach has to be considered, in order to
provide for a sufficiently disturbance free environment of low turbulence within the test section. This
can be achieved by a properly designed combination of honeycomb and turbulence grids to be
implemented into the inlet of the settling chamber. In this way, any flow passing the inlet will be
made homogenous and isotropic and be of reduced turbulence intensity before entering the
contraction area. A suction type flow supply from the diffuser end is currently considered to be the
preferable solution. The above described modifications are currently underway.

Surprisingly, even at the very low test speeds, already the tiniest derivations from concentricity
seem to cause great difficulties when attempting high quality HW measurements. Thus, the central
part of the facility, namely the rotational drum, would need to be upgraded by a construction similar
to one being generally applied to high quality bearings, in order to improve the flow quality above

that which can be obtained by the current prototype test rig.

Conclusions

(1) The published information on the mechanisms leading to the transition of a laminar
boundary layer due to a small particle travelling through it is incomplete.

(2) The critical parameters above which transition is triggered within the affected
laminar boundary layer have not been experimentally verified prior to the current
study.

(3) Conventional laboratory methods are not likely to capture all facets of the naturally
occurring mechanisms without appreciable efforts requiring access to the latest state-
of-the-art measurement techniques. An alternative method, which is described in
detail within this document, has been shown to be viable.

(4) A computational pre-study on the alternative experimental method has resulted in
time-limited boundary layer growth and a stable non-uniform flow field.

(5) The proof of concept of the alternative experimental approach was demonstrated by
actual experimentation. The new test facility has been proven to provide for a stable
non-uniform wall-bounded flow field.

(6) The results of both the CFD study and the preliminary experiments indicate thicker

than normal boundary layers when compared to flat plate solutions.
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(7) The level of observed background flow found in the “free stream” is low, and
particles can easily be kept at subcritical conditions within this region.

(8) The level of observed background flow can be considerably reduced by applying a
flap to the diffuser outlet, thus by introducing a small pressure gradient.

(9) The boundary layer traverse of a flattened miniature Pitot tube resulted for a specific
frequency of the rotating surface in a velocity profile that provided a surprisingly
close match when compared to the Blasius profile. Since this speed also allows for a
comprehensive particle investigation it has been defined as the “optimal
configuration”.

(10)Already very small concentricity deviations of the rotational drum were seen to have
a large effect onto results as obtained from HW measurements. While the effort to
improve the found concentricity deviation was successful in reducing the effect to
within the boundary layer the disturbances in here persisted rendering single HW
probes ineligible for producing useful results.

(11) Smoke flow visualization on a particle immersed into the boundary layer indicates
that there exists a region within which the development of a particle wake could be
completely suppressed.

(12) Meaningful visualizations of the particle’s wake when immersed into the non-
uniform flow field of the boundary layer proved to be difficult, since the smoke
within the latter is carried away too quickly to allow for video images.

(13)Outside of those regions the applied technique provided for clear representations,
substantiating both a “quasi-quiescent free stream” and the boundary layer thickness
as derived from Pitot traverses.

(14)An upgrade of the currently applied measurement techniques in terms of X HW
cross flow probes and PIV is seen to be a requirement, in order to establish the

desired critical particle parameters.
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List of Symbols, Abbreviations, and Acronyms

Symbols

speed of sound

cross sectional area
contraction ratio

diameter

transverse velocity gradient
normalized height

height

local shear parameter

r X I S @O 2 © >» 9

length

length

Mach number

Py
5 5

Reynolds number

Strouhal number

@

c

stream-wise velocity

C

stream-wise velocity
t time
X coordinate in stream-wise direction

y coordinate in transverse direction

Subscripts

crit referring to a critical condition
[ inlet
exit

outlet

T O o

referring to a particle
rot referring to a rotational movement

in stream-wise direction

x

y in transverse direction

referring to conditions at infinity
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Greek

DS S O

c

boundary layer thickness
auxiliary variable

cone angle

dynamic viscosity

normalized length

Abbreviations and Acronyms

BC
CFD
DVB
HW
LFC
NASA
NI
PIV
R&D
rpm
SAS
TS
TSI
usS
USAF

Boundary Condition
Computational Fluid Analyses
DiVinylBenzene

Hot Wire

Laminar Flow Control
National Aeronautics and Space Administration
National Instruments

Particle Image Velocimetry
Research and Development
rotations per minute
Simulated Airline Service
Tollmien-Schlichting

Thrust. Science. Innovation.
United States

United States Air Force
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Finances

Table 1

in/fout

List of Finances Scurrency conversion based on 01.09.2011 for 1* rate and on

01.03.2012 for 2"

in Dollar

in Euro

rate; 1% rate applied for expenses until amount was exceeded)

1011-ND

incoming | 15,000.00 $ | 10,275.00 € | Grant FA8655-11-1-3044 (1% rate) | 01.09.2011
exchange rate: 1.46
10,000.00 $ | 7,505.00 € | Grant FA8655-11-1-3044 (2" rate) | 01.03.2012
exchange rate: 1.33
expenses 1,240.87 $ 850.00 € | personnel Sep 2011 25.09.2011
1,240.87 $ 850.00 € | personnel Oct 2011 25.10.2011
1,240.87 $ 850.00 € | personnel Nov 2011 25.11.2011
1,240.87 $ 850.00 € | personnel Dec 2011 29.12.2011
1,240.87 $ 850.00 € | personnel Jan 2012 25.01.2012
1,240.87 $ 850.00 € | personnel Feb 2012 25.02.2012
1,240.87 $ 850.00 € | personnel Mar 2012 25.03.2012
1,240.87 $ 850.00 € | personnel Apr 2012 25.04.2012
1,240.87 $ 850.00 € | personnel Jun 2012 25.06.2012
1,240.87 $ 850.00 € | personnel Jul 2012 25.07.2012
1,459.85% | 1,000.00 € | study fees in progress
cancelled,
433.56 $ 297.00 € | power supply loan extended
TSI HW probes 1201-6, probe
1597.93 $ 1199.25 € holder 1150-6, shipping 05.04.2012
729.93 $ 500.00 € | TSI standard X HW 1240-T1.5 ordered
. cancelled,
0.00 $ 0.00 € | Pitot probe loan extended
cancelled,
0.00 $ 0.00 € | Manometer loan extended
0.00 $ 0.00 € | Shell ondina oil smoke ca_ncelled, not
suitable
Picotronic focusable line laser
561.85 $ 421.67 € | LC532-15-5-F, mount,  power | 02.05.2012
supply, shipping
National Instruments Data
452.67 $ 310.08 € | Acquisition Card NI PCI-6220, | 04.05.2012
shipping
18580 | 139.49 ¢ | Motor Hawk: Controller — Card, | ;4 46 51
Stepper Motor, shipping
195.19 $ 146.49 € DigiKey Pressure Transducer 442- 08.07.2012
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in/out in Dollar in Euro Item Date

Manotherm Pressure Transmitter
1,196.40 $ 897.90 € DN51411, shipping 30.07.2012

Management overhead,
University of Limerick (15%)*

1,561.86 $ 1174.33 € | Travel cost (AIAA conf./Dayton) 15.09.2012

3,553.63% | 2,667.00 € 01.08.2012

Loan of PIV system (10 working | rental agree-

1,33245% | 1,00000€ | 4 o ment in place

Please note that some values provided are
indicative (and as such the total amount), since
Total -239.17 $ -176.16 € | work is still in progress (e.g. PIV, X-Wire). A final
statement of the corresponding account will be
made available in a supplementary report

*this includes in stock materials & consumables, personnel cost of technicians, and access to
publications
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