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(1) Title: program A- “The Effect of Rotational Motion on Jet-Impingement
Cooling”
progra'm B- “The ‘Tornado Effect’ on Hairpin Vortices in Turbu-

lent Convective Cooling”

(2) Overall Objective: To enhance the cooling effectiveness of jet-impinge-
ment and convective cooling used in the hot turbine
section of aircraft engines by exploiting the presence

~and motion of vortical structures.

(3) Grant Number: AFOSR - 91-0195

(4) Principal Investigator M. Kurosaka, P.I. and Professor; David C. Aronstein

and participating Graduate David W. Dartford, Michael D. Fox, Jeffrey P. Hagen,

Students: Stanley Hsu, Philippe C. Poutissou, and Stephen A.
Whyte

(5) Organization and Address = Department of Aeronautics and Astronautics
University of Washington
Seattle, WA 98195

(6) Starting Date: March 1, 1991

(7) Reporting Date: March 1, 1991 to September 30, 1994

(8) Summary Description of the Entire Program
(8a) Air Force Needs

Compared to the present thrust-to-weight ratio of the current military aircraft
engine, which is, for instance, about 6 for the F101, the far-term target in the year 2000
and beyond is aimed at values of 14-16, more than twice those achieved in the technol-
ogy of today. As a key component improvement to push towards such a goal, the turbine

- temperature is envisioned to be raised from the current level of 2400 °F to 3600 °F. There-
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fore, an increase of hot section cooling by 80% or more, without incurring any weight

penalty, is considered to be an imperative.

(8b) Summary of Program A:  “The Effect of Rotational Motion on Jet-Impingement
Cooling”

In our proceeding AFOSR supported program, it has been demonstrated that
vortex dynamics play a crucial role in impingement cooling schemes. Owing to the
capacity of vortical structure to separate the total temperature, the cooling equivalent to
430 °F in the turbine thermal environment is found to be caused by the vortex rings in
jets. These results are obtained in the setting of a non-rotating fluid. The rotation of the
turbine blades, however, is expected to induce various first-order changes in the jet, its
vortical structures, and their cooling effect. For instance, the trajectory of the impinging
jef is expected to be strongly affected by rotation. Additionally, the Coriolis force may
have a direct effect on, and deform the vortical structure in the jet, thereby altering the
total temperature field. With these highlighting features in mind, we conduct a defini-
tive, first-of-the-kind investigation to elucidate the effect of bulk-fluid rotation upon
impingement cooling, a study expected to yield many counterintuitive physical
phenomena.

(8c) Summary of Program B: “The “Tornado Effect’ of Hairpin Vortices on
Turbulent Convective Cooling” :

Program B is concerned with the central part of convective cooling, i.e., the heat
transfer in transitional and turbulent boundary layers. Here we confine our attention to
non-rotating fluids and focus on a flat plate with a transitional / turbulent boundary

layer, which has two-dimensional mean flow and zero streamwise pressure gradient.
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Within this framework, we address the following question: What is the role of large-
scale structures in turbulent heat transfer? How much of what has traditionally been ascribed to
turbulent heat transfer is, in reality, attributable to large-scale structures? Would the augmenta-

tion of large-scale structures result in an increase in the turbulent heat transfer rate?

The turbulent boundary layer is populated with large-scale arch-like hairpin vorti-
ces. A mechanism related to the hairpin vortices, which seems to have escaped attention
in the past but is considered to have potent impact of heat transfer, appears to be at
work: ‘the tornado effect’ or the crossflow transport of heat through the cores of the hair-

pin vortices .

Supporting evidence corroborative of the hypothesized mechanism is available.
Chief among them is the fact that due to the directional preference of the tornado effect,
from the wall to the fluid, the direction of the heat transfer - either from the wall to the
fluids or vice versa -- does make a difference in the magnitude of the heat transfer, this is

contrary to the commonly held view.

This mechanism naturally suggests the intensification of hairpin vortices as a
means to promote turbulent heat transfer. It is encouraging to note that sound has been
found to increase the turbulent heat transfer by as much as 30%. This may be exploited

favorably in the tone-rich environment of gas turbines.
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(9) Results

(9a) Program A

(9a-1) Flow Visualization

A full-scale rotating water rig, shown in Figure 1, was constructed for flow-visual-

ization study (ref.1).

The large rotating water tank is 27” in diameter and 48” high. The maximum design
speed of the tank is 200 rpm.The base and side wall are clear acrylic. The base rests on an
aluminum turntable. An aluminum lid is bolted to the top of the side wall. The supply
tank, valves, and other equipment are mounted on the aluminum lid. An opening at the
center of the aluminum lid provides access to the tank. The tank interior is also accessible
through a removable insert in the bottom of the tank, which is bolted in and sealed by an
O-ring.

There is a stationary 30 gallon reservoir tank for preparing the jet fluid. Water is
pumped from there into the on-board annular supply tank, and this can be done while
the tank is rotating. The supply tank has a capacity of 600 in>. The water level in the
supply tank is typically 40 inches above the water level in the main tank. Flow is regu-
lated by a plug-and-orifice valve similar to that in the pilot test rig. The plug is driven via
a worm gear by an electric motor, and the position is indicated by a potentiometer. Elec-
trical communication to the tank is accomplished via a 12-channel slip ring mounted on
the centerline near the top of the supply tank. A pulsing valve is downstream of the main
flow control valve. The jet pipe then extends into the test section, where it endsina1/2”
diameter nozzle. The nozzle can be oriented at 0 degrees or 90 degrees to the rotation

axis. With the nozzle parallel to the rotation axis, it is also on the centerline. A constant
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water level in the main tank is maintained by a centrifugal drain. The drain pipe leaves
the tank through a sealed opening in the aluminum lid, and exits into a non-rotating
annular gutter. The end of the drain pipe is oriented such that the exit velocity of the
water, as it leaves the drain pipe, is essentially canceled by the rotational motion of the

drain pipe. This feature minimizes splashing. The gutter drains into a large dump tank.
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Figure 1. Rotating Water Tank.




(9a-1-1) Flow-visualization: Axial Jets
An axial jet is representative of the cooling near the leading edge of a turbine blade,

where the direction of the jet is parallel to the rotational axis.

The rotating rig enabled us to identify gross features of a jet in rotation (ref.1),
which appears to have important implications for practical applications. These features
are related to the trajectories of jets; they embody a tendency of rotating fluids to resist
any change in the direction along the axis of rotation, a fundamental property known as
the Taylor-Proudman Theorem. Consider a flat impingement surface placed normal to
the rotational axis (z axis); since on the plate the normal component of velocity (u,) is
zero (in inviscid flow), u, everywhere tends to become zero. This tendency materializes

in the unexpected behavior of jet trajectory.

Consider a jet discharged normal to such an impingement surface. The basic, non-
rotating impingement flow is illustrated in Figure 2. For strong rotation (low Rossby
number), the jet would fail to reach the surface for the reason stated above, unless the jet
momentum is sufficiently large (flow-visualization of Figure 3 shows comparison
between the two: non-rotating and strong-rotation). When the jet is sufficiently strong
(high Rossby number), the near-field flow should be substantially unaffected by rotation.
However, the importance of rotation rapidly comes into play as the flow spreads
outward on the impingement plate. Simple continuity coﬁsideration suggest that the
spreading velocity variés inversely with radial distance. So the effective local Rdssby
number, based ‘on the radial distance, jet velocity and the rate of rotation, is inversely
proportional to the square of the radial distance. Even at a high-Rossby number imping-
ing jet is therefore expected to become rotation-dominated at somé distance from the

impingement point, as shown schematically in Figure 4. This is indeed verified and the
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results are captured in video format.The radii at which the flow becomes rotation-domi-
nated were made from the video images and their values denoted by Y (non-dimension-
alized by the nozzle diameter d) is plotted in Figure 5 as a function of (global) Rossby

number.

The suppression of axial jet velocities by the impingement plate appears to be detri-
mental to the cooling performance of such jets. At Rossby numbers below roughly 2,
there is no jet in the conventional sense. The vortical structures which, in the absence of

rotation, induce favorable total-temperature separation, are not present.

At higher Rossby numbers, the vortical structures are present in the jet and the
impingement flow, out to a certain distance from the impingement point. Within this
distance, enhanced cooling due to total-temperature separation may be expected.
However, the radial extent over which favorable total-temperature separation can occur
by vortices is limited by the effects of rotation. It is important to note that, even when the
jet Rossby number is high, the far-field flow, having lower characteristic velocities and a
larger length scale, will be characterized by a much lower Rossby number, and will

therefore be strongly influenced by rotation.
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(9a-1-2) Flow-visualization:Transverse Jets

A transverse jet, in which the jet nozzle is approximately perpendicular to the axis
of rotation, is typical of mid-chord impingement cooling. While not as critical as leading-
edge cooling in terms of temperature, the mid-chord region does encompass a large
portion of the blade surface; so it is important in terms of the amount of cooling flow
devoted to it. Also, the heat transfer to the blade in this area may be quite high because

the boundary layer on the outer surface of the blade is turbulent in the mid-chord region.

Of greater significance of rotation on a transverse jet is the effect of the aforemen-
tioned 2-dimensional tendency on a transverse jet (ref.1). The jet imposes a velocity y;
over a specific trajectory which lies at a specific value of z; the flow field tries to be 2-
dimensional by matching that velocity at all values of z, above and below the jet trajec-
tory. The result is that the jet pulls a “curtain” of fluid along with it, producing a planar

jet even though the nozzle is axisymmetric.-

As in the case of axial jets, the effect of a finite enclosure must be considered. At
some distance away, in the axial direction, there must be an end wall with a no-flow-
through boundary condition. Because du/dz =0 everywhere, the end wall boundary
condition is imposed on the entire flow field. Considering first the case of a jet at 90
degrees to the rotation axis, and a horizontal end wall, it can be seen that there is no
conflict between the jet orientation and the boundary condition (Figure 6). However, if
the jet direction does not match the end wall slope, there is a conflict, as shown in Figure
7. If the Rossby number is sufficiently low, the jet would be expected to follow the end

wall boundary condition, even if that boundary is many jet-diameters away from the nozzle. If
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it is intended to direct a jet at 45 degrees to the rotation axis, for example, it would seem

necessary to slope the end wall at a similar angle as in Figure 8.

Observations of the formation of a planar jet, and of end-wall effects on the jet
trajectory, .-were made. Dye in the jet fluid was used for flow visualization, and the
camera was in the fixed frame of reference, positioned so as to give a side view of the
flow. The Rossby number was approximately 1 in all cases. The flows corresponding to
Figures 6 through 8 are shown in Figures 9 through 11, respectively. In the experimental
runs shown in Figures 9 and 10, both upper and lower boundaries were flat. In Figure 11,
the lower boundary was sloped, while the upper boundary was a free surface. The jet
nozzle was located closer to the lower boundary to insure that the sloped boundary
condition would be felt at the nozzle. The expected flow patterns were seen. That is, the
jet entrained a vertical “curtain” of fluid within a very short distance from the nozzle.
Furthermore, the flow followed the end-wall contourl in each case. In the second case,
where the jet was at 45 degrees to the axis and the end wall was normal to the axis, the

boundary condition of the end wall prevailed.

In cases 1 and 2, the final distribution of jet fluid was centered at the same height as
the jet nozzle, even though the nozzle was directed downward in case 2. Only in case 3

was the bulk of the jet fluid transported in the vertical direction.

If the boundary conditions conflict greatly, then the flow becomes less predictable.
In ref. 2, it was observed that when the top and bottom boundary conditions are strongly
different, a transverse jet follows the slope of the closer boundary. If the jet is roughly

equidistant from the two boundaries, then it tends to follow one or the other, sometimes
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fluctuating between the two, rather than assuming a steady direction equal to the aver-

age of the two end wall slopes.

Upon completion of a free transverse jet study, an investigation of impinging trans-
verse jets was carried out. For the purpose of the present work, an impinging jet is
considered to impact perpendicularly onto a flat surface. To accomplish this, jet path
curvature due to Coriolis force must be correctly allowed for. Experiméntally, steps were
taken to insure that correct impinéement was achieved. Figure 12 shows the experimen-

tal set up used for observation of impinging transverse jets.

- Assuming the jet reaches the impingement plate while retaining its 3-dimensional
character, the near-field impingement flow is expected to resemble that of a non-rotating
jet, as shown previously in Figure 2. A schematic view of this flow, looking directly onto
the impingement plate, is shown in Figure 13. The concentric circles denote vortex rings
spreading radially on the impingement plate. As in the case of the impinging axial jet,
rotation will become dominant a;c some point as the flow spreads and slows. The
expected flow, exhibiting a transition from the non-rotating flow pattern to the rotation-
dominated flow pattern,‘is shown schematically in Figure 14. Enhanced cooling due to
total-temperature separation seems to be achievable under these conditions. Experi-

ments

Figure 15 shows the details of experimental set up used for observation of imping-
ing transverse jets. A false floor and backdrop, both white, were installed to aid in visual-
ization. The impingement plate was clear, and a mirror was installed behind it to provide
a view onto the plate, for the overhead on-board video camera. With the appropriate

zoom setting on the camera, both a direct top view and the view onto the plate could be
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observed simultaneously. This feature was useful in understanding the observed flow
patterns. Phenolphthalein in the jet fluid was used as a dye, with base (NaOH) in the jet
fluid and acid (HNO;) in the ambient fluid. This made the jet fluid visible with high
contrast for the extent of the impingement flow, but caused it to become clear upon
mixing with the ambient fluid, so that the view of the test section was not obscured. The
Rossby number range for impinging transverse jet experiments was 2.5 to 5, correspond-
ing to a jet velocity of 5 inches per second and rotation rates of 20 to 40 revolutions per
minute. The impingement plate was typically positioned 2 jet-diameters from the nozzle

(x/d =2).

As a basis for comparison, Figure 16 shows an impinging jet in the absence of rota-
tion (Ro = e), in the present experimental set up. Radially spreading vortex rings are

clearly visible in the view onto the impingement plate.

Figure 17 shows the typical impingement flow, at a Rossby nurﬁber of 4.7. A radial
pattern is seen up to a distance of about 2 jet-diameters from the impingement point.
Columnar structures are seen outside of that region. An important feature of the flow is
that the columnar vortices on the observer’s left are continually moving along the plate,
while the single large columnar vortex on the right is stationary. The asymmetric impinge-

ment flow, with a stationary vortex on one side, was entirely unexpected.

It was furthermore observed that the left-hand flow sometimes wrapped around
the edge of the impingement plate, and even continued along the back surface (Figure
18). The right-hand flow, in every case in which it was visible, separated prior to reach-

ing the edge of the plate.
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When the jet impinges on the plate, a radially spreading wall jet is generated. As
expected, the effect of rotation is to break this up into two pl\ane wall jets, one proceeding
to the right and one proceeding to the left. It is well known that a straight flow, trans-
verse to the rotation axis, is only possible if there is a lateral pressure gradient to oppose
the Coriolis force. The momentum equation, simplified for a steady, uniform, flow, gives

20xU = -évp

The orientation of the vectors, and the sense of the required pressure gradient, are
shown in Figure 19. Thus, in the right-hand flow, pressure must decrease as one
proceeds from the outer fluid toward the plate; while the opposite must happen in the
left-hand flow. For each case, the ambient pressure outside the wall jet is the same. So the
right-hand wall jet has a region of low pressure along the plate, while the left-hand wall
jet has a region of high pressure along the plate. Now consider what happens when each
wall jet approaches its respective edge of the impingement plate. The ambient pressure is
imposed beyond the edges of the plate, as shown in Figure 20. This causes a strong
adverse pressure gradient for the right-hand flow, naturally leading to separation prior
to reaching the plate edge. The separation point seems to position itself quite far inboard
from the edge, i.e., close to the impingement point, leading to the observed stationary
vortex. The left-hand flow experiences a strong favorable pressure gradient, accelefating :
it toward the edge of the plate, and sometimes even around the edge and up the other

side.

The resulting flow, including the vortical structures generated by the jet, is shown
in Figure 21. The left-hand flow has features which indicate effective cooling. The struc-

tures become columnar and sweep along the impingement plate for large distances, at
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least 6 jet-diameters, which was the extent of the plate in the present experiment. Thus
the entire left side (in the observer’s view) of the plate would experience cooling by the
jet, including the favorable total temperature separation. This possibly represents an
improvement in cooling performance, over what can be achieved in the absence of rota-
tioh. However, the right-hand side of the plate suffers a twofold reduction in cooling
effectiveness. First, the flow extends less than 3 jet-diameters from the impingement
point in that direction before it separates. Second, even within that range, there would be

no total temperature separation because the vortical structure is stationary.
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Figure 10. Case 2: Oblique jet and horizontal end wall.
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Figure 11. Case 3: Oblique jet with sloped end wall.

20




21

supply
tank

video

/ camera

water |_> 4

surface,

rotation
j axis

|

Figure 12. Experimental set up for observation of free transverse jets




diverging streamlines
in impingement flow:

U=1/R

Figure 13. Non-rotating impingement flow: view onto the plate

fa
-t </L\
< '\_‘/

parallel streamlines
in far-field flow:

U = CONSTANT

Figure 14. Expected rotating impingement flow: view onto the plate

22




23

‘ vidéo
A camera
from
SIDE VIEW| ~ SupPl
OF TANK | I
|/
I
i: i A.I_/ l __i
A false tid] | {(clear) §|
| < impingement
backdrop ——| LA platc (clear)
(white) I~
- = mirror
false floor (white)
main tank
U
SCHEMATIC OF CAMERA FIELD OF VIEW
A
plate
top mounting
view bracket
y
A A\
image of
image nozzle image
view of Q of
onto plate plate J— mirror
plate edge mounting
* bracket

Figure 15. Experimental set up for impinging transverse jets




24

Lop

view

view

onto radially spreading
plate ¢ vorlex rings

Figure 16. Impinging jet in the transverse set-up, non-rotating




"

top view
(direct)

>l<

cw onto plate
(in mirror)

|<—_Vi

vertical
patterns
in ftar ficld

Figure 17. Impinging transverse jet

stationary
anticyclonic
vOrtex

radial pattern
visible near
impingement point

25




— FLOW WRAPPING
AROUND EDGE
OF IMPINGEMENT
PLATE
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Figure 19. Lateral pressure gradients in wall jets
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(9a-2) Rotating Air Test

A rotating air rig for temperature/pressure measurements was also constructed
and it is shown in Figure 22 (ref. 3). Its nominal speed of rotation is 3000rpm, maximum

design speed is 4200rpm.

The air supply for the jet is located in the basement of a separate building and can
be controlled from a panel in the laboratory using dome regulators. On its way to the test
rig, the air travels through a 50 kW heéter, which is used to maintain the air temperature
constant throughout the experiments, then through a settling chamber and a circular
contraction section. At this point, the air flow enters a 4” diameter pipe in the rotor of the
test rig. A labyrinth type seal assures the flow connection between the stationary and
rotating reference frames. Honeycomb inside the 4” pipe imparts rotational energy on
the air and serves to spin it up to the speed of the rotating frame before it exits through
the jet nozzle into the test section. The test section is bounded by an 18” diameter, 29”
long aluminum cylinder, mounted on bearings at both its ends such that it rotates along
its major axis. Inside this cylinder, or canister as it is referred to throughout this paper, is
located a 16” diameter acrylic disc (also rotating) instrumented with pressure taps and
thermocouples. This disc is the impingement plate and is mounted on the end of a locat-
ing shaft which can be moved axially in order to set, x, the distance between the
impingement plate and the nozzle. At the downstream end of the canister, holes in the
end surface allow the air to exhaust from the test section. The nozzle section, canister,
impingement plate and its locating shaft are all connected and make up the rotor of the
test rig which is driven by a variable speed control AC motor and a V-belt drive system.

In impinging jet experiments, data is taken by pressure taps and thermocouples
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mounted on the exposed surface of the impingement plate. A Scanivalve transducer
mounted inside the locating shaft converts the pressure information to a voltage signal
which along with the thermocouples voltages is then sent to the data collection and anal-
ysis instruments in the stationary reference frame through a 50 channel slip ring. The test
rig is mounted on a frame secured to heavy steel rails and located inside an existing
semi-anechoic chamber. Though this location was dictated by the outlet of the air supply
in the laboratory, the anechoic chamber with its thick walls conveniently isolates the

loud jet noise and the potentially dangerous high speeds of the test rig.

The rig was checked out to be operational up to 22 Hz and preliminary temperature
data were obtained, but more detailed study is needed for the rig to become fully func-

tional.
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(9b) Program B
In a low-speed water tunnel, the presence of corewise transport through the legs of
a horseshoe vortex, the so-called tornado effect, has been confirmed (ref. 4). The horse-
shoe vortices are generated synthetically in a laminar boundary layer by several means,
such as a hemispherical protuberance and secondary fluid injected through slots drilled
normal to the main flow; among them, the pulsed fluid injection was found to suit our
purpose best. By precise dye injection, the existence of almost straight-line trajectories
inclined about 45° from the main flow direction, which correspond to the transport
through the legs of horseshoe vortices, was observed and recorded. Using warm water
injectéd directly into the core as a passive marker, this corewise transport was also veri-
fied by measuring the temperature at various points along the hairpin vortex core. The
transport velocity or updraft was measured to be comparable to the freestream velocity.
The details of these findings are published in “Corewise cross-flow transport in hairpin
vortices-The “Tornado effect’ “, by ].P. Hagen and M. Kurosaka, Physics of Fluids, A 5 (12),

1993, pp.3167-3174, which is appended next.
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There is increasing awareness that even in fully turbulent boundary layers, large-scale structures
in the form of hairpin vortices abound. Although their implications are not all that clear at the
present time, they seem to play an important role in turbulent flows. Due to the inherent
unpredictability of hairpin vortices in their natural state, in the past effort has been made to
generate synthetic hairpin vortices in a laminar boundary layer; from their study considerable
insight into the processes underlying various features of turbulent flows has been gained.
Contrary to those preceding studies where attention has been directed to the flows external to
hairpin vortices, interest here is focused solely upon their interiors: the possible existence of
cross-flow transport inside the cores of the hairpin legs. In synthetic hairpin vortices, the
presence of such a corewise transport away from a wall surface, or the “tornado effect,” is
substantiated in a water tunnel with flow visualization techniques. The effect is also verified
using heated fluid injected near the wall surface by measuring the temperature at various points

along the hairpin vortex core.

l. INTRODUCTION

We propose, and confirm experimentally, a previously
unexplored process of mass, momentum, vorticity, and
heat transport for hairpin vortices: a phenomenon called
here the “tornado effect.” Before describing this, a brief
background discussion on hairpin vortices in general is in
order.

Many recent investigations in turbulent boundary lay-
ers have brought to light nonstochastic flow features.
Among them, work by Head and Bandyopadhydy' seems
to be the first in which convincing evidence for the pres-
ence of hairpin or horseshoe vortices populating turbulent
boundary layers was offered. These vortical structures are
characterized by a pair of counter-rotating “legs” inclined
at 45° to the wall, joined by a “head” near the edge of the
boundary layer, and growing while being swept down-
stream. Recent direct numerical simulations™® have also
reproduced, if not precisely all the features of hairpin vor-
tices, at least some semblance of them.

Since in actual turbulent boundary layers hairpin vor-
tices exist in large numbers and beyond easy control, at-
tempts have been made to generate synthetic, discrete hair-
pin vortices in a laminar boundary layer and examine them
in detail. Acarlar and Smith,*’ for instance, used a hemi-
spherical protuberance mounted on a wall or fluid injection
from the wall as generating devices for synthetic hairpin
vortices. In either method, the vortex filaments within the
oncoming boundary layer, whose axes are aligned trans-
versely to the flow, become perturbed upwards and subse-
quently evolve, by mutual induction, into a train of hairpin
vortices. Comparisons with turbulent flows show favorable
agreement, not only in the details of vortical structures
such as the counter-rotating legs, the head, and the 45°
inclination, but in the overall characteristics of the near-
wall region as well. For example, flow visualization by
hydrogen-bubble techniques displays striking similarities
between synthetic and fully turbulent hairpin vortices with
regard to such well-known features as the high- and low-
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speed streaks and the liftup or bursting of low momentum
fluid. Since these characteristics can be ascribed to induc-
tion by hairpin vortices, such vortices appear to play a
crucial role in turbulent boundary layers.

These studies are, however, all concerned only with
flow outside the cores of the hairpin vortices. Here, we turn
our attention to flows inside the core and offer evidence of
a strong current racing through the vortex core. This is
much like an updraft in a tornado. Such a tornado effect
has been observed previously under conditions whereby the
axes of vortices such as the von Karmén vortex street and
other large-scale structures®’ are created near, and aligned
normal to, a bounding wall. (Although the no-slip condi-
tion is not a prerequisite and the existence of velocity gra-
dients along the vortex axes is sufficient to induce the
effect,” we confine our present study to the wall-vortex
interaction.)

Before explaining the tornado effect in the present hair-
pin vortex, let us for now focus upon the aforementioned
normal vortex so as to consider the effect in the simplest
context. Such a normal vortex is sketched in Fig. 1, where
y is the distance measured along the vortex axis from the
wall, 7 is the radial distance from the axis, and R(y) is the
core radius. Assume that the flow is incompressible, the
radial acceleration is negligible, and the core is in solid
body rotation. Integration of the radial force balance from
r=0 to r=R with y fixed yields

P.(») =P(R)—(p/2)vg(R.p)?, (1)

where P_(y) is the pressure at the center of the vortex core
at position y, P(R) and vyg(R,p) are the pressure and the
circumferential velocity at the outer edge of the vortex
core, respectively, and p is the density. Since at y=0,
ve=0, it follows that

P.(y)—P,(0)=—(p/2)ve(Rp)™ (2)

Since vg(R,y) increases as the distance from the wall y
increases, the pressure at the vortex center P.(y) decreases:
the resulting pressure gradient pumps fluid away from the
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FIG. 1. Schematic showing cutaway of vortex core normal to solid
boundary.

wall through the vortex core. This corewise transport is
what is called here the tornado effect for obvious reasons.

In order to estimate roughly the magnitude of the core-
wise transport velocity, #,, we ignore the effect of viscosity
and simply apply Bernoulli’s equation between the wall
and some y position, obtaining

U= vp. (3)

That is, the corewise transport velocity is of the same mag-
nitude as the rotational velocity of the vortex core.

The above argument is applicable even to the case
where the vortex axis, y, is not normal to the wall. Thus the
tornado effect is expected to take place through the two
legs of the hairpin vortices, which are inclined 45° to the
wall. This corewise transport, shown schematically in Fig.
2, should transport fluid, and hence mass, momentum, vor-
ticity, and heat—as if through a “pipeline”—pulling them
away from the near wall into the free stream in an orga-
nized and efficient manner. (A model of hairpin vortices
with tornadolike structures was also suggested to be the
generating cause of flow noise by Dinklzcker.'?)

The aim of the present paper is, and its scope is limited
to, the substantiation of the tornado effect, or corewise
transport, through the legs of hairpin vortices which are
generated synthetically in a laminar boundary layer. The

FIG. 2. Proposed view of transport through the core of a hairpin vortex.
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FIG. 3. Schematic of elements of hairpin vortex generation and data
acquisition apparatus in water tunnel. (Note that the vertical orientation
of the insert is reversed from the actual one.)

confirmation is done by two methods: flow visualization
using dye and tracking of transport by passive heated
tracer.

Il. EXPERIMENTAL APPARATUS

As a means of generating synthetic hairpin vortices in
a laminar flow, a fluid injection method similar to the one
originally employed by Acarlar and Smith®> was adopted:
As shown in Fig. 3, fluid was injected through a stream-
wise slot in a flat plate in the direction normal to the main
flow. Whenever necessary, the injection will be called the
primary fluid slot injection in order to distinguish it from
the secondary injection to be discussed in Secs. III and IV.

This test was carried out in the University of Wash-
ington’s low-speed water tunnel facility. The test section is
open channel with dimensions 0.75 m wideX<0.6 m deep
% 3.0 m long. A 0.5X1.0 m Plexiglas plate with an ellip-
tical leading edge is mounted 8.0 cm below the water sur-
face (Fig. 3). The working surface is the bottom side (thus
the positive y direction is downward in the actual setup).
This choice was made to ensure that when warmer fluid
injection was used as a tracer (Sec. IV) to confirm the
tornado effect, it can be separated from any buoyancy ef-
fects: In this arrangement, the former is expected to trans-
port fluid downward, the latter upwards.

The slot used was 3.175 cm long and 1.27 cm wide
with circular arc ends for a total slot area of 3.7 cm® The
leading edge of the slot was located 62 cm downstream of
the leading edge of the flat plate. The boundary layer thick-
ness, 8, corresponding to the base undisturbed flow (no
injection) at the leading edge of the slot is 2.5 cm, and the
displacement thickness &x is 0.8 cm. Above the slot, on the
upper surface of the flat plate, a primary injection mani-
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FIG. 4. Side view of hairpin vortices generated behind slot injector with
pulsing rate 0.3 Hz, injection/free-stream velocity ratio, {=0.325, free-
stream speed, u =2.5 cm/sec, and Reynolds number based on displace-
ment boundary layer thickness, Regx=208.

fold, 7 cm X 7 cm, was installed with two opposing inlets to
produce smooth flow across the entire domain of the slot.

The setup incorporated an additional provision to
pulse the rate of primary fluid injection, specifically at the
frequency of hairpin vortices associated with steady slot
injection, hereafter referred to as the “natural” shedding
frequency, in order to intensify them at resonance. In all
the tests reported herein, purely on/off injection was im-
posed as a means of pulsing using a solenoid valve, which
was found to produce the most consistent hairpin vortices.

Care was taken to avoid the generation of any parasitic
vortical structures associated with transverse jets (see
Fric!!). This was achieved by keeping the ratio of slot
velocity to free-stream velocity, &, less than one and around
0.3 (mass-flow averaged). For additional details, see
Hagen.'?

lil. FLOW VISUALIZATION

As shown in Fig. 3, the water injected through the slot
was dyed and placed in a pressurized source tank. From
there, the fluid passed through a calibrated flow meter, a
heat exchanger in the tunnel itself to equalize temperatures
and eliminate any buoyancy effects, and finally a solenoid
valve before being introduced into the injection manifold.

The flow pictures to follow were taken with a 35 mm
still camera after approximately 30 min of settling time to
allow the flow to stabilize. The pictures have been inverted
upside down from that of the actual orientation. The main
flow is from left to right and its free-stream velocity, «, , is
2.5 cm/sec. A

Figure 4 is a side view of the hairpin vortex train with
the primary slot injector pulsed at 0.3 Hz, the natural shed-
ding frequency of hairpin vortices in this case. Note the
downstream evolution and growth of the vortices. Their
structure consists of legs turning away from the plate at
about 45°, which are joined together at the head. Though
not obvious from the side view, other features of hairpin
vortices—a pair of parallel, counter-rotating streamwise
legs—were confirmed from top and oblique views. Since
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the diffusivity of dye is much lower than that of vorticity
(i.e., large Schmidt number), only the vortex cores have
been marked.

Having thus confirmed the generation of hairpin vor-
tices using the present setup, we proceeded to introduce
secondary dye of a contrasting color into the hairpin core
and investigate possible cross-flow transport. In order to
inject dye directly into the core, the best method found was
to place a fine secondary dye probe into the flow, posi-
tioned such as to intercept the core of the vortex on its way
downstream (Fig. 3 insert). Care was taken not to inject
the dye inboard of the legs; this would lead to a much more
helical dye trajectory, though still in the direction away
from the wall. The probe used was a glass tube with an
outside diameter of 0.9 mm; no disturbance of the flow was
observed. The probe was placed 4.8 6 downstream of the
leading edge of the slot with the tip 0.2 § above the plate
surface.

Figure 5, a side view, shows the results of probe injec-
tion in a hairpin vortex generated by normal slot injection
pulsed at 0.3 Hz. The six frames form a sequence in time,
with a time span between frames of 0.3 sec, giving a total
elapsed time over the sequence of 1.5 sec. The first frame
shows the dyeline from the secondary dye injector
(darker) just beginning to be influenced by the oncoming
hairpin vortex. The dye rapidly gets pulled away from the
plate along the core as the hairpin continues past the probe
from the second to fifth frames. The corewise fluid seems to
lie on the ““trailing edge” of the hairpin, most likely due to
the lag which develops as these dyed fluid particles must
accelerate from zero streamwise velocity component upon
injection to the speed of the rest of the fluid inside the
hairpin. In the last frame of Fig. 5, the secondary dyed
fluid approaching the head seems to be off a straight
course. This is possibly due to the slowing down of the
corewise transport, which is caused by the colliding effect
of the incoming fluid from the opposite hairpin leg, in
combination with the rotational effect of the head, under
whose influence the approaching dye on the “trailing edge”
now comes. After the passage of the hairpin vortex, the dye
from the secondary probe flows more or less horizontally
until it begins to be influenced by the next hairpin vortex
and the process repeats itself. The top and oblique views
confirm these results.

Next we examine the magnitude of the cross-flow ve-
locity. The dye appeared to be pulled 2.5 cm vertically
away from the plate, i.e., =&, the characteristic boundary
layer thickness. Assuming an angle of 45° to the plate, this
gives a total cross-flow distance of 1.41 8. However, since
the probe height above the plate was 0.2 8, the actual
cross-flow distance was only 1.13 6. The video record
shows that it takes 1.5 sec to travel this distance, giving an
average corewise velocity of #,=0.76u . This is in fair
agreement with the estimate given by Eq. (3), if we assume
that v, scales with the free-stream velocity.

Once carried through the legs, where does the fluid
transported by the tornado effect go? Possible alternatives
are “detrainment” to the free stream through the hairpin
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head or incorporation into part of the hairpin body; the
latter would contribute to, and may very well be the cause
of, its growth. The visual impressions tentatively suggest
that the second hypothesis seems to be the case, although
obviously this needs further substantiation.
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FIG. 5. Side view of cross-flow transport in 0.3 Hz pulsed slot generated
hairpin vortices. §{=0.325, u_, =2.5 cm/sec, and Reg=208.

IV. PASSIVE TRACER
Although these flow visualization results seem to offer
support of cross flow through the core of hairpin vortices,

a second confirmation was highly desirable. By injecting a
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small amount of heated tracer fluid into the vortex core,
the temperature rise could be tracked through the core. All
passive tracer experiments were done utilizing normal slot
injection pulsed at 0.3 Hz. The experimental setup is vir-
tually identical to that used for flow visualization, except in
this case the secondary dyed fluid from the injector probe
was replaced by the fluid heated above the ambient tunnel
temperature, T, prior to injection.

A 0.005 in. type-K thermocouple probe was used, with
the output passed to an electronic cold junction compen-
sator, then into a Preston 8300 XWP amplifier where a 10
Hz cutoff low-pass filter was applied to eliminate high fre-
quency noise, and the signal was amplified by a factor of
1000. This signal was then sent to a Fluke 8505A digital
multimeter where it was read at a sample rate of 17 Hz by
an Apple Macintosh data acquisition system. A 0.005 in.
type-K thermocouple is rated by the manufacturer for 25
Hz response in still water. Thus, by sampling at nearly 20
Hz and filtering any frequency components over 10 Hz, all
aliasing and most high frequency noise problems should be
avoided. In the case of multiple thermocouple sensors, a
4-channel LeCroy 6810 waveform recorder was used at a
sampling rate of 20 Hz to allow simultaneous measure-
ments of all four thermocouples. This data was again fil-
tered at 10 Hz and amplified before being collected by the
computer system. The thermocouple probe was located
6.4 5 downstream from the slot leading edge, placed ver-
tically near the edge of the boundary layer at y=4. In
addition, utilizing the heat exchanger in the slot injector
supply line, the temperature of the primary injection fluid
could be slightly lowered. This created hairpin vortices
cooler than the surrounding free stream which allowed the
passage of the hairpin itself past the thermocouple probe to
be easily identified.

The first runs were made without any corewise second-
ary injection fluid to examine the temperature structure of
the hairpin vortex itself. The top plot of Fig. 6 shows time
versus normalized temperature results for an experiment
using slot injection with 0.3 Hz pulsing. The lower figure is
a fast Fourier transform (FFT) of the time data. Note the
peak at just below 0.3 Hz; this is the natural shedding
frequency and the slot pulsing rate. A schematic is in-
cluded as a reminder of the geometry.

In the top plot, the temperature values have been nor-
malized by the free-stream temperature, 7', =20.4°C in
this case. The regular series of downward peaks through-
out the sample period corresponds to the passage of each
hairpin vortex, reflecting the colder primary injection fluid
as it passed the thermocouple probe. Also, almost every
downward peak contains a temperature spike whose mag-
nitude is close to the free-stream value.

This is as expected, for with each hairpin passage there
is a temperature drop due to the cooler hairpin-leg fluid,
then an upward spike corresponding to the corewise trans-
ported fluid of free-stream temperature, then another drop
as the trailing edge of the hairpin leg passes.

Figure 7 is the result with the hot corewise secondary
injector activated. Again there is a very regular series of
temperature drops indicating the passage of each hairpin
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FIG. 6. Schematic, time versus temperature, and FFT results for single
probe with no secondary fluid injection. Pulsing rate=0.3 Hz, {=0.325,
u,=2.5 cm/sec, Res# =208, T =20.4°C.

vortex. A corresponding sharp temperature spike is also
seen with each temperature dip, indicating the passage of
the hot injected fluid. Note that there is a missing upward
spike in the pattern. This is due to the narrow region into
which the hot fluid was gathered in the core. Any small
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FIG. 7. View of 0.3 Hz pulsed slot results with hot corewise injection.
£=0.325, u_ =2.5 cm/sec, Res#=208, T, =20.4°C.
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variation in the hairpin trajectory or location of fluid in the
core caused it to miss the thermocouple and leave no tem-
perature trace.

From the flow visualization results of Sec. III, the pre-
diction is that the corewise injected fluid would lie at the
trailing edge of the hairpin due to the difference in veloc-
ities between the hairpin and the injected fluid. Indeed, the
time versus normalized temperature results in Fig. 7 show
that the temperature rise occurs after the initial dip from
the hairpin itself. The injected fluid is being pulled into the
core and carried away from the plate, but near the up-
stream side or trailing edge; for this reason there is no
second temperature dip, as was observed previously in Fig.
6. In terms of a comparison between the flow visualization
results and Fig. 7, for each hairpin passage the time span
between the local minimum and maximum is approxi-
mately 0.5 sec, which corresponds to a distance of about 1
cm. The is in fair agreement with the visually observed
thickness of the vortex core.

As another verification, four thermocouples arranged
as a probe perpendicular to the wall surface were utilized.
The thermocouples were spaced 5 mm apart and situated
such that the thermocouple furthest from the plate, re-
ferred to as channel 1, was at the edge of the boundary
layer, 2.5 cm from the plate [see sketch inserted in Fig.
8(a)]. This put the sensor closest to the wall, channel 4, at
5 mm from the wall, which was also the height of the hot
fluid injector probe above the plate. The primary slot in-
jection fluid, pulsed at 0.3 Hz, is not cooled. Thus, if the
flow were straight and horizontal, there would be a con-
stant “warm” signal on channel 4 corresponding to the
secondary hot fluid injection and not on any other channel.
With primary injection activated, however, corewise spiky
traces on each of the four thermocouple channels should be
expected. The probe was placed far enough downstream of
the corewise injector so that the heated fluid had been
carried toward the head of the hairpin before it reached the
temperature sensor. Thus, with channel 1 furthest from the
plate, channel 2 next down, and so on, there should be a
time lag between the temperature spike on each channel.
Channel 1 should spike first, followed by channel 2, etc. At
a hairpin angle measured to be between 45° near the head
and 30° closer to the wall, and a downstream convection
velocity of 0.75 u_, based on flow observations, our probe
spacing of 0.2 § should give a phase lag between 0.31 and
0.54 sec.

The results of Fig. 8(a) with this multiple sensor probe
show that each channel does register a temperature rise
with the passing of each hairpin, but the exact pattern is
difficult to discern at this time scale. Figure 8(b) is an
expansion of the time scale around the temperature spike
marked with an arrow in Fig. 8(a) to distinguish better the
phase lag between each channel. Indeed the spike in chan-
nel 1 occurs first, followed by 2, 3, and then 4. An exam-
ination of the time span between each of these peaks shows
an average lag of 0.47 sec, which is in the range predicted
above.

The final experimental setup was very similar to the
previous four thermocouple probe, normal to the plate. In
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this case the probe was inclined 45° in the downstream
direction so as to place it parallel to most of the hairpin
body. This geometry should eliminate the phase lag be-
tween the response of each channel in the probe. All other
parameters of pulse rate and probe locations remain the
same as in the previous case. Figures 9(a) and 9(b) are the
results for this probe orientation. Examining the time ver-
sus temperature data with an expanded scale around the
marked temperature rise in Fig. 9(b), the phase lag is seen
to be more or less eliminated and the temperature spike
from the hot core injection occurs at each channel virtually
simultaneously, indicating cross-flow transport has oc-
curred in the core of the hairpin vortex.

V. CONCLUSIONS

The objective and the scope of the present investigation
is to confirm the presence of corewise, cross-flow transport
in hairpin vortices generated in a laminar boundary layer.
In hairpin vortices created by fluid injection, the results of
both flow visualization and passive heated tracers did sup-
port the presence of the tornado effect in hairpin legs. The
legs act like inclined mini-tornados sweeping over the plate
and transporting the mass, momentum, vorticity, and heat
directly from the wall to the free stream.

It is interesting to note the similarities of time-traces
between the present Figs. 8(a) and 8(b) for a laminar flow
with Fig. 12 of Chen and Blackwelder'® for a fully turbu-
lent flow. Both were obtained with multisensored probes
placed normal to the wall but in the latter no intentional
injection of the heated fluid to the core was attempted.
Instead the flat plate was heated and the hot spikes ob-
served by them appear to be interpretable as caused by the
tornado effect.

Once substantiated, this corewise transport would act
like “pipe flow,” carrying heat directly from the wall to the
free stream without interruption. The tornado effect might
indeed be a powerful transport process.
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Concurrently, unsteady heat transfer gauges necessary for the direct confirmation
of the tornado effect in air have been developed (ref. 5). The basic operating principle of
the gage is to use, for time-accurate temperature measurement, the rapid temperature
dependent response of the electrical resistance of a thin plétinum film deposited on
Pyrex glass; the function of the latter to amplify the magnitude of the temporal response
of the platinum film. The detailed specification of the gauge is as follows: the active
gauge area is 1/8” long by 2 mm wide. The normal room-temperature resistance is 50 W,
indicating a film thickness of less than one micron. The theoretical response of the gauge
is therefore in excess of 100 kHz, which is more than sufficient for the present purpose.
Head wires are brought in from the rear of the gauge body to allow for mounting flush

with a wall.
The key result is shown in Figures 24 and 25.

Here the frequency spectrum for the pressure and heat transfer signals is plotted on
the top of the figures, with a schematic underneath showing the relative position of the
instrumentation and-the hairpin vortex. On the bottom of each figure a snapshot of the
hairpin vortices from the flow visualization, along with sketches of the slot and gage
position, is provided. The test condition for this data are as follows: freestream veloc-

ity=2.4 m/s and the injection velocity =0.23 m/s.

In Figure 24, strong peaks in the frequency spectra of both the pressure signal and
the heat transfer signal is observed, at a frequency of 46 Hz. This frequency is close to the
expected range. This case corresponds to that of the gages lying directly in the path of

the hairpin vortex legs.
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Figure 24 is the counterpoint of Figure 23. Here the gages are located outside of the
path of the hairpin vortex legs. It is observed that the pressure signal is gone, and
although there is still a peak in the heat transfer signal, it is more than an order of magni-

tude weaker.

The conclusion drawn from the above is that the ‘tornado’ effect does increase the
heat transfer from a heated wall and may be exploited for enhanced heat transfer in
convected cooling. It also has implications in film-cooling, a scheme where coolant is

injected through a slot in much the same way as the present injection method.

In ref. 6, an attempt was made to enhance, by acoustic excitation, the hairpin vorti-
cal structures and hence the tornado effect. The corewise transport appears to be

enhanced but more study is needed to draw definitive conclusions.
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the gages are located underneath the hairpin leg trajectory.
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the gages are located outside the hairpin leg trajectory.
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