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Energy separation is a spontaneous redistribution of total energy in a flowing fluid without external work
or heat transfer. The energy separation mechanism in the vortex field behind an adiabatic circular cylin-
der in a cross flow of air is investigated. Time-averaged velocity and temperature measurements taken
one diameter downstream of the cylinder (Re ~ 10°, M., ~ 0.25) indicate flow reversal. The measured
recovery temperature, expressed as distribution of energy separation factor indicates that energy separa-
tion is caused by the vortex flow in the wake, enhanced by acoustic excitation, and is insensitive to
Reynolds number in the sub critical range studied.
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1. Introduction

Since energy separation was first observed inside a vortex tube
by Ranque [1], it has been studied for various flow situations: lam-
inar and turbulent boundary layers [2,3], resonance tubes [4],
shear layers [5], free jet flows [6-8], impinging jets [9-11] and vor-
tex streets behind bluff bodies [12-14]. In case of free jets and flow
behind bluff bodies, it is commonly believed that unsteady moving
vortices cause energy separation.

1.1. Mechanism of energy separation

Eckert [15] explained the existence of energy separation with a
model of a clockwise rotating vortex being convected from left to
right. It consists of a viscous vortex core and an inviscid outer re-
gion. As shown in Fig. 1, the swirling velocity of the vortex is V,,
and the convective velocity is Vy. The dimensionless total temper-
ature inside the vortex is (C, (T — Tt,o.)/VoVw), where T; is the to-
tal temperature far away from the vortex center. Thus, the total
temperature in the upper half of the vortex is greater than T;,
and it is lower than T, in the case of lower half. Fig. 1 shows
the velocity pattern and isotherms for the flow around such a vor-
tex. The total temperature maxima are located at the vortex
extrema.
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A similar model based on the energy equation for inviscid flow
without conduction was proposed by Kurosaka et al. [16] (Eq. (1)).
Two important points of this model are - (a) the total temperature
follows the instantaneous fluctuations in pressure as seen in Eq.
(1). (b) The pressure in the center of vortex is lower than outside.

DT, Dh, op
PO =Ppr =t (1)
Hence the total temperature of a fluid element following a trochoi-
dal-like path in a vortex street (Fig. 2) starts to fall as it moves from
12 o'clock to 6 o’clock position since the fluid element is ap-
proached by the low pressure vortex center. As the vortex passes
by the fluid element (6 o’clock-12 o’clock), the pressure rises in
the second half of the cycle, raising the total temperature.

These mechanisms are supported by numerical and experimen-
tal studies by Han and Goldstein [6,7] and Seol and Goldstein [8]
for the case of free jets. The authors measured energy separation
factor in the far wake of a cylinder (3 <x/D < 10) for a fixed Rey-
nolds number [14] and found that the moving vortex street causes
lower total temperature near the wake centerline and higher total
temperature near the wake limits.

1.2. Flow reversal in the near wake of cylinder

The flow over a circular cylinder forms an unsteady laminar
wake at a relatively low Reynolds number (Re ~ 48) [17]. Beyond
this Re, vortices are shed in the wake of the cylinder at a nearly
constant non dimensional frequency, St=fD/U,. Numerical and
experimental works [18-22] suggest a St~ 0.2 for 50 < Re <
2.0 x 10°. At this Re, a laminar boundary layer forms on the front
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Nomenclature

English

G specific heat at constant pressure for the fluid [J/Kg K]

D diameter of circular cylinder [m]

f frequency of vortex shedding [Hz]

Hyoo enthalpy flow (Eq. (8)) [W]

AH, difference in enthalpy flow between upstream and
downstream of cylinder (Eq. (7)) [W]

h, stagnation enthalpy per unit mass of fluid [J/Kg]

M, free stream Mach number

m mass flow rate at downstream location (x/D = 1) [Kg/s]

1o mass flow rate at upstream location (x/D = —20) [Kg/s]

p static pressure of fluid [Pa]

Re Reynolds number (Re = U, .D/v)

r recovery factor of temperature probe

S energy separation factor (Eq. (3))

St Strouhal number (St = fD/U_.)

Ty local dynamic temperature (Eq. (4)) [K]

Td.co dynamic temperature (= Uzo/ZCp) [K]

Ta00 dynamic temperature in absence of cylinder (= U?,O/
2Gp) [K]

T, recovery temperature measured by the probe [K]

T:00 recovery temperature measured by the probe in ab-
sence of cylinder [K]

T; total (stagnation) temperature [K]

Tt o total (stagnation) temperature at wind tunnel inlet [K]

t time [s]

U instantaneous streamwise velocity [m/s]

1] time-averaged streamwise velocity [m/s]

Uy time-averaged streamwise velocity at upstream loca-
tion (x/D = —20) [m/s]

Uoo streamwise velocity in the absence of cylinder [m/s]
U spatially and temporally averaged streamwise velocity
at upstream location (x/D = —20) (Eq. (5))[m/s]

{U) spatially and temporally averaged streamwise velocity
(Eq. (6)) [m/s]

u random fluctuations in streamwise velocity (X direc-
tion) [m/s]

Vo convective velocity of vortex [m/s]

Vi swirling velocity of vortex [m/s]

v/ random fluctuations in cross-stream velocity (Y direc-

tion) [m/s]

w width of test section [m]

w random fluctuations in span wise velocity (Z direction)
[m/s]

X streamwise direction

b distance in streamwise direction from center of the cyl-
inder [m]

Y cross-streamwise direction

y distance in cross-streamwise direction from the center
of the cylinder [m]

V4 span wise direction

Greek

I fluid density [Kg/m?]

0 angle measured from front stagnation line of the cylin-
der [°]

of the cylinder surface and flow reversal takes place at 0 > 90°. The
flow in the far wake of the cylinder is a close approximation of von
Karman vortex street described in the models of Eckert [15] and
Kurosaka et al. [16]. However, the flow close to the cylinder (x/
D < 2) is strongly affected by the cylinder surface and a time-aver-
aged flow reversal is observed. Owen and Johnson [23] using LDV
measured the mean and turbulent velocity in the near wake of a
cylinder for Re = 1.67 x 10°, M, = 0.6. The time-averaged measure-
ments show the mean flow reversal in the region x/D < 1.3 with a
reverse flow velocity of 25% of U,, at x/D = 1. Numerical solutions

(a) Velocity field (b) 1sotherms of CF’('I"I—TI'J/VOV'GJ

Fig. 1. Velocity field and total temperature distribution near a vortex [15].

by Catalano et al. [24] using LES and RANS for Re =1 x 105, show
25% reverse flow velocity at x/D =0.75 and no reverse flow at x/
D = 1.5, supporting the measured [23] limit on the extent of reverse
flow region.

1.3. Energy separation in the flow around a cylinder - effect of acoustic
excitation

Eckert and Weise [2] first observed energy separation on the
surface of a cylinder in cross flow for Re = 1.4 x 10°, M, = 0.685.
The existence of energy separation was confirmed by Ryan [25]
in the wake of a cylinder. In addition, he found that when the fre-
quency of vortex shedding resonated with the first harmonics of

12 12

Fig. 2. Variation of total temperature along a path line in a vortex street [16].
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the test section, confirmed by a loud noise; energy separation ef-
fect was enhanced on the cylinder surface. Goldstein and He [12]
measured instantaneous velocity and temperature in the near
wake of a cylinder and showed positive correlation between en-
hanced vortex strength due to acoustic excitation and energy sep-
aration effect. Kurosaka et al. [16] showed that different modes of
the standing wave in span wise direction can be excited selectively
by adjusting the vortex shedding frequency, giving rise to stronger
or weaker energy separation effect at span wise different locations.
The effect of acoustic excitation is confirmed for free jets by Han
and Goldstein [7] using radially directed speakers to excite the
jet flow. Instantaneous measurements of pressure and temperature
show that vortex pairing process induced by acoustic excitation re-
sults in stronger energy separation. This supports the hypothesis
that moving vortices cause energy separation.

1.4. Present work

Few direct measurements of energy separation in the wake of a
cylinder are available that explore the effect of acoustic excitation.
Some are restricted to supersonic or transonic flows. The mecha-
nisms proposed by Eckert [15] and Kurosaka et al. [16] imply that
energy separation is evident and measurable in a low Mach num-
ber flow. Earlier, the authors have reported energy separation mea-
surements in the far wake (3 <x/D <10) of a cylinder at a fixed
Reynolds number, not corresponding to acoustic excitation [14].
Hence, the objectives of the present study are:

1. Verify the existence of energy separation in the near wake
of cylinder (x/D<3) at low Mach number flows (0.22 <
M, <0.25).

2. Study effect of acoustic excitation by coupling vortex shedding
frequency with the test section natural frequency.

3. Study effect of Reynolds number variation on energy separation
in the subcritical range.

2. Experimental apparatus and procedure
2.1. Experimental facility

The details of the experimental facility are described in [14]. A
short description is provided here. A suction-type subsonic wind
tunnel is used in the present study. It has a bell-mouth inlet of
609 mm x 609 mm cross sectional area that allows air to enter
the tunnel through a series of wire mesh screens placed 100 mm
apart to reduce the free stream turbulence. Two flow contractions
having area ratios 9:1 and 5:3, downstream of the screens, lead to
the test section. The air speed (up to 95 m/s with no obstruction in
test section) obtained with this section provides the dynamic tem-
perature of ~4.5 K.

The test section is a 1346 mm long rectangular duct made of
19 mm thick Plexiglas sheets with a cross section of 120 mm
(height) x 203 mm (width) (Fig. 3a). Two test windows 305 mm x
127 mm, on top and bottom walls of the duct allow insertion of
the vertical test cylinder. Two slots - 300 mm long x 5 mm wide
and 50 mm apart are cut through a side wall for insertion of temper-
ature and hot wire probes. The vertical adiabatic test cylinder
(Fig. 3b) made of phenolic has a 19 mm OD and that results in a
9.4% blockage in the test section.

2.2. Recovery temperature probe

A bare wire thermocouple probe (Fig. 4), based on design ideas
by Hottel and Kalitinsky [26] and Moffat [27] is used to determine
the total temperature in the flow. It consists of a butt-joint welded
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Fig. 3. Schematic diagram of test apparatus.
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Fig. 4. Schematic diagram of recovery temperature probe (all dimensions in mm).

K-type thermocouple made from 30 gage insulated wires sup-
ported by circular arc tubes as shown in Fig. 4. It has successfully
measured total temperature and hence, energy separation factor
in the far wake (x/D > 3) of a cylinder [14].

2.3. Experimental procedure

An automated traversing system mounted on the side wall of
the test section moves the recovery temperature and hot wire
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probes at desired streamwise locations (x/D = —20 and 1). A Cen-
troid motion controller controlled by a Linux workstation operates
a stepper motor to achieve a smallest displacement of 6.25 pm. The
details of the setup are described in [14]. The automated traverse
can span the entire width (203 mm) of the test section, but the mo-
tion is restricted to —96 mm to + 70 mm with respect to the axis of
the cylinder due to structural constraints on the temperature
probe. The probes are moved in steps of 2 mm, resulting in 84 mea-
surements at each x/D location.

The recovery temperature probe is calibrated at different air
speeds to assess its accuracy and consistency in measuring the
recovery temperature in the flow. The recovery factor,

Troo — Troo Troo — Troo

r=1+ =1+ 2
Uz,/2C, Ta00 @

is determined by measuring the recovery temperature of the probe
in the tunnel (T}, o) for a known flow velocity using a pitot tube near
the probe (Upp) and total temperature (T;.,) from five thermocou-
ples placed at the inlet of the wind tunnel. The calibration is done
in the absence of the test cylinder. The recovery factor is found to
be nearly constant (0.735 £ 0.02) for the tested range of free stream
velocity (65-95 m/s) and is shown in Fig. 5.

Velocity and temperature measurements are taken simulta-
neously with hotwire velocity and recovery temperature probes
inserted through two slots in the side wall of the test section
(Fig. 3a). Interchanging the probe positions between these two
slots, it is concluded that the flow is two dimensional with negli-
gible variation with the span wise (vertical) position. When the
recovery temperature probe is moved in the wake of the cylinder,
the total temperature of the flow measured at wind tunnel inlet
using five thermocouples is continuously monitored. This refer-
ence total temperature is used to calculate the energy separation
factor at each location of the recovery temperature probe. Hot-
wire measurements are used to obtain the instantaneous velocity
which is used to calculate time-averaged velocity (U) and random
fluctuations v’ and v'. An impact tube is used to verify the hotwire
measurements in the region of flow reversal (x/D = 1). Due to the
close proximity of the cylinder, it is not possible to make velocity
measurements in the flow reversal region with the impact tube

0.80

075F - - .......
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Fig. 5. Calibration of recovery temperature probe [14].

facing downstream. Hence, the measurements are forced to
0 m/s in this region. Due to directional (+) insensitivity of the hot-
wire, its measurements are forced to negative values based on the
impact tube indication of flow reversal (Fig. 6). The turbulence
intensity ((u? + v2)**/U) upstream of the cylinder at x/D = —20
is ~0.2%.

3. Results and discussion
3.1. Data reduction procedure and calculations
The time-averaged total temperature in the wake of the cylin-

der is normalized by the upstream dynamic temperature and ex-
pressed as energy separation factor (S).

_ T[ — T[EOQ _ Tr + (] - r)Td - Tt.o@
where,
T (4um4 Ve
PO L e e ) @
2GC, 2C,

The local average dynamic temperature (Eq. (4)) is obtained from
hotwire velocity measurements for every cross-stream (y/D) loca-
tion. Velocity fluctuations (w’) in the span wise Z direction are
found to be negligible [14]. Local dynamic temperature is substan-
tially altered by the turbulent fluctuations and a detailed discus-
sion of this effect of turbulence on energy separation factor has
been given [14]. The energy separation factor has an overall uncer-
tainty of £0.021. The uncertainty is not expressed as percentage
since the typical value of S is close to 0. This uncertainty corre-
sponds to 2.3% of the maximum value of S observed at rear stag-
nation line.

3.2. Mass and enthalpy balance

The measurement validity is examined by performing both
mass and enthalpy flow balances across the measurement planes.
Spatially and temporally averaged velocities evaluated at x/
D=-20 and 1, respectively, are defined as U,, and (U) (Egs. (5)
and (6)).

1 w2 _

U, -+ / Tody at X/D — —20 5)
W Jwp

g wa

U =1 / Udy at X/D = 1 6)
W Jwp

U, is used to normalize the downstream time-averaged velocity (U)
in Figs. 6 and 8. The total enthalpy difference between the upstream
and downstream locations (AH;, defined in Eq. (7)) is normalized by
the enthalpy of the flowing mass with the dynamic temperature of
the free stream (F.., defined in Eq. (8)). The normalization enthal-
py represents the maximum energy that can be distributed within
the fluid as a result of energy separation.

AH; = / 110Cp(Teo — Ttoo)dYlx/po 20 — /rth(T, —Teoe)dYlxp_q (7)
Hao = [ oGy Tudy ®)

Details of this procedure can be found in [14]. Table 1 shows the
mass and enthalpy balance results at x/D =1 for all the Reynolds
numbers. The mass balance and enthalpy balance are found to be
within 7% and 52%, respectively. The moderate accuracy of hotwire
velocity probe in the reverse flow region and the choice of normal-
ization enthalpy can be attributed to such poor mass and energy
balance. However, very good results obtained for downstream
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Velocity Profile at x/D = -20
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Fig. 6. Normalized velocity and turbulent intensity profile (Re = 92,000).

Table 1
Summary of mass and energy balance at x/D = 1.
Re @ At (%)
Hotwire (%) Pitot tube (%)
92,000 93.5 96.5 -52.26
99,000 94.9 - 38.36
106,000 100.2 - -13.54

locations (x/D > 3) shown in [14] validate the measurement tech-
nique used in the present work.

3.3. Velocity measurements — reverse flow region

The mean velocity measurements performed with hotwire and
impact tube for the case of x/D = 1 and Re = 9.2 x 10 are presented
in Fig. 6. Results from Owen and Johnson [23] obtained with LDV
are also included for comparison. Some important factors that
can be noted from these results are:

1. The hotwire and impact tube measurements for mean velocity
compare well with Owen and Johnson [23] showing a central
reverse flow region sandwiched between accelerated flow

regions in the outer wake. Turbulent intensity measurements in
the present study agree well with Owen and Johnson [23]
measurements.

. Hotwire measurements tend to overestimate the velocity in the

wake region due to the insensitivity of hotwire to flow direc-
tion. The curve deviates from the impact tube measurements
near the outer wake region. Also, the reverse flow velocity is
found to be higher (more negative) and much flatter velocity
distribution is seen in contrast to a smoother distribution
obtained using LDV [23].

. The impact tube measurements indicate a flow reversal region

between —0.5 <y/D < 0.5, whereas LDV measurements [23]
and LES, RANS computational simulations [24] indicate a smal-
ler reverse flow region with lower magnitude of reverse veloc-
ity. The overestimation of reverse flow region is attributed to a
moderate accuracy of impact tube and hotwire measurements
in the reversal region.

. The time-averaged turbulent intensity at x/D = 1 in the present

case and x/D = 1.5 in the case of Owen and Johnson [23] com-
pare favorably showing high turbulent intensity regions near
the outer wake. This high turbulent intensity contributes signif-
icantly to the dynamic temperature (Eq. (4)) and hence, the
energy separation factor.
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3.4. Energy separation - effect of Reynolds number (non-acoustic
excitation case)

Fig. 7 shows the time-averaged energy separation factor calcu-
lated at x/D = 1 for Re = 9.2 x 10* and 1.06 x 10°. The profiles show
the presence of energy separation in the wake of the cylinder. A
central region of large negative S is sandwiched between two posi-
tive S peaks near the outer wake limits. This observation disagrees
with the prediction of Kurosaka et al. [16]. They hypothesize as an
explanation to their observation; that for time-averaged measure-
ments, the path lines of two particles - one bound to the vortex on
one side of the cylinder (similar to Fig. 2) and the other crossing
over from one vortex on the other side neutralize the positive en-
ergy separation effect resulting in only a colder wake behind the
cylinder. This path line cross over may occur in vortex streets
which is the region of x/D > 3. Time-averaged energy separation
measurements for x/D > 3 reported in [14] support this hypothesis.
However, at x/D =1, such a cross over may not occur due to the
flow circulation in the wake center at this Re.

0.2
i,
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Fig. 7. Effect of Reynolds number on energy separation factor profile at x/D =1.
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It can be also noted from Fig. 7 that in the range studied, the
Reynolds number has no significant effect on the energy separation
factor distribution and the two profiles are identical within the
uncertainty of the measurement.

3.5. Energy separation - effect of acoustic excitation

When the frequency of vortex shedding matches with the fun-
damental frequency (or its integral multiple) of standing wave in
the wind tunnel test section, the flow resonates and a shrieking
noise is heard during the experiments. Such an acoustically excited
flow condition occurs at Re = 9.9 x 10 in the present study. Fig. 8
shows a comparison of mean velocity and turbulent intensity
profiles measured at x/D=1 for Re=9.9 x 10* and 1.06 x 10°, a
non-resonant case. The velocity measurements indicate that the
time-averaged flow structure is unaffected by the acoustic excita-
tion. The energy separation factor distribution for the two cases,
however, shows considerable difference as seen in Fig. 9. Both
the positive and negative energy separation magnitudes are larger
for the resonance case confirming earlier observations by Ryan
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Fig. 9. Effect of acoustic excitation on energy separation factor profile at x/D = 1.
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[25], Goldstein and He [12] and Kurosaka et al. [16]. Acoustic exci-
tation increases the vortex strength which is manifested in higher
energy separation effects confirming that the vortical structures
are the cause of energy separation as presented by Eckert [15]
and Kurosaka et al. [16].

4. Conclusions

Time-averaged velocity and total temperature are measured in
the mean wake behind a circular cylinder to study the phenome-
non of energy separation. Flow at one Reynolds number studied
corresponds to the resonance between the vortex shedding and
the wind tunnel acoustics resulting in acoustically excited flow.
The following conclusions can be drawn based on the experimental
results:

1. The measured energy separation factor (S) profiles indicate the
presence of energy separation in the wake of cylinder even at
low Mach numbers and in time-averaged flow.

2. Large negative energy separation is observed near the wake
centerline and significant positive energy separation is
observed in the outer wake for the time-averaged measure-
ments. It indicates that the positive energy separation neutral-
ization due to time averaging does not occur in the near wake.

3. Acoustic excitation increases the overall energy separation
effect. Since instantaneous velocity measurements have shown
increased vortex strength for acoustically excited flow [7,12,16],
it can be concluded that the unsteady vortical structures are the
cause of energy separation as presented by Eckert [15] and
Kurosaka et al. [16]. The time-averaged flow structure for an
acoustically excited case however, is found to be similar to an
acoustically non-excited case.

4. For the range studied, energy separation effect appears to be
independent of Reynolds number in the sub critical range for
the non-acoustically excited cases.
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