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LAMINAR-TURBULENT TRANSITION OF FLOW
IN A HEATED HORIZONTAL TUBE

by
and K. Yamaga*

H. Koizumi*

University of Electro-Communications

ABSTRACT

We have experimentally studied the influence of buoyancy force and inlet flow conditions on the laminar-

turbulent transition process of fully-developed air flow in a heated horizontal tube with uniform wall heat flux.

Eight time-series of the air temperature were simultaneously obtained using eight thermocouples positioned

within the tube along a vertical line passing through the tube axis. We have determined the nature of the transition

behavior in space and time by analyzing these instantaneous time-series. By calculating a set of Lyapunov

exponents from the time-series of a single thermocouple, these transitional flows are found to be chaotic.

Key Words: Laminar-turbulent transition, Heated horizontal tube, Chaos, Experiment

1. INTRODUCTION

The laminar-turbulent transition of fluid flow in tubes is
encountered in a wide variety of engineering situations
including duct flows and heat exchangers in chemical process.
But there have been a very limited number of studies focusing
on heated flow, and therefore there is a lack of understanding of
many details of the transition process. Clarifying the
characteristics and mechanisms involved in such transitions is
important not only for practical engineering reasons, but also to
answer basic scientific questions regarding heat transfer.

Nagendra (1973) studied the time-averaged and statistical
nature of heat transfer in the laminar-turbulent transition of a
combined forced and free convection exhibited by water
flowing in horizontal tubes. El-Hawary (1980) determined a
stability map showing regions of different flows in
nondimensional coordinates representing forced and free
convection effects in water flow. More recently, Abid et al.
(1995) performed measurements providing a detailed
description of the wall temperature change along both the
azimuthal and axial directions using infrared thermography in
water flow with uniform wall heat flux. They elucidated the
spatio-temporal aspects of the laminar-turbulent transition
process from the entrance to the fully-developed regime. They
also determined the evolution of the fractal dimension for
various Reynolds numbers and as a function of distance along

* BRUBERYE HWHE TR

the axial coordinate. In a typical case they found that the fractal
dimension began near the tube inlet with a value greater than 12
and decreased along the axial coordinate to about 4 in the fully-
developed regime for Re = 2600. However, they did not
measure the flow field directly, and thus their results leave
many unanswered questions. Furthermore, there is the
possibility that the values they obtained as a time-series of tube
wall temperatures may have been significantly reduced owing to
the tube’s large heat capacity (their test tube was of 0.2 mm
thickness). Therefore, we fear that the results of Abid et al.
(1995) do not describe the real transition behavior. In particular
the fractal dimensions of the attractor they obtained by
analyzing time-series of the tube wall temperature are suspect.
The description of these effects motivates the present work to
the direct measurement of the flow fields. We hope this will
produce a clear picture of the characteristics and mechanisms of
the laminar-turbulent transition.

Recently, direct numerical simulation (DNS) has become a
powerful tool in gaining more insight into the transition
processes which are difficult to reveal by experiment alone. The
macroscopic aspects of the transition obtained in the present
work will serve as a reference in the discussion of the results of
DNS in the future. The aim of this experimental study is to
reveal the influence of buoyancy force and inlet flow conditions
on the laminar-turbulent transition process of fully-developed
air flow in a heated horizontal tube with uniform wall heat flux.
Also, we attempt to understand the transition process in terms of
chaotic behavior of a non-linear dynamical system.
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2. EXPERIMENTAL APPARATUS AND
TECHNIQUES

2.1 Experimental Apparatus

Figure 1 gives a schematic drawing of the experimental
apparatus and the coordinate system. The working medium
was air (Pr = 0.71) which was compressed by a blower and sent
into a long horizontal tube downstream of a settling chamber.
The straight tube was in total 13 m (228 D) long, and all tubes
were made of brass of 1.5 mm thickness and a 57.0 mm inner
diameter. The heated test section was 10 m long (175 D). In
front of this situated an unheated length of 3 m (53 D) serving
as a hydrodynamic approach. The heated section was
electrically heated with uniform wall heat flux g, ~ 340 W/m?,
and the modified Rayleigh number was Ra, ~ 3.1X10°. The
flow rate of air was measured by a float-area-type flow meter.
The flow Reynolds number was adjusted by varying the flow
rate, and we could set the value of Re with a precision of about
*35 by placing three flow meters of respective measuring range
0.2 ~ 2.0 NL/min, 3 ~ 30 NL/min and 2 ~ 20 Nm*h in a line. In
order to investigate the effect of the inlet flow conditions on the
transition process, two different kinds of velocity fluctuation
intensities were used, Uy, , = 1.2% and Uy, ,,  40%. These were
obtained without and with a turbulence generator placed at the
tube inlet, respectively.

Air Flow (Pr=0.71)

Round tube Thermal insulation
Flowmeter —rT
Flexible tube : N
Settling chamber Mixing chamber
Blower \ ettling cham
O Uniform wall heat flux
Unheated
section Heated section
Air flow [<(53D) -l (175D) ;
e 211D i D = 57.0 mm

Measuring position
( Fully-developed regime )

An flow
I(—) o

Secondary flow ~
Top (/R = -1)

23

Tube axis ( /R =0)
Bottom ( r/R = 1)

Fig. 1 A schematic drawing of the experimental apparatus and

coordinate system.
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2.2 Measurement of Velocity and Temperature Fields

A probe was inserted in the fluid from the top of the wall.
This measured the temperature and velocity fields in the fully-
developed flow section, 211 D downstream from the tube inlet.
We sampled 30,000 data points from the time-series generated
by a thermocouple (abbreviated ‘TC’; the diameter of copper
and constantan wires of this TC are 25 pm and the response
time is about 0.05 s) and hot-wire anemometer (abbreviated
‘HWA’, the diameter of the tungsten wire is 7 um) using a 12-
bit analog-to-digital converter. The time-averaged values and
fluctuation intensities of temperature and velocity were obtained
by processing these data using a microcomputer. Also, the
power spectrum of temperature fluctuations was obtained by
analyzing an output of the TC using an FFT analyzer.

In order to clarify the relation between the appearance of the
turbulent signature and the instantaneous velocity and
temperature profiles, we attempted to obtain the instantaneous
temperature profile by positioning eight TC inside the tube
along a vertical line intersecting the tube axis. The horizontal
position of this set of TCs was such that their sensing point lay
5 mm upstream of a supporting thin stainless L pipe of 1 mm
outer diameter. We also visualized an instantaneous velocity
profile along the axial direction using the smoke-wire method.

2.3 Lyapunov Exponents and Phase Space

We obtained the Lyapunov exponents X, from the observed
time-series of the TC. Here X, ( i=1 ~ d,, ) represent the time-
development of the displacement vector between two
neighboring points in phase space. The exponents can be
calculated by the method proposed by Zeng et al. (1991). This
algorithm uses a shell rather than a ball to minimize the effects
of noise or measurement error inherent in many real-world
situations. When the extent of phase space is normalized to
unity, the inner radius of a shell r;, = 0.02 (this represents the
length scale of the noise) and the outer radius r,,, = 0.05. When
one or more positive exponent is obtained, the flow may be
characterized as chaotic with the magnitude of such exponents
indicating the time scale of predictability. From a time-series of
the TC an attractor is reconstructed in a d,-dimensional phase
space, and then we obtained A, from the orbits of points
evolving in time 14, . Also we calculated from these exponents
the Lyapunov dimension D, which indicats the complexity of
unsteady flow. We sampled 131,072 data points from a time-
series of TC using a 16-bit analog-to-digital converter, and the
sampling time At was set to 0.01953 s. All calculations were
carried out on a SUN SPARK 35 workstation. Detailed
description of the analyzing method is given in Koizumi &
Hosokawa (1993) and will not be repeated here.

3. RESULTS AND DISCUSSION

3.1 Transition Reynolds Number and Time-Series

We determined the transition Reynolds number Re,,, at
which the appearance of turbulent fluctuations was detected in
the sensor output.

Unheated Flow: Figure 2 shows the time-series of the fluid
velocity for unheated flow at the tube axis ( /R = 0.0 ) for two
different inlet flow conditions. Here, Figure (a) displays the
turbulent signature which appears around Re,,,. = 4600 for the
case of small inlet fluctuation intensity, Uy ,, = 1.2%, while
Figure (b) is the turbulent signature which appears around Re,,,
= 2100 for large inlet fluctuation intensity U, ,, = 40%.
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Re=4600, Ugn=12%

[BIREER O R & G| DT BR R 3

Re=2100, Ugy~40%

~20D
l._.i
oR=0.00 yR=0.00 | |
0 Time (s) 20 0 Time (s) 20
(a) Turbulent slug (b) Turbulent puff

Fig.2 Time-series of velocity for unheated flow.

Wygnanski et al. (1973) referred to the turbulent signatures
occurring at large values of Re as “slugs™ and to those at smaller
values as “puffs”. We confirm here that the nature of the
turbulence signature depends strongly on the level of
disturbance at the tube inlet.

Heated Flow: Figure 3 displays the time-series of the fluid
temperature at Re = 1900 and r/R = 0.70 along with its phase
space and Poincaré section (indicated by the dotted line in the
phase space) for U, ,, ~ 40%. The flow remains laminar for Re
< 1900.

: @] |
e MW-W‘\M\.—- < /
g ~
0 Time (s) 20 (1)
Time-series Phase space Poincaré section

Re = 1900
Fig. 3 Time-series of the fluid temperature along with its
phase space and Poincaré section at Re =~ 1900 and
/R = 0.70 for heated flow.

Small fluctuations of frequency slightly below about 3 Hz
appear approximately at Re = 1900 near the maximum point of
©; (that is /R = 0.7, the point of maximum velocity). These
fluctuations are due to the instability of the downward portion
of the secondary flow in the lower part of the tube. The bottom
schematic in Figure 3 illustrates the instability phenomenon
observed by facilitating flow visualization by use of incense
smoke. The comparatively large fluctuations correspond to the
right- and left-swaying motion of the downward portion of the
secondary flow indicated by a thick arrow in the figure. The
locally spread of trajectory points in the Poincaré section
indicates that this unstable flow has a three-dimensional nature.
Neither the transition Reynolds number Re,,, = 1900 nor the
transition behavior depends on the fluctuation intensity at the
tube inlet, Ug,, .

3.2 Time-Averaged Characteristics and Time-Series
In the Initial Transition Regime for Heated Flow
Figure 4 shows the nondimensional time-averaged and
fluctuation intensity of the fluid temperature at Re = 1020, 2170
and 2230 in the case Ug, = 40%. The white circles in the figure

indicate the results for Re = 1020 in the laminar regime. Black
circles indicate the result for Re = 2170, and black triangles
indicate those for Re = 2230 in the initial stage of the transition.
The graphs on the bottom of Figure 4 are the time-series of the
fluid temperature at various radial positions for Re = 2170 and
2230.

For values of Re ranging from Re,,, = 1900 to Re = 2170,
small fluctuations appear only in the lower part of the tube r/R =
0.1 ~ 0.8. The maximum value of the fluctuation intensity of
fluid temperature T, is about 0.4% at Re =2170 and /R = 0.6 ~
0.7, but the time-averaged fluid temperature ©;, indicated by
the marks @ is almost identical to that of the laminar flow
indicated by the marks O at Re = 1020.

For Re = 2230, there appear two maximum values of the
fluctuation intensity of fluid temperature Ty near r/R = -0.4 (T
~ 0.8%) and 0.7 (T = 1.6%). It is found from the time-series
shown in the bottom of Figure 4 that a region of higher
temperature with large fluctuations appears intermittently at r/R
~ 0.70, and almost at the same time a region of lower
temperature with a comparatively sharp trailing interface
appears at around r/R = 0.0 ~ -0.35. In order to reveal the
temporal and spatial transition behavior, eight time-series of the
fluid temperature were measured using eight thermocouples in
the tube positioned along a vertical line intersecting the tube
axis. The detailed results of this study are explained in
Subsection 3.3.

2.0 .

0,

|

g Re=1020 )
Re=2170 420

A Re=2230 [_) {7

! 1.0

0.0
1

@
—

-1 0
Top
r/R

Bottom

Re =2170 Re =2230

HR = -0.35
t/R = 0.00 '
T

t/R = 0.70 R =0.70

v i _HMJL“__/"\‘,BAA
/R = 0,95 _ -0.95 ,
e

0 20 0 - 20
Time (s) I'ime (s)

R =-0.35

/R = 0.00

T
—

Fig. 4 Nondimensional time-averaged temperature
distributions and time-series.

Figure 5 shows the hot-wire traces at Re = 2230 and /R =
0.70 for two different inlet flow conditions (the HWA detects

Thic dociiment ic nrovided

hv 1AXA



almost velocity signal in this heated flow). Here, Figure (a) is
the result for U, = 1.2% and Figure (b) that for Up, , ~ 40%.
The flow at the entrance of the heated section is laminar but not
fully-developed in the case of low Ug,.

The two time-series are almost identical. The leading front of
a turbulent burst here does not have a clearly defined interface
in the downstream side and trailing front of which boundary in
the upstream side is clearly. These time-series resemble that of
the turbulent puff shown in Figure 2(b), which was produced for
large Ug ,, with an unheated flow. We refer to these large
fluctuations shown in Figure 5 as “turbulent bursts” for heated
flow, because the signature resembles the puff in unheated flow,
but we could not elucidate the details of the fluctuations and the
difference between a puff and a burst. However, this
resemblance suggests that the same production process of a puff
will be expected. That is, the upstream laminar fluid
continuously enters the relatively slower-moving turbulent lump,
and large fluctuations are then produced at the trailing interface
of the turbulent lump in a heated flow. The total axial length of
the largest turbulent bursts shown in the Figures (a) and (b) are
approximately 30 D if these bursts were conveyed with the
mean axial velocity U,. No splitting or merging of turbulent
bursts was observed to take place, and this suggests that these
bursts were in a near-equilibrium state.

~ 30D ~30D
i
R=DT0 | | tR=070 | |
) 20 0 . 20
Time (s) Time (s)
(a) Upn=12% (b) Uy, = 40%

Fig. 5 Hot-wire traces for two inlet flow conditions
at Re = 2230 and r/R = 0.70.

Mori et al. (1966) experimentally elucidated in the same flow
system that the transition Reynolds number Re,,,, starts at about
2000 and increases with Ra for large Up, ,,, while Re,,,, reached
a value as high as about 7700 and decreased with Ra for small
Ugy - Furthermore, when the product of Re and Ra is large, the
secondary flow caused by buoyancy causes Re,,, to tend to a
single value, independent of the size of Uy, .. Our experimental
results confirm that Re, ~ 1900 and time-series at Re = 2230
are independent of Uy, such high Rayleigh number Ra, ~ 3.1 X
10° as in this experiment, therefore we carried out the
experiment using the large U, ,, flow hereafter.

Bandyopadhyay (1986) pointed out that the most important
factor for the generation and growth of puffs in unheated tube
flow is the large velocity difference at the laminar-to-turbulent
trailing interface of the turbulent lump. Since the strong
secondary flow is produced from the heated entrance regime
especially in high Ra, flow, then the axial velocity exhibits a
convex distribution with maximum velocity near the bottom
wall. Such velocity profile may produce almost the same time-
series of turbulent bursts which is independent of Uy, ., but
further investigations in the heated entrance regime are certainly
needed.

3.3 Characteristics of the Time-Series at Re = 2230
for Heated Flow
In order to outline the mechanisms linked to the occurrence
of a particular fluctuation at Re = 2230, we attempted to reveal
the transition behavior by analyzing the time-series and profiles.
Figure 6 displays transitional characteristics at Re = 2230.

28 F i BRI ZE A R BB R 40 5

130
y r/R=-0.86

120 R=-037

110 :
: : r/R=0.12

j

Tr (C)

100F /R=0.61

'
'
[
T
"

10

O@-1{-----
46 -+

%) Time (s)

(a) Time record of fluid temperatures at various radial locations.

(b) Instantaneous temperature profiles at different times.

Top(r/R=-1)

Bottom (r/R=1)

(c-1) (c-2)

(c) Instantaneous flow visualization photos.

1/R=-0.86 —

t/R=-0.37 —

Iy (t+ At)
!
=
&

Te (1)

(d) Phase space.

Fig. 6 Transitional characteristics at Re = 2230.
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Figure (a) gives the time record of fluid temperatures at various
radial locations in the tube, r/R = -0.86, -0.37, 0.12 and 0.61.
Figure (b) exhibits the nondimensional instantaneous
temperature profiles determined using the outputs of the eight
thermocouples. The times indicated here correspond to these
marked by the @ (symbol O), @ (symbol V), and ®
(symbol <) appearing in Figure 6(a).

A turbulent burst whose velocity is relatively low and fluid
temperature T; is high first appears at /R ~ 0.6 at a time
between D and @ in Figure 6(a). This low-velocity burst
accelerates the fluid in the upper part (T, decreases) at times @
and @), around r/R = -0.4, and as a result, the downward
portion of the secondary flow in the center part of the tube can
become destabilized. This causes the appearance of strong
temperature fluctuations near r/R = -0.4. The instantaneous flow
visualization photo shown in Figure 6(c-2) clearly indicates the
acceleration of the fluid near r/R = -0.4. The instantaneous flow
visualization shown in Figure 6(c-1) seems to correspond to that
of laminar @ profile indicated by the marks O in Figure 6(b).

Figure 6(d) shows a schematic of the corresponding phase
space. The trajectory near the maximum velocity point of /R =
0.61 appears as a tangled thread. Contrastingly, the trajectories
near the upper part of the tube cross-section of /R = -0.86 ~
-0.37 exhibit considerably regular snare on the specified linear
orbits. Furthermore, the rise and fall of the fluid temperature
around /R = 0.61 and -0.37 corresponds to the appearance of
the low velocity burst (T; increases) around /R = 0.7 and the
acceleration of the upper part of the fluid (T, decreases) around
/R=-04.

Further investigations to clarify the differences in the
generation and growth of puffs in unheated flow and turbulent
bursts observed in this experiment are certainly needed in future
study.

3.4 Evidence of Chaotic Flow

It is impossible to judge whether the unstable flow resulting
from the instability of the downward portion of the secondary
flow observed at Re = 1900 ~ 2170 and around r/R = 0.7 is
chaotic or not. Because the fluctuation intensity of the unstable
flow is extremely small (T, = 0.4%), it seems that the level of
the signal becomes almost the same as that of the noise.

Figure 7 shows the time-series, its power spectra, and
Lyapunov exponents A; for the embedding dimensions d,, = 6
and 7 at Re = 2230. Figure (a) displays A, in the case of the
intermittent appearance of the turbulent bursts around r/R =
0.61, and Figure (b) displays }, in the case of the destabilization
of the secondary flow induced by the acceleration of the axial
velocity around r/R = -0.37. The sign = in A, was calculated
from the several runs with different parameter values, 3A t =
Tgw = 641 and 10 = N (the number of the phase points
within a shell) = 30.

For 1/R = 0.61, fluctuation frequencies are below a value of
about 10 Hz and the intensity T, is about 1.6%. More than three
positive Lyapunov exponents appear, and therefore this flow
seems to be strongly chaotic. However, the Lyapunov
dimension D, could not be obtained using this algorithm
because the summation of A, from =1 to i=d,, does not become
negative. For /R = -0.37, fluctuation frequencies are below a
value of about 10 Hz and Tu, is about 0.8%. More than three
positive Lyapunov exponents appear, and the magnitude of the
largest positive exponent is about twice that of the unsteady
flow at r/R = 0.61. This large maximum value of A, indicates
stronger unstable behavior of the trajectory than in the case of
the chaotic flow at /R = 0.61.

When Re increases to Re,,, strong fluctuations appear in the
temperature of the wall, as reported by Abid et al. (1995). They
found almost the same wall temperature behavior as that seen in
the present work for the top and the bottom of a cross-section at
Re 2100-2600. For example, they showed that the fractal
dimension is approximately 4 by analyzing the time-series of
the wall temperature at Re = 2600 in the fully-developed regime.
Contrastingly, we found by direct measurement of the flow field
that the transitional time-series including turbulent bursts at Re
= 2230 are describe chaotic flows, but not with fewer degrees of
freedom, such as in the water flow studied by Abid et al. There
is the possibility that the values they obtained as a time-series of
tube wall temperatures may have been significantly reduced
owing to the tube’s large heat capacity (their test tube was of
0.2 mm thickness). Therefore, we fear that the results of Abid et
al. (1995) do not describe the real transition behavior.

T, (C)
T [v/R =-037
! i
130 7 N vt 1l hi
L NI il
rR=-037 H I
1! | 1l Ul
IZOFW- 1 1
O |
110F 1
R =0.61 i ]
] r-l JI T I T
IOOMAWW~ E i T T
= (o | 1 5 Ll |
1 1 L 1 ,;,0 %ﬁﬁ:ﬂ: I !I 0
| T i !
’ ¥ i SR
. IR L Ll
Time (s) 115 ol : 0
Frequency (Hz)
d_=86 d_=7 d_ =6 d_=7
[ 7.7 £ 3 87 + 3 [ 122 + 4 148 + 4
. 7.2 + 3 8.0 * 3 A 55 + 2 8.4 2
Ay 30 *+ 2 64 * 3 Ay 31 £ 1 4.7 + 2
[ BEE 19 + 1 A 14 = 1 14 = 1
[ 32 = 2 BWEE [ 42 + 3 1.8 £ 1
Xs 90 + 4 1.8 * 1 e J11.0 + 4 5.3 x 3
A, 114 + 3 . -140 £ 4
(a) /R = 0.61 (b) /R =-0.37

Fig. 7 Time-series of the fluid temperature, its power spectra,
and Lyapunov exponents at Re = 2230 .

4. CONCLUSION

We experimentally studied the influence of buoyancy force
and inlet flow conditions on the laminar-turbulent transition
process of fully-developed air flow in a heated horizontal tube
with uniform wall heat flux. Experiment was carried out at
modified Rayleigh number Ra, = 3.1 X 10°, and the conclusions
obtained are as follows.

(1)  Small fluctuations below a value of about 3 Hz appear at
a Reynolds number near Re = 1900, but only near the maximum
velocity point /R = 0.7. The appearance of these fluctuations is
due to the instability of the downward portion of the secondary
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flow, and it is independent of the velocity fluctuation intensity
at the tube inlet. That is, when the Ra_ is large, the secondary
flow caused by buoyancy makes a transition at Reynolds
number Re,,,. and the value of Re,,, depends little on the
fluctuation intensity at the tube inlet.

(2) Above Re = 2230, turbulent bursts with large fluctuations
whose velocity is relatively low and temperature is high, are
first produced at the maximum velocity point /R = 0.7. This
low velocity burst accelerates the fluid in the upper part of the
tube around r/R = -0.4, and as a result, the downward portion of
the secondary flow can become destabilized. The instantaneous
flow visualization photo clearly indicates the acceleration of the
fluid near the upper part of the tube.

(3) The transitional flow at Re =2230 was shown to be chaotic
by calculating a set of Lyapunov exponents from the time-series
of the fluid temperature. However, we were unable to obtain the
Lyapunov dimension of its attractors using this algorithm.

NOMENCLATURE

D tube inner diameter = 57 mm

d, embedding dimension

Gr, modified Grashof number = gPBq,D'W?

Pr Prandtl number = 0.71

Qu heat flux at the tube wall =~ 340 W/m?

r distance from the tube axis in a cross-section
(downward is positive)

R tube inner radius = 28.5mm

Ra, modified Rayleigh number = Gr, Pr

Re Reynolds number = U_D/v

Re,,, transition Reynolds number at which fluctuations
first appear

T temperature

Tw fluctuation intensity of fluid temperature

= T4, x 100
U velocity along the axial direction
U fluctuation intensity of velocity at the tube inlet

= JT; YU, x 100

Physical properties were estimated at the bulk fluid temperature
of the measuring section.

Greek symbols

B coefficient of thermal expansion
K thermal conductivity of fluid
(C] nondimensional fluid temperature

= (T - TOAT, - Ty)

MLEF H BRI TR B AR 40 5

A Lyapunov exponents (i= 1, ...., d,,).

Subscripts: c: value at the tube axis, f: fluid, m: mean
value throughout the tube, tw: value at the top of the tube wall.

Superscript: ~: time-averaged value.

REFERENCES

Abid, C., Papini, F. & Popke, A. 1995, Turbulence et Chaos
dans un Conduit Horizontal Soumis & un Phénoméne de
Convection Mixte, /nt. J Heat Mass Transfer, vol. 38-2, pp.
287-294.

Bandyopadhyay, P. R. 1986, Aspects of the Equilibrium Puff in
Transitional Pipe Flow, J. Fluid Mech., vol. 163, pp. 439-458.

El-Hawary, M. A. 1980, Effect of Combined Free and Forced
Convection on the Stability of Flow in a Horizontal Tube, J. of
Heat Transfer, vol. 102, pp. 273-278.

Koizumi, H. & Hosokawa, I. 1993, Unsteady Behavior and
Mass Transfer Performance of the Combined Convective Flow
in a Horizontal Rectangular Duct Heated from Below, Int. J.
Heat Mass Transfer, vol. 36-16, pp. 3937-3947.

Mori, Y., Futagami, K., Tokuda, S. & Nakamura, M. 1966,
Forced Convective Heat Transfer in Uniformly Heated
Horizontal Tubes ( 157 Report, Experimental Study on the Effect of
Buoyancy), Int. J. Heat Mass Transfer, vol. 9, pp. 453-463.

Mori, Y. & Futagami, K. 1967, Forced Convective Heat
Transfer in Uniformly Heated Horizontal Tubes ( 2° Report,
Theoretical Study), ibid, vol. 10, pp. 1801-1813.

Nagendra, H. R. 1973, Interaction of Free and Forced
Convection in Horizontal Tubes in the Transition Regime, J.
Fluid Mech., vol. 57, pp. 269-288.

Wygnanski, I. J. & Champagne, F. H. 1973, On Transition in a
Pipe. Part 1. The Origin of Puffs and Slugs and the Flow in a Turbulent
Slug, J. Fluid Mech., vol. 59-2, pp. 281-335.

Wygnanski, 1. J., Sokolov, M. & Friedman, D. 1975, On
Transition in a Pipe. Part 2. The Equilibrium Puff, J. Fluid Mech.,
vol. 69-2, pp. 283-304.

Zeng, X., Eykholt, R. & Pielke, R. A. 1991, Estimating the
Lyapunov-Exponent Spectrum from Short Time Series of Low
Precision, Phys. Rev. Lett., vol. 66-25, pp. 3229-3232.

Thic dociiment ic nrovided hv TAXA



o> UCIEIE 2 —EAEmOT A 5 —iiosE L M
BERIR (BER)

Taylor Vortex Flow between Rotating Eccentric Cylinders

By
Shigeaki KURODA

' University of Electro—Communications

Abstract
Taylor vortex flows between two eccentric rotating cylinders are studied
numerically. The outer cylinder is fixed and the inner cylinder rotates
at a constant speed. Three—dimensional Navier-Stokes equations are solved by
MAC method. Computations are carried out at Re=130 to 500 with the eccentric ratio
between 0.0 to 0.5. The flow patterns, velocity vectors and vorticities are
obtained. The gap width between two eccentric cylinders changes in a
circumferential direction and the maximum Taylor vortex is found in the region
where the gap width becomes narrow in the flow direction and the, vortex
becomes weakest in the region where the gap width is expanding. When the Re
number is slightly larger than the critical Re number, Taylor vortex flow and
parallel stable flow coexist in a fluid between two eccentric rotating
cylinders.

Key words: Taylor Vortex Flow, Eccentric Cylinder,Rotating Cylinder .
Computation Fluid Dynamics, Three-Dimensional Flow,
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Computational Study of Shock/Vortex Interaction

Masanori Hashiguchi®

Institute of Computational Fluid Dynamics,1-22-3,Haramachi,Meguro-ku,Tokyo,Japan

An interaction between a normal shock wave and a streamwise vortex is numerically investigated by solving

the compressible Euler equations. Axisymmetric three-dimensional flow is assumed. The governing equations are

discretized by using a finite-difference scheme. The influences of the upstream Mach number, strength of circulation

and axial velocity profiles of the streamwise vortex on the distortion of shock wave and flow configuration are examined.

The resulting flow quantities such as density, pressure and velocity are extensively visualized.

Key Words: Shock Wave-Vortex Interaction,Compressible Flows

INTRODUCTION

There have been numerous experimental, theoretical
and computational studies of the shock-vortex interac-
tion flow problem(!). The configuration in which the
vortex has its axis normal to the shock occurs in prac-
tice, as it is the case when a wing tip vortex shed from
a canard of a supersonic fighter plane interacts with the
shock that lies over the wing. In particular, when vor-
tex breakdown occurs, the coherent fluctuations in its
wake generate high dynamic loadings on aerodynamic
surfaces in the vortex path resulting in reduced ser-
vice life and ultimately failure of the structural com-
ponent. The knowledge gained by an understanding of
the physics of the shock/vortex interaction process has
application to real aerodynamic problems: noise supres-
sion in the case of helicopter blades operating at high
speed(®) and of supersonic jets'®, and shock enhance-
ment of mixing in a supersonic combustor utilizing the
baroclinic effect(®(3). However, at the present stage,
there are not enough data to understand such a shock-
vortex interacting flow mechanism, in spite of its prac-
tical and fundamental interest.

Numerical simulations have recently begun to enhance
a fundamental understanding of the shock-induced vor-
tex breakdown phenomena in the case of a shock in-
teracting with a longitudinal vortex.(®/(7) In particular,
it was found that at Mach number 2.0, a vortex ring
at the strong interaction appears downstream of shock
wave, and an excess of upstream axial velocity suppress
the vortex break down .(7)

In the present paper, we study the case of a normal
shock with a streamwise vortex at Mach numbers of
2.0 and 5.0. For this purpose, the axisymmetric three-
dimensional Euler equations are solved by using a finite-
difference method. Extensive flow visualization based

* (¥ B Bk K ) £ A

on the computational results are performed to clarify
the details of the shock-vortex interaction process.

PROBLEM FORMULATION

The flow field and geometry to be considered here is
shown schematically in Fig.1.
Governing equations

Three-dimensional axisymmetric compressible invis-
cid flows can be described in nondimensional form by
the continuity equation, the Euler equations and the
energy eauation.(6):(7)

r

Shock
Vortex

n S

s YV b
Figl. Geometry

Initial flow condition

In the problem considered here, the shock is initially
located at the z = 0 plane. At time { = 0, we set a
mean flow consistent with a stationary shock at z = 0
satisfying the Rankine-Hugoniot relations. Next, we su-
perimpose on the mean flow an isentropic vortex with
its axis along r = 0. The perturbations of azimuthal ve-
locity iy and temperature T associated with the vortex
are given by(®:

g (1) er/(2m)e®51-), (1)
T(r) = —(y-1)e/@yr2rd)ed=™), (2

where € = y!/2M;I'/(rgU) is a non-dimensional
circulation'®) at r = rq. rg is the radius of the vortex
core and [y is the circulation at r = rg.

Moreover, we consider the influence of axial velocity
excess/deficit of the streamwise velocity on the shock/
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vortex interaction. In a wake-like situation, the axial
velocity profile presents a deficit at the centerline with
the component wu, at r = 0 being smaller than the outer
value wu, ... i.e.. such a distribution corresponds to a
trailing vortex of a wing. In a jet-like case, the value
of the axial component u, at the centerline is greater
than the outer value.i.e.. a situation that occurs over
a delta wing at high angle of attack. We use the fol-
lowing perturbation for the axial velocity excess/deficit
representation (1):

Uy (1) = Ugge(Auy — 1)e= /07 (3)

where b is a conventional thickness of the axial profile.

To examine transients during the initial stages of the
flow computation. Erlebacher et al.(8) featured three
types of the initial condition. Here, their third case(IC-
c in their paper) is used. and the initial conditions are
multiplied by a distribution function s(z), which is shown
in Fig.2.

4 : " T, 3 ®

Fig2. Initial distribution

Numerical schemes

The fundamental equations are discretized by using a
finite-difference method based on Jameson's
CUSP(Convective Upwind and Split Pressure Scheme)(®

To suppress the numerical inaccuracy to be occured
around a shock wave. anti-diffusive numerical fluxes are
also added to the above mentioned CUSP formulation,
according to LED(Local Extremum Diminishing) con-
cept proposed by Jameson(®).

RESULTS AND DISCUSSION

In shock/vortex interaction. the limit for shock-induced
vortex breakdown is determined by varying the swirl
number until evidence of negative values for the axial
component u, occurs. The critical swirl number has
been investigated experimentally and theoretically. Fig-
ure 3 shows the curve of critical circulatin €..;; com-
putationally estimated by Erlebacher et al (%), In ad-
dition. Mahesh'®) proposed a theoretical estimation for
the critical swirl number. For the validation of our com-
putational code and the examination of vortex break-
down. we computed the following cases: € = 3,4,5,06 at
M =2 and e = 2.3 at M = 5. These cases are denoted
as (a).(b).(c).(d).(e) and (f) in Fig.3 respectively. The
physical domain extends from z/rg = —4 to z/rp = 8
in the axial direction. and to r/ry = 5 radially.
Uniform upstream flow case

Flow structure for the cases where the upstream axial -
velocity component has no velocity excess/deficit is ex-
amined. Figure 4 shows instantaneous velocity vectors.
and density contours at the nondimensional time of 12.0
for the e = 3,4,5 and 6 at M = 2(corresponding to the
cases (a),(b),(c) and (d)) .and Fig.5 shows those for the
e = 2 and 3 at M = 5(corresponding to the cases (e) and
(f)). Supersonic stream flows from right to left with a
circulation e. As shown in Fig.4(a), case (a), the velocity
field shows no flow reversal and the density contours do
not show visible shock distortion. As € is increased, the
shock distortion becomes visible as shown in Figs.4(c)
and 4(d). The same occurs for the situations at M =5
as seen in Figs.5(a) and 5(b). For cases (c),(d) and
(f), shown in Figs.4 and 5, both large flow reversal and
strong distortion of shock appear. Evidence of the de-
celeration of the axial flow and shock distortion already
appear in case (b), as displayed in Fig.4(b). The com-
parison of Figs.4(a) and 5(b) enables us to understand
the upstream Mach number effect: large Mach number
induces flow reversal and strong shock distorsion, even
if € is small .

Figure 4(d) shows the results for case (d) with e = 6.
In this case, a large extent of reversal flow due to the
strong interaction can be seen. In a previous paper(”),
a sophisticated flow structure such as a vortex ring has
been visualized. Case(f), shown in Fig.5(b), also cor-
responds to the strong interaction where the extent of
the reversal flow generated by shock/vortex interaction
becomes wider than the radius of oncoming streamwise
vortex. These flow configuration agrees well with exper-
iment () and numerical computations(®.

14
6 wid) *
Breakdown |
s (c)
© g
44
Erlebacher et al.
« (N
——
2 No breakdown o le)
2 3 4 5 6

Fig.3 Flow reversal swirl number.

Non-uniform upstream flow case

In order to examine the influence of axial velocity
excess/defict Au, defined by Eq.(3) on the flow struc-
ture, we computed the two cases: jet-like stream vor-
tex with axial velocity excess and wake-like vortex with
axial velocity deficit for e = 3 at M = 2 and ¢ = 2
at M = 5. Figures 6 and 7 show the resultant flow
configurations at t=12.0: density contours and velocity
vectors. From these results, we can say that a jet-like
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profiles of the axial velocity delays the vortex break-
down(Fig.6(b),Fig.7(b)), while a wake-like profiles makes
the vortex more susceptible to breakdown(Fig.6(a),Fig.7
(a)). This observation agrees with those reported in the
literature (1),

Vortex breakdown

In the present study, time evolution of flow field was
computed up to nondimensional time of 15.0. During
this time period, no flow reversal was appeared in the
cases (a),(b) and (e) as shown in Figs.4 and 5. In the
cases (c),(d) and (f) there are flow reversal,which means
the occurence of vortex break down. This results par-
tially support the flow reversal curve estimated by Er-
lebacher et al.(®)

Figures 8(a)-8(c) show the time evolution of the az-
imuthal velocity component ugy for the case (a),(c) and
(f). A strong reduction of swirl flow component down-
stream of the shock wave, is visible in the cases(c) and
(f). In case(a), there are no strong reduction of ug and
it seems to be able to penetrate the shock wave without
any disturbance.

Figures 9 and 10 display the pressure p(denoted by
Pc) and impulse function p + puZ(Ic ) along the x axis
(r=0) at t=14.0. Mahesh(® hypothesized that vortex
breakdown can occur when p downstream of shock wave
exceeds upstream one-dimensional impulse function p+
puZ. Figures 9 and 10 show that when Ic > Pc no
vortex break down occurs, while, when Ic¢ is nearby Pc
vortex breakdown occurs. Figures 11 and 12 also dis-
play the same situation when upstream axial velocity
excess/deficit exists. These results seem to support Ma-
hesh’s hypothesis partially, but a closer examination on
this hypothesis is needed before a final assertion con-
cerning the vortex breakdown phenomenon. One rea-
son is that Mahesh assumed a steady flow and a slender
vortex. This do not hold for the present computations:
flow develops timewise , normal shock position moves
downstream or upstream, and a three-dimensional vor-
tex structure and sophisticated azimuthal velocity dis-
tribution are generated.

CONCLUSION

Interaction between a streamwise vortex and normal
shock wave was numerically investigated by using a finite-
difference scheme for the solution of the axisymmetric
Euler equations. The present numerical scheme repro-
duces the key features of the vortex breakdown at M =2
and 5, namely, the flow reversal. The vortex breakdown
can generate a flow reversal resulting in a strong shock
distortion and a complicated flow structure. The in-
crease on the Mach number make the flow susceptible
for vortex breakdowon even at small swirl number. The
excess of the upstream axial velocity can suppress the
vortex breakdown inspite of the Mach number.

Theoretical consideration as when vortex breakdown
occurs in a shock /streamwise vortex interaction has been

done by Mahesh® based on a simplified flow configura-
tion. The present study seems to support his hypothesis.
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Fig.4 Density and velocity ; M=2, (a)e=3, (b)e=4,
(c)e=5,(d)e=6 .
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Fig.5 Density and velocity; M = 5, (a)e=2,(b)e=3. Fig.6 Density and velocity; M=2, e=3, (a)Au,=0.5,
(b)Au,=1.5.

(a)

(®)

Fig.7 Density and velocity; M =5, e=2, (a) M=2_’E=3 (b) M=2,e=5 (c) M=5,e=3
(a)Auy=0.8, (b)Auy=1.5. Fig.8 Time evolution of density and ug .
8
M=2 =140 60
M=5
=140

Fig.9 Pressure and impulse distribution

Fig.10 Pressure and impulse distribution
on the axis;: M =2 t=14.

on the axis;M=5,t=14.

M=2e=31=14 M=5ru2 tuld

Ic,Pc

Fig.11 Pressure and impulse distribution Fig.12 Pressure and impulse distribution

on the axis;M=2,t=14. on the axis:M=5.t=14.
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Analysis of Uniformly Sheared Large-Scale Turbulence Based on
Universal Equilibrium Theory

Nobumasa Sekishita and Hideharu Makita
Toyohashi University of Technology

ABSTRACT

Experiments were conducted on the quasi-equilibrium range of turbulence spectra for large-scale turbulent flow
fields with uniform shear; R, =360~650 and AU /7Y =2.7~11.9/s. The scale ratio between the energy
containing and the largest locally isotropic eddies I,//; ~ 4.6 for the sheared turbulence was far larger than 2.9 for

the quasi-isotropic turbulence. This fact shows that longer cascade process from I, to 5 is required to attain the

local isotropy under the effect of strong anisotropy induced by the velocity gradient. The minimum R, for the

existence of inertial subrange defined as I; ~ /; was about 100, where /; was the minimum nonviscous eddy. Then,
the Kolmogorov constant was about 0.55. The inertial subrange was substantially proportional to R; ' for both of

the quasi-isotropic and the uniformly sheared turbulence.
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Experimental Investigation of Interaction between Turbulent Spots

Hideharu Makita and Akira Nishizawa
Toyohashi University of Technology

ABSTRACT

Interaction phenomena between turbulent spots were experimentally investigated by using a
rake of 16 I-type hotwires. Instantaneous views of the single turbulent spot gave a quite different
image from the ensemble-averaged one, being composed of several small scale velocity-defect and
excess regions. These regions were elongated in the streamwise direction and alternately arranged
along the leading edge of the spot. When the two spots were simultaneously generated, their wing
tips came to overlap each other as they grew downstream and the velocity-defect regions at each
wing tip were superposed. Then, a far stronger velocity-defect region was generated there.

Key Words: turbulent spots, multi-point measurement, conditional sampling, laminar boundary

layer
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Experiments on the Stability of Streamwise Streaks in Plane Poiseuille Flow
by

Mitsuyoshi Kawakami, Per Elofsson and Henrik Alfredsson

Institute of Fluid Science, Tohoku University

ABSTRACT

The development, and stability of streamwise streaks are studied in an air-flow channel
experiment at sub-critical Reynolds numbers. The streaks were generated by continuous
suction through small slits at the wall. The streak amplitude first grows algebraically, and if the
amplitude exceeds a certain threshold secondary instability in the form of travelling waves is
observed. These waves give rise to high wu,,,, values in the region of large spanwise mean flow
gradient. Measurements with two how-wire probes indicate that velocity fluctuations are 180°
out of phase at two neighbouring peaks at each side of a low velocity region. Furthermore flow
visualization clearly shows the oscillation of the low velocity region and implies the existence of
a sinuous type instability.

Measurements were also made with controlled disturbances where earphones were used to
force the secondary instability. Data filtered in a narrow band provides the growth rate as well
as phase speed of the secondary instability. Several of these features suggest that the instability
is of inflectional origin. Finally the disturbance breaks down and the flow undergoes transition
to turbulence. It is hypothesized that this scenario resembles certain types of bypass transition.

Key Words : bypass transition, streaky structure, secondary instability.
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PR AR P.H. Alfredsson

Relevancy between streaky structures in natural transition
and transient growth theory

by

MasaharuMatsubara* and P. Hennk Alfredsson™

*Tohoku University,
™ Royal Institute of Technology

ABSTRACT

Investigation of natural transition has been done in a flat plate boundary layer subjected
tofree stream turbulence using hot wire anemometory. Upstream of turbulent spots generation
low frequency components of velocity fluctuations in a boundary layer are much larger thanin free
stream while high frequency components are dumped. The wall-normal position of the
maximum fluctuation corresponds with the maximum amplitude of the transient growth
perturbation, and energy of disturbance lineary increases with distance from the leading edge
but not expanentially. These results suggested that the primary instability in the natural
transition corresponds to streaky structures predicted by the transient growth theory. This
instability has notably different character from modal perturbations such as the Tallmien-

Key wards:boundarylayer, natural transition, free stream turbulence, transient growth
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Transition Process of a Vortex Ring
by

O. Mochizuki, M. Kiya, Y. Tanaka
Graduate School of Engineering,
Hokkaido University

Abstract  Velocity measurements of a vortex ring were performed by eight single hot-
wire probes arranged along the circumference of a vortex ring and synchronized with
visualization of the vortical structures using a thin laser-light sheet.  Turbulent
fluctuations appeared in a part of the vortex core at the beginning of transition. The
amplitude of the azimuthal waviness grew quickly during the transition process.
Intricate windings were observed in the turbulent vortex core. The complexity
disappeared and the turbulent fluctuation was damped in the final stage of the turbulent
vortex ring.  The onset of turbulence was observed at that part of the vortex core which
was curved towards the center.

Key Words: vortex ring, transion, instability, turbulent, measurement
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Fig.1 Experimental setup

© @
Fig.2 Cross sectional view of vortex ring in different x/D. x/D=(a) 4, (b) 7(¢) 9, (d) 15.
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Fig. 3 Velocity signature of vortex core in different x/D. x/D= (a) 4, (b) 7 (¢) 9, (d) 15.
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Fig. 4 Velocity signature of vortex core in different circumferential positions.
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A solitary-wave representation of turbulence

in the physical-plus-eddy space

S.Tsugé
Tsukuba Advanced Research Alliance,
University of Tsukuba, Tsukuba, 305 Japan

Abstract

A unique form of turbulent-transport equa-
tions is derived based on first principles. The
role of nonequilibrium statistical mechanics em-
ployed to describe the phenomenology is that
it enables to single out the unique form consis-
tent with master equation of Liouville, a prereq-
uisite not met with existing equations for tur-
bulence modeling. The equation is variable-
separated to yield a Navier-Stokes equation in
6D (physical-plus-eddy) space with homogeneous
boundary conditions. Turbulent transports such as
Reynolds’ stress are calculated using a solution
of this equation; a solitary-wave function. Sat-
isfactory agreement is observed with existing ex-
periment for mixing shear layer of incompressible

flows although no empirical constants to fit with.

data are involved.

1 Introduction

First principle bases of phenomenologies
of fluid dynamics and thermodynamics are
due, respectively, to Chapman-Enskog[1],[2] and
Prigogine[3], who showed the validity of Navier-
Stokes equation and the equality expression of the
second law of thermodynamics on common basis
of the Boltzmann equation expanded to the first
order deviation from equilibrium.

It was, however, an open question whether these
equations still hold for turbulent flows where the
dependent variables are stochastic and fractal,
therefore not differentiable[4]. This problem was
solved[5] using the microscopic density[6], namely,
unaveraged Boltzmann function, leading to red-
erivation of the Navier-Stokes equation written in
terms of instantaneous quantities without assum-
ing any statistical concepts like local equilibrium,
or first order deviation form it. Thus the equa-
tions currently employed for the direct numerical
simulation(DNS) has acquired the first principle
basis.

Then a question will arise as to whether the al-
ternative methodology of computational fluid dy-
namics, namely, Reynolds-average formalism can
be founded on first principles as well.

In contrast with DNS founded on the micro-
scopic density(the Klimontovich formalism) its
Reynolds-average counterpart should be based on
its averaged version, namely, the Boltzmann func-
tion. Structure of this Boltzmann formalism, so
to say, is shown to be identical with what is called
the BBGKY hierarchy theory of nonequilibrium
statistical mechanics(7].

Each of the two formalisms has advantages as
well as disadvantages from computational view-
points. The most serious disadvantage of the K-
formalism lies in the fact that it deals with frac-
tal quantities which are selfsimilarly rugged to a
length scale as small as the Kolmogorov scale(8].
It means that if the 3-D Navier-Stokes equation
is to be solved by a finite difference method, the
grid size be smaller than this length, namely of
O(R™%/%) (R ; Reynolds number). It requires
the computer memory size growing with R®/4(the
small eddy difficulty). For this reason, the con-
sensus upper limit of applicability of the cur-
rent DNS falls short of R ~ 10*. To be able
to apply the DNS for practical design of trans-
port vehicles(R ~ 107) we would have to have a
computer with memory size greater by the factor
of (107/10%)?/* ~ 107 compared to the currently
available ones. This situation is not changed even
when one employs spectral methods to avoid the
conceptual difficulty of having to work with dif-
ferential equations. For, then, the number of the
Fourier modes to be taken into account increases
at the same rate.

The B-formalism, in contrast, is free from such
difficulty owing to the statistical average taken
in the process of generating distribution functions
at the expense of dealing with multitude of such
functions, infinite in number. The statistical av-
erage as meant here is either an ensemble aver-
age over repeated experiments, or an average over
time that is long enough for the fractal rugged-
ness to be smoothed out, yet is short enough for
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fluid-dynamic unsteadiness, such as shedding pe-
riod of Karméan vortices or aerodynamic flutter
to be discernible. The ergodic theorem warrants
their identity.

The objective of this paper is to demonstrate
that the Reynolds average regime of the compu-
tational fluid dynamics can be founded on a firm
first principle ground through the following pro-
cesses :

i) Demonstration of how a closed set of kinetic
equations is obtained out of an infinite chain of
them of the B-formalism.

ii) Taking fluid moments of the kinetic equation
for two-point fluctuation-correlations that is
unique from the viewpoint of first principles.

ili) Rederivation of the whole set of equations thus

obtained from phenomenological equations be-
ing used for DNS, namely, eliminating the pro-
cess via statistical mechanics.

2 The Boltzmann and
Klimontovich formalisms :
A review

Any statistical theory rests on the axiom that a
field quantity f(z) describing stochastic and pos-
sibly fractal physical phenomenon is equivalent to
a set of quantities that are smooth, deterministic,
and infinite in number, '

[ f=7)

ff (f

f-1

~
1]
-
~—
—t
C—

iy

\

where overbar stands for the statistical average as
defined in the preceding section, and f = f(Z) is
the same quantity at a different point z.

The Klimontovich formalism as defined here is
a formalism where f is identified with the micro-
scopic density [6]

f@)= Y 8z-2) (2)

1<n<N

In this expression z = (z,v) is a point in
the phase(u-) space, z(")(t) is the locus of n-th
molecule in this space, N is the total number of
molecules under consideration, and § denotes the
six-dimensional delta function.

It has been shown [9] that the equation govern-
ing f is the unaveraged Boltzmann equation;

B[f] = %+v-%)i—.](z!?)[i£]=0 (3)

with J denoting the classical collision integral act-
ing on molecule Z . The key issue here is that
Eq.(3) is a deterministic equation of continuity in
the u-space, free from any statistical concepts[9)].

The Boltzmann formalism, on the other hand,
deals with quantities to have appeared on the
r.h.s. of (1), subject to statistical average, namely,
the Boltzmann function

fz)=f (4)

and the correlation functions of consecutive hier-
archies

ved) = fF=1f-11
1,{)(2:, ‘Z?;Z = frf' fr
= fff-fGEn ¢ O

-fbE 2) - fu(z,2)

P

Klimontovich variables [5] such as instanta-
neous gas density p and center-of-mass velocity
u of the N-particle system are given by

gzm‘[_midt::m Z S —z=™ () (6)

1<n<N
(m : mass of a molecule)

pu =mf% vfdv

=M 1cn<n (") (t) d(z — =) (t))

The Reynolds—averaged-version of those fluid vari-
ables are generated by taking average of expres-
sions (6) and (7)

(7)

p=mf:fdv ®)

_j:pu-i—W:m/mvfdv (9)

Two-point correlation 1(z,z) consists of two
parts; short-range part due to direct molecular
collisions that is irrelevant to turbulence and long-
range part attributable to turbulence correlations.
The latter part is expanded in a double series of
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Hermite polynomials[10] where all the turbulent
transport terms including Reynolds’ stress appear
as expansion coefficients.

A set of equations governing those quantities
standing on the Lh.s. of (5) is generated from
Eq.(3) by taking moments and averaging. This
procedure is not unique; in general there are infi-
nite ways of constructing such moment equations.
This arbitrariness is eliminated by invoking a pos-
tulate that the whole system be consistent with
Liouville’s equation(the equation of continuity of
N-particle probability density in 6 N-dimensional
space; the master equation that is universally
valid), or its corollary that the whole set of equa-
tions be identical with those of the BBGKY the-
ory at each level of hierarchies. The only differ-
ence is that the BBGKY generates destribution
functions in the direction of descending number of
molecules through a series of integrations starting
from N ~ 0(10%°), whereas here are defined the
same functions in ascending number of molecules.
The kinematical information missing in the latter
approach is identical in analogy with the fact that
we cannot predlct t.he functional form of g(z,y)
out of f(z) = [*°_g(z,y)dy . This is why we
need the post.ula.te

The averaging process consistent with the pos-
tulate has led to following set of equations [9]

e 1 - particle level

B_[ﬂ:O:

(2 +v-go)f ~ IR + (22

e 2 - particle level
f'BIf)+ f'BIf)=0, (B[ 1={B[ ]},.9):)

(§t+v ai+u ai) ¥(z,2) — J(2|2)

[f¥(2,2) + f(2,2) + ¥(2,2,2) ] - J(ZI?)

[fb(2,2) + f(2,) +9(2,5,5) ] =0 |
(11)

=0 (10)

e 3 - particle level
FEBIfI+FFBAI+FFBIfl=0 (12)

This system constitutes a chain of equations
for the set of infinite number of variables
[f(z):w(z:?)?w(zazsz [ ]

The issue that is most crucial to the quality of
the proposed approach is the closure condition. It
is how to truncate the infinite chain of equations
to make the system tractable without violating
physical soundness.

Early stage of development along this line has
employed the following condition of tertiary chaos

(10], [11]
“P(2,2,2) =0

(13)

a condition next to the simplest one known as
Boltzmann’s (binary) molecular chaos hypothesis;
w(za E) =0

Eq.(11) under this closure condition is inves-
tigeted in some depth: It is shown that assump-
tion (13) allows Eq.(11) for separating variables
into those for respective particles, thereby its
fluid moment equation leads to linearized Navier-
Stokes equation (the Orr-Sommerfeld equation,
in particular.). It is also seen that this closure
gives satisfactory description only for weak tur-
bulence where the nonlinearity in turbulent in-
tensity does not play major roles. Later, it has
been superseded by alternative one that has wider
range of applicability, yet preserving the variable-
separability beyond linear regime [12]: Namely,
put

¥(z,Z2) = RP.7T ¢(z w)¢*(Z,w) dw
- RP. f #(2,0)9(2,0)
0w + @) dwdw (14)
w29 = REP[ hi(a0ha(20)

$3(Z,0)0(w+ W +w)
dwdwdw (15)

where w is the variable-separation parameter hav-
ing the dimension of the frequency, 7 is a char-
acteristic time, symbols(x) and R.P. denote the
complex conjugate and the real part, respectively.
Separated variable ¢ is complex, subject to

¢*(2,w) = ¢(2, —w) (16)

as will be justified a posteriori.(See Eq.(18) be-
low.) The closure condition is introduced in the
following form

$3=¢ (17)

It makes Eq.(11) separated into two equations
each for respective points z and Z, in the form
of complex conjugate to each other provided that
condition (16) is met :

(ciw+ 2+ v 20) § = IR + 1P
+7[ (w—)p@)da) =0 (18)

If the nonlinear term of convolutional integral is
deleted, the equation degenerates to the previous
case with tertiary chaos closure.

Fluid moments of (18) together with (14) pro-
vide equations for turbulent transports such as
Reynolds’ stress and turbulent heat flux density
to obey. For actual derivation of these equations
see [13]. '
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3 Fluctuation equations in
physical-plus-eddy space

The approach described in the previous section
has shed some lights in turbulence research. In
fact, for the cases tested agreement with experi-
ments is satisfactory although the theory is free
from any adjustable parameters[14, 15] as con-
trast with existing models such as eddy-viscosity
model. The success, however, has been limited
to cases where the flow geometry is governed by
single variable.(Note that the velocity fluctuations
are multi-dimensional.)

We will show that a small renovation of the the-
ory sketched in the preceeding section can make
turbulence with general three-dimensional geom-
etry tractable. It is to replace the frequency w, a
scaler quantity having appeared in Eqgs.(18) and
(16), by the wave number k that is a vector con-
nected to the frequency through phase velocity ¢
by the dispersion formula

w=c-k (19)

Then, new separation rule to replace (14) is

¥(z,2) =R.P. I® f - #(z,k) ¢*(z,k) dk  (20)

where [ is the characteristic length of the macro-
scopic phenomenon under consideration. Accord-
ingly the governing equation for ¢ to replace (18)
is written as

iwp = ()
with

Q¢) = (% +v %) ¢ — J(z2]3)

16+ 0f + RP.13[%_ ¢(k - k)§(R)dk|
(21)
For practical purposes it is more convenient to
separate out the spacially periodic factor from ¢
by putting

d(z, k) = e* TP (2, k) (22)

and work with its amplitude ®. Owing to the
fortuitous situation that the only nonlinear term
in Eq.(21) has the form of convolutional inte-
gral, the factor e*Z is seen to drop off upon
substituting expression (22) into Eq.(21). Since
(0/0z;)p = eik"c((?/amj +ik;)® the equation for
® should preserve the form of Eq.(21) with the
only substitution

i} 0 .

Another favorable property of the nonlinear
integral is that it reduces to a simple product
through Fourier transform

1

(2, k) = (@2n1)3

f e k82 8)ds  (24)
such that
Then Eq. (21), with (22) through (25) taken into
account, reads

(E?t cj an +vj8-) F
(3 [fF+ fF+FF] -0

®(k — k) (k) dk — FF  (25)

(26)

where 0; is six-dimensional operator defined by

=24+ 2

dz; ' 0s;

The Fourier variable s introduced through the

transform (24) has the dimension of length char-

acterizing the size of eddies. Therefore s might
well be called the eddy variable.

Substituting (22) and (24) into (20) we have a

remarkably simple formula for ¢ when written in

terms of F,

(27)

P(2,2) = (21”] F(x,s,v)

F(Z,s+%—x,v)ds

(28)

Note that here all the quantities of the integrand
are real in contrast with those of (20).

Derivation of fluid equations from Eq.(26)
is almost parallel to its low dimensional
predecessor[13], so will not be repeated here. Min-
imum necessary steps to reach the final form of
fluid equations will be given in order : First
we employ the same fluid-moment expansion for
F(z,s,v,t) in terms of Hermite’s polynomial H
in the v-space after Grad [16];

e €'/ 4 1
~ (2ma?)3/2m [QU Tt
q k Q‘Jkk
5 Hik + 10a8 Lt
with
H =H
(€)  (29)
¢ =w/a=(v-uM/a
ul =m;/p L
mj = puj + p'ul
a? = RyT
(Rm = Avogadro no./molecular no.) |
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Note that this expansion differs from the classi-
cal 13-moment expansion in that g; # 0,g;; # 0.
Second, we replace Eq.(26) by its moment equiv-
alents

m f M. [Eq.(26)]dv = 0 (30)
— 00

where F is substituted by (29) and M,

stands for one of the 13 moment functions;

1,H;,H;;,Hjx,Hjke. These choices of moments

correspond to equations of fluctuations of conti-

nuity, momentum, energy, stress tensor g;x and

heat flux density vector gjkk, respectively. The
actual form of the equations are :
Dgo + 8rg- =0 )
Au! 1 dp
Dgq; + 8-q;r + 0; —Lgp— —=—qo =
q; + q; + 1440 + Bzrq p a.'-l':j do
3 5 5
EDQ-m + 0rqrj; + 53,-(0 qr)
Ou! 3!51- 1 dp 0
dz, dz, q_w = Ba—xrq‘f =
qs0 = qs + a%qo
4jr =
2 k
[ (% ) (%) 500 ()
[ p) 377 \p |
o]
- r = rik
,a 4q; d;
1 6'& + —=r aut gé‘ 6;"'};
pRM 6:, dz; 370z 9
_ A g4
e
1 dxor + 5grgs
,oRMdTBz,. e 2
where we have defined the following symbols :
dq 3
D o,
9=5, ~crg, t (ulg) J
(31)

In the above, p, p, T, u and A denote density,
pressure, temperature,viscosity and thermal con-
ductivity coefficients, respectively.

It is readily seen that Eqgs.(31) are exactly the
same as those derived in ref.[13][Egs.(21’) through
(24")] if the following replacements are effected,

W — ng (32)
7

9,90 .9
Ba:j al‘j 63j
The set of Egs.(31) describes evolution of

five quantities (go, g5, ga) subject to homogeneous
boundary conditions that all ¢’s vanish with |s| —

(33)

00, on the solid surface, and wherever turbulent
intensity is zero in the physical space. Therefore,
the expected solution for those quantities must
have the form of a solitary wave (not to be con-
fused with a soliton).

Eqgs.(31) are equations governing compressible
turbulence. For incompressible flows (go = 0) the
energy fluctuation equation is decoupled, and a
closed set of equations that results is

9;q; =0 (34)

(D — vd?)q; + B5q10 + + %qu_,- =0 (35)

du;
oz, 9
where v is the kinematic viscosity, d; and D
have been defined by (27) and (31), respectively.
It is readily seen that these equations represent
the equation of continuity and the Navier-Stokes
equation generalized to 6D space (z, 8). In fact,
if we suppress the eddy variables(d/ds; = 0) this
set degenerates to the usual Navier-Stokes equa-
tion for velocity u;+p~'g; and pressure p+qgqo. If
further, nonlinear terms are neglected in Eq.(35)
and parallel flow(u; = d;1u(z2)) is assumed, they
reduce to the Orr-Sommerfeld equation to govern
p gz as it should.

4 Correspondence rule; rela-
tionships between solitary-
wave functions and observ-
ables

It should be remarked that variables ¢’s do not
correspond to any turbulent fluctuations that are
tangible to macroscopic sensors.They are shown to
be related to fluctuation correlations of turbulent
quantities through the following deduction: From
(8), (6) and (1) we have expression for instanta-
neous density fluctuation that is an observable;

p’=m/ fdv

Similarly, by subtracting (9) from (7), we have

(36)

oo
puf + p'uj + (p'u; — p'uf) = mf v f'dv
—00

This expression, upon substituting (36) for p', re-
duces to

oty =m [ w0 @0
with

O(f?) = p~1p'p'u; — (p'uj — p'uf)
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from which we have, utilizing definition (5) for ¢
and neglecting terms of O(f"*)

pp uf; Uy = m2/ w; Wy Y(2,z) dedv (38)

Furthermore, by substituting (28) for 3 and then
(29) for F', and carrying out integration over(v, v)
with orthonormal property of the Hermite poly-
nomials incorporated, the following relationship
results;

-~y = 1 > - -~

ppu; Uy = @ [_mqj(z,S)q:(z,s+=r —z)ds
(39)

Turbulent intensity or Reynolds’ stress is then

given by putting & = x;

1 oo
! [ — .
U= s [ s@sa@e)ds (@)
a relationship expressing the observable turbu-
lence intensities by an integral operation of the
wave function. It is through this relationship that
the Reynolds averaged Navier-Stokes equation is

coupled with Egs.(31) that govern ¢’s standing on
the r.h.s. of (40).

In a similar fashion the wave function represent-
ing temperature fluctuation 7" can be derived as
follows: Since the ideal gas law p = Ry pT holds
for instantaneous variables [5], we have

RupT = p — RuTp'
- ?[mwff'dv*asz_mf’dv

ma? [ .
= T/_ Hjjf dv,

Accordingly, from (28)

R pp T T = (%)202 E2f Hi;Hu ¢ dvdo

1 o0
|

qu(ZT,s+T—x)ds

where we have employed Hermite expansion (29).
Thus we see that g4 = (1/3)g;; is the wave func-
tion to be responsible for the temperature fluctu-
ation Rps pT'.

Summarizing, the following correspondence rule
holds between untangible wave function ¢, and
corresponding observable fluctuation A:,;

!

do0 p
aj - ;
da = A= 2|
qs = 3G55 pRMT
qa0 r

where the fourth quantity gs0 in the column of g,
is linearly dependent on go and g4.(See Eq.(31).)
They are related to each other through the follow-
ing fluctuation correlation formula ;

—,\.." 1 (==} . .
aAp = W./:m da(x,8) gg(T,8 + T — x)ds
(42)
In particular, for example, turbulent heat flux
density is given as follows, using (41) and (42)
with Z = @;

5

%ﬁT@=§[mm%@ (43)

where c, is the specific heat under constant pres-
sure.

5 Reformulation within phe-
nomenologies

Once the correspondence rule (41) has been es-
tablished we are able to reconstruct Eq.(31) using
phenomenologies alone.This is what is anticipated
because the present (Boltzmann) formalism is the
averaged version of the Klimontovich formalism
describing A:, directly, where the identity of phe-
nomenologies and first-principle approach is war-
ranted [5].

To effect this we shall base on the assertion that
turbulent compressible flow of inert gas is gov-
erned by the following set of equations:

9p; om
= _=1 4 T=r _
ho= 3+ 32m =0 (44)
p =22, 0 m“*m‘"+p5-+( ) =
7T ot Oz, BOir T \Bjr ) ns| =
(45)

o (.. m\., 8 [m, mj
A4 a(ﬁ‘*@)*‘axr [— ﬂ+2—p

where
m. = pu; (47)

E=pe=p/(v-1)
(y; specific heats ratio) (48)

H=ph=ply/(y-1)]
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(’ijr)ns = |
#[as (%) + 25 ()

2 i (%ﬁ) e (49)

377" 8z

(9,),, - "%air (5)

denote, respectively, the mass fiux density, the in-
ternal energy and the enthalpy per unit of volume
(the lower case letter refers to specific quantities),
the Navier-Stokes law for stress tensor and the
Fourier’s law for the heat flux density.

It has been shown that plain (Reynolds) average
of this set of equations

A

Ae=0 (a=0,j,4) (50)

is in exact coincidence with the first principle de-
duction for monatomic gases(y = 2)[17]. Written
explicitly, they are

~ _0p Om,
Ao = 5t + oz, =0 (51)
— om; 3
! ot
g (m;m,
* oz, ( Jp + pdjr +pjr)
= 0 L
(Pir)ns (EJ- )NS )
(52)
— i) _f a (m, )
Ay = 5 ( + —2';) + Bz, (?H
+—m,-m? + —_pjl" + Qr) =0 \
Qr = (Qr)p+pcpT'ul,
@)r = (QT)F /
(53)

A few remarks are in order :
i) These equations are exact to O(A'2).

ii) They are written in terms of quantities that are
proportional to the density, for example, mean
mass-flux density

. =77 = . U
mj = m; = puj +p'u;

to replace mean fluid velocity u;, also mean in-
ternal energy F per unit of volume

EEEE=;—1_'—1-(p+RMﬁ)

to replace the specific internal energy e.

iii) Item ii) is the key that enables to express

Reynolds-averaged equations (52)and (53) in
compressibility invariant forms, in other words,
single term turbulence correction to each of
stress p;, and heat flux density Q. suffices even
under presence of density fluctuation such as
turbulent combustion .

iv) Otherwise, lengthy additional terms for turbu-

lence correction would appear, or we would need
the so-called mass averaging (say u;, for in-
stance) that suffers from a conceptual difficulty
(W, # 0) in processing experimental data.

Next step, the main issue of this section, is to

show the identity of Eqs. (31) with the following
phenomenological equations

Ahg+ Agha =0, (a,5:1,5,4)  (54)

where A;is defined in (41). These equations
consist of terms of double (O(A'?)) and triple
(O(A'3)) correlations for which we employ the sep-
aration rule exactly parallel to those of the previ-
ous section [Eq.(20) through Eq.(28)]:

Put

= 0o 3
A,A;= RP.P f 9o (z,k) g5 (Z, k)" dk

—o0

AL AL A = R.P.zﬁf 9o (x,k) g5 (Z,K')"

9,(&, k — k')* dkdk’

— RP.I° f dal(z, k') g5(@, K)*

—oo

9+(@, k — k') dkdk'

with QQ(E,-k) = ga(xak)‘ J
(55)
and substitute into Eq.(54), then we are led to the
equation that allows for the separation of variables

w

o0 . Af KT *
[ dkoa (@) [-gﬂ+ (g—*"‘) ] =0
R ; g (56)
I |
W —w
In the above Al is the fluctuating part of A, in

which A, is replaced with g, also A;A; with con-
volution integral f 9a (k') gy(k — k')dK', and
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0/0z, with 8/0z, + ik,. The separated equation
thus obtained, namely,

—iwga + AL =0 (57)
is then rewritten in Fourier-analyzed form after

1 f e*"k‘sq(:c, 8) ds

9(z, k) = @nly |

(58)

to lead to the same equations as Eqs.(31) except
for the energy fluctuation equation which takes
the form,

1 Y
_D rriq - 21"
y-1 440+3q31+7__13r(‘1'3)

59
Oul 3”} (59)
oz, ;9?,.%'
This equation reduces in the case of monatomic
gases (y = 5/3) to the third of Egs.(31) as it
should.

1
__._@qr=0

* p Oz,

qs0 +

6 A solitary-wave solution for
mixing layer turbulence

A preliminary computation checking whether
the present approach is physically sound has been
carried out for turbulent mixing shear layer of
an incompressible flow [18]. Egs.(34) and (35)
are employed assuming the average flow profile
[u(n),v(n),0] with n = z2/az, as prescribed. The
flow is self-similar in this sense as confirmed by ex-
periment [19], which is an indicative of molecular
viscosity playing no roles in the equation. (See
ref.[18].) Then we have the following set of equa-
tions :

O1q1 + O2q2 + 0q3/0s3 =0
NLg, + 01940 —anu'qy + u'ga =0

) , (60)
NLg; + 02q40 — anv'q1 +v'ga = 0
NLgs + 0q40/0s3 =0
where u' = du/dn, and
O = (1-as)9/0s1 —a(nd/on )
+826/882 + 336/883)
8 = 0/0n+0/0s, » (61)
NL = 0/0t—cd/ds + (u+q)0,
+(v + g2)02 + q30/0s3 )

with s redefined using the shear mixing layer
thickness | = az;, namely, 8/l — s.

The set of equations has five independent vari-
ables (s,7,t), therefore no existing tools are im-
mediately available. At this preliminary stage of

C =7y

Fig 1: Solitary wave gi1(s1, s3,0) on the plane of n = 0
for two choices of the phase velocity ¢ ; a) ¢ = uq,
where uo = [u(00) + u(—00)]/2 is the propagation
velocity of eddies as observed by flow visualization, b)
¢ =u (Taylor’s hypothesis).

checking physical soundness of the proposed ap-
proach it is advisable to suppress variable s, by
assuming 8/dn >> 0/ds2. The set of equations
is solved for arbitrary chosen initial values for q,
and boundary conditions

g =0, (j=1,2,3) as |s],|n| = o0

gso — 0 as |8| = oo, (62)

0ga0/0n — 0 as p — oo

The form of solution to be expected from these
homogeneous boundary conditions must be a soli-
tary wave generated by the shearing motion and
kept sustained by nonlinearity.

In Figs.1 are shown such standing waves that
build up and reach steady state with elapse of
time for different choices of the wave speeds ; (a)
experimentally observed one ¢ = up = [u(o0) +
u(—00)]/2, and (b) Taylor’s hypothesis ¢ = u(n).
Reynolds’ stress [Eq.(40)] is calculated using this
solution and compared with existing experiment
(19] in Fig.2. Agreement is more than reasonable
considering that the theory involves no empirical
constants to fit with experiments.

Thic dociiment ic nrovided hv TAXA



(R EER ORI & HIE] TaMmERCR

né-"' * Bel-Mehta(1880)

o.00t

n

Fig 2: Reynolds’ stress as calculated from Eq.(40)
[18] using the solitary-wave solutions (Figs.1a and
1b), and compared with existing experiment[19].

7 Comparison with classical
statistical theory and cur-
rent turbulence models

Consistency with classical statistical theory

Kéarmén and Howarth [20], the founders of clas-
sical statistical theory of turbulence, have derived
Eq.(54) for incompressible flows (a,f;0,1,2,3)
correctly on intuitive basis, with no reference
to first principles. Obviously these 6-D equa-
tions are not tractable in this form, so homogene-
ity /isotropy assumptions have been introduced.
Here we have employed the method of separa-
tion of variables, thereby the classical limitation
on flow geometry is eliminated. It is effected, how-

ever, at the expense of introducing additional in--

dependent variable s in the Navier-Stokes equa-
tion aswe have seen through Eqs.(34) and (35).

The classical assumptions of homogeneity and
isotropy are often referred to as an oversimplifi-
cation of reality. In fact, also here, this model is
shown to lead to an unphysical solution : For the
equation of continuity

9q;

=0
68j

(63)

which is the homogeneous version (8/dz; = 0)
of Eq.(34), coupled with the isotropy require-
ment(Robertson’s theorem [21])
g = s;jq(s), (s=|s]) (64)
gives
dg
3 — =0
7t ¥ds
Solution of this equation, namely, ¢ ~ s~° causes
the integral (40) for turbulence intensity to di-
verge. To be noted is the fact that this is a direct
consequence of the equation of continuity, a kine-
matical relationship universally valid, therefore
independent of any closure condition employed.

(65)

Inconsistency with k — € models

We have seen that formulation in 6-D space
(z,Z) [Eq.(54)] is the only one that is consis-
tent with Liouville’s equation, namely, with first
principles of nonequilibrium statistical mechanics.
Turbulent transports such as (40) and (43) that
are quantities in 3-D space are obtained from the
solution in the 6-D space by putting Z = z af
ter the equations have been solved. Suppressing
variables in the equations as is often employed is
a pathological process. The following simple ex-
ample would help extract what is meant by this
trivial-looking warning : Let a steady-state tem-
perature distribution of a three-dimensional body,
say, a column with rectangular cross-section in the
z-y plane be asked, but the information only on
the diagonal plane z = y is required. Needless
to say that proper process is to work with 3-D
Laplace equation for the solution T'(z,y,z), and
put z = y to have T'(z,z,z). The improper pro-
cess mentioned here corresponds to solving patho-
logical equation (28°/0z? + 8%/82*)T = 0.

Majority of turbulence models currently pre-
vailing do not concur, in the simplest case of
the homogeneous and isotropic turbulence, with
the Karman-Howarth theory as a consequence of
the hasty reduction in independent variables as
sketched here.

Summarizing, the proposed approach shares the
common basis with k — e*models only at the low-
est level of description, namely, the Reynolds-
averaged Navier-Stokes equation, but differs sub-
stantially at next level of the Reynolds’ stress
equation.

8 Concluding remarks

On the basis of the Boltzmann formalism,
namely, nonequilibrium statistical mechanics de-
signed for turbulence, two sets of equations are
derived to comprise a closed set. The one
is the group of equations governing Reynolds-
averaged fluid quantities, and the other is the
variable-separated version of the fluctuation-
correlation equations that reduces to the classical
Karméan-Howarth equation in the homogeneous
and isotropic limit. The two sets of equations
are coupled through turbulent transports such as
Reynolds’ stress and turbulent heat-flux density.

The key role of the first principle lies in that
(i) for the Reynolds averaged equations, it gives
a firmer basis than via phenomenologies, whereas,
(ii) for the turbulent-transport equations, it re-
veals a hidden kinematical prerequisite for any
turbulence governing equations to fulfill, thereby
enabling to single out the unique form. It is also
shown that once their unique form has been estab-
lished the whole sets of equations are able to be
reconstructed a posteriori using phenomenologies
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alone.

The latter set of equations is converted into a
variable-separated form, leading to those govern-
ing solitary-wave function through which all the

turbulent-transport properties are calculated.

The equations are solved for a self-similar tur-
bulent mixing layer, leading to a solitary-wave
type solution in the physical-plus-eddy space.
Reynolds stress is obtained through a simple in-
tegration of the solution over the eddy space in
a form free from any empirical parameters, yet
showing satisfactory agreement with existing ex-
periment.
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Shear Structures of the Longitudinal, Streamwise and Horizontal Cross—-Section

in Near Wall Turbulence

Hirofumi ONARI
Tokuyama College of Technology

Katsutoshi WATANABE
Tokuyama College of Technology

ABSTRACT

Two dimensional shear structures of coherent motion are investigated by using the flow
visualization technique which conbines dye streak injection with particle tracking velocimetry in

the longitudinal, streamwise and horizontal cross-section of a turbulent open-channel flow.
Lift-up process of low speed streaks in bursting associates with positive-high du/dy and high
dv/dx. The formation and magnitude of u and v high-velocity shear play a very important role to

form coherent motion in the near-wall region.

Key Words:Coherent structure, streak pattern, DPTV, velocity shear, low speed streaks,

transverse vortex
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Experimental Investigation on Turbulent Mixing of Confined,
Co-axial Jets

M. R. Ahmed
Institute of Fluid Science, Tohoku University, Sendai, Japan

Abstract

The present work is an experimental investiga-
tion of turbulent mixing of two co-axial jets in
a non-separating confinement. Effect of veloc-
ity ratios of the two streams is studied by chag-
nging the velocity ratio (annular to core) from
0.3 to 10.0. Mean velocity and the stream-
wise and transverse turbulence intensity dis-
tributions at different axial locations were ob-
tained using laser doppler velocimeter (LDV).
Two chute mixer configurations were employed
to study the mixing enhancement of the jets.

Keywords Turbulent mixing, Laser Doppler
velocimeter, Chute mixer.

1 Introduction

Turbulent mixing of confined co-axial jets is a
complex dynamic process which deserves a com-
prehensive investigation for deeper insight as it
has many engineering applications. There are
several parameters that contribute to this com-
plexity, for example, diameter ratio of the jets,
length to diameter ratio of the mixing duct, ve-

locity ratio, density ratio, turbulence levels etc.
Information on influence of each of these param- -

eters appears to be rather inadequate.

The present investigation deals with a case of
mixing of co-axial jets in a non-separating con-
finement with low annular to core area ratio.
The effect of velocity ratios on mixing is exam-
ined by changing the velocity ratio from 0.3 to
10.0. Two chute mixer configurations with an-
gles of injection of the annular stream of 10°
and 20°, were employed to enhance mixing of
the jets.

2 Experimental Method

The experiments were carried out in a closed
circuit, all steel wind tunnel consisting of two
concentric contractions discharging air streams
with different velocities into a constant diame-
ter duct (test section). The air flow was gener-
ated by two separate identical centrifugal blow-
ers driven by AC motors. The air flow for
the core stream was supplied through a settling
chamber housing a perforated cone and a pair
of stainless steel wire screens. Since no flow cor-
rection device was used for the annular stream,
a relatively higher contraction ratio of 13.3 was
employed for it against the contraction ratio of
7.4 for the core stream. The two co-axial air
streams were allowed to mix in the test section
having a length of 1000 mm and having the same
diameter as that of the outer jet of 380 mm. The
inner (core) jet diameter of 330 mm and its con-
traction wall thickness of 5 mm left the annular
gap of 20 mm at the entry to the test section,
thus providing the annular jet to core jet area
ratio of 0.25. A static frequency inverter was
used to make the motor speed smoothly vari-
able in the range of 5 % to 100 % of the rated
speed.

" The experiments involved measurements of
the test section wall pressures, the mean veloc-
ity and the turbulence intensities. The pres-
sure distribution was obtained through equally
spaced pressure taps of 0.5 mm diameter using a
Furness Controls Micromanometer, model FC-
0510. Measurements of the mean velocity and
the turbulence intensity were made with a 5 W
Argon-ion laser based Dantec fiber optics LDV
system. The test section was provided with an
optical window all along its length, as shown in
Fig.1. The LDV probe was traversed in a hori-
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zontal plane to accomplish measurements along
the test section radius at several axial locations.
A Burst Spectrum Analyzer, model 57N10, was
used for processing the signal. Typically, 8000
samples were acquired at a point; however the
sample size was increased to 15000 in regions of
relatively high velocity gradient.

The motor speeds were adjusted such that
the annular to core velocity ratios (A) of 0.3,
0.6, 1.3, 1.5, 1.8, 3.0, 6.0 and 10.0 are ob-
tained. The velocity ratio of 1.8 was cho-
sen for detailed study of mixing enhancement
through the chutes. As mentioned earlier, two
chute mixer configurations, having 36 circum-
ferentially equidistant chutes, with 10° and 20°
angles of penetration of the annular stream to-
wards the core region, were employed, as shown
in Fig.1.

3 Results and Discussion

Distribution of the mixing duct wall pres-
sures along the flow direction is shown in non-
dimensional form in Fig.2. For the lower veloc-
ity ratios of A=0.3 and 0.6, a continuous rise
in pressure is registered, whereas for the cases
when A >1, the trend is opposite. However, the
pressure gradient in all the cases is seen to be
rather mild. For the case when A=0.3, the trend
is in accordance with the pressure variation re-
ported in the initial mixing region by Razinsky
and Brighton [1], although the diameter ratio of
their setup was much larger. '
Figure 3 shows the plots of non-dimensional
turbulence energy (7) available across the cross-
sectional area of the mixing duct along its length
at various distances from the splitter plate trail-
ing edge. The turbulence energy was computed
from integration of the measured turbulence in-
tensities (not shown). Thus,
12 2
m m
where u’ and w’ are the fluctuating compo-
nents of the streamwise and transverse velocity
and U, is the mean velocity across the duct.
It is seen that for lower values of A, the tur-
bulence energy reaches its maximum quickly in
the formative region and then continues to de-
cay further downstream. In contrast to this, for

higher velocity ratios, there is much higher gen-
eration of turbulence energy. For the cases when
A=3.0 and 6.0, the turbulence energy is seen to
build up monotonously - first rapidly and then
at a gradually diminishing rate till the last mea-
suring plane at z/r, = 5 (where r, is the radius
of the mixing duct), while for the velocity ratio
of 10.0, it reaches the maximum value and then
starts to decay.

The influence of chutes on the wall pressure
distribution is shown in Fig.4. Since the mean
dynamic head across the duct remains nearly
constant, the higher pressure drop for the higher
angle of injection case shows the loss in total
pressure.

Figures 5(a) and 5(b) show the contours of
mean velocity at the station just before the
chute exit for the two cases when the angles
of injection are 10° and 20°, respectively. As
can be seen from the figures, the mass entering
through the chutes gets well mixed with the core
flow for the 20° case. This is due to the gener-
ation of higher turbulence for this case. The
mass flow through the chutes was found to be
about 13 % of the annular flow, while the chutes
formed an area of 16 % of the annular area. As
the flow leaves the chutes, the region of high tur-
bulence spreads towards the center of the duct
which results in faster mixing of the jets. A

-comparison of the mean velocity and the tur-

bulence intensity profiles at the axial location
z/r, = 2.26 is made in Fig.6. It can be seen
from the figure that the higher angle of injec-
tion of 20° results in nearly complete mixing of
the two streams, as is evident from the unifor-
mity in the profiles of mean velocity and the
turbulence intensities.

The influence of chutes on the turbulence en-
ergy content is shown in Fig.7. As can be seen
from the figure, the mixer with a higher angle of
injection helps to generate a much higher level
of turbulence. Also, the decay of turbulence can

‘be seen for the case with higher angle of injec-

tion.

Reference |

(1] Razinsky, E. and Brighton, J.A., "Con-
fined Jet Mixing for Non-separating Condi-
tions,” ASME Journal of Basic Engg., Vol.
93, No. 3, pp. 333-349 (1971).
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An Attempt to View T-S Wave as a Vorticity Fluctuation
by
Yu Fukunishi, Isao Ebina and Yuzuru Yokokawa

Tohoku University

ABSTRACT

An attempt to view Tollmien-Schlichting wave (T-S wave) as a peri-
odic pattern of vorticity fluctuation is presented. Numerical simulation
is carried out to estimate the contribution of each term in the vorticity
transport equation. It is shown that the vorticity fluctuation contour can
be divided into two parts. The pattern close to the wall is created by the
balance between the streamwise convection and the diffusion normal to
the wall. At the pattern away from the wall, the streamwise convection
is balanced by the convection of the average vorticity field in the normal
direction. This normal convection is caused by the velocity induced by
the vorticity fluctuation pattern itself.

It is also shown that the growth of a vorticity wave of a certain
wavelength at a certain Reynolds number can be predicted by estimating
the diffusion direction of the vorticity fluctuation.

Key Words: Tollmien-Schlichting Wave, Vorticity Fluctuation, Boundary Layer,
Transition.
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Effects of Compressibility on the Stability of Three-Dimensional
Boundary Layer

Masahito Asai*, Hiroshi Seino* and Nobutake Itoh**

*Dept. of Aerospace Eng., Tokyo Metropolitan Inst. Tech.
**National Aerospace Laboratory

ABSTRACT

Stability of compressible three-dimensional boundary layers is examined on the basis
of the linearized stability theory. Stability analysis is made for subsonic and supersonic
boundary layers at Mach numbers M, = 0.2 and 2.0 respectively, using a family of the
Falkner-Skan-Cooke type profiles as the boundary-layer profiles. The results show
that the cross-flow instability becomes dominant for both the Mach numbers when
the maximum cross-flow velocty exceeds 5 % of the external streamwise velocty. It
is also shown that the dependency of the propagation angle and phase speed of the
most unstable mode on the Mach number is very weak for the cross flow instability.

Key Words: Compressible boundary layer, 3D boundary layer, Cross-flow instability
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DNS of compressible plane Poiseuille flows undergoing transition

H.Maekawa *,

by

N.Ozoe * , and K.Yamamoto **

* The Univ.Electro-Communications,
** National Aerospace Laboratory

ABSTRACT
The three-dimensional time-dependent compressible Navier-Stokes equations are numeri-

cally solved to study spatially developing plane poiseuille flows undergoing transition. For
spatially developing DNS, NSCBC boundary conditions are employed in the streamwise(x)
and the vertical(y) directions. High-order Compact finite difference schemes is used in the
x and the y directions. A classical Fourier method is used in the periodic direction z.
Unstable disturbances are obtained from the linear stability theory using a Chebyshev
collocation method. Preliminary results for low(M=0.1,0.5) and high(M=4.5) Mach num-
bers are presented. Numerical tests to validate the code and the boundary conditions are
given. A pseudo-shock wave is observed in the plane poiseuille flow for M=4.5 because of

the effect of viscosity on a shock.

Key Words: DNS, Poiseuille flow, high Mach number, transition
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Fig.1 Pressure,velocity and temperature fields
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Instability of low and its transition to turbulence

in a suddenly expanded and contracted channel
by
Jiro Mizushima, Takahiro Adachi and Yukinobu Shiotani

Department of Mechanical Engineering
Doshisha University

ABSTRACT

Characteristic properties of flow in a two-dimensional symmertric channel with a suddenly
expanded and contacted part are investigated numerically. It is predicted that there occur three
distinct types of flow in the channel depending upon the Reynolds number, which are symmetric
steady, asymmetric steady and asymmetric time-periodic flows. Pressure distribution along the
center line of the channel is evaluated numerically. Especially, the pressure difference across
the expanded and contracted part of the channel is investigated in detail. It is concluded
that the pressure difference is not largely affected by the type of flow but differs depending on

Reynolds number.

Key Words ; Sudden Expansion Flow, Sudden Contraction Flow, Laminar Flow Transition,

Flow Instability, Pressure Characteristics
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Direct Numerical Simulation on Spiral Taylor-Gortler Vortices
in the Spherical Couette Flow

Weiming Sha, Koichi Nakabayashi
Department of Mechanical Engineering, Nagoya Institute of Technology
Showa-Ku, Gokiso-Cho, Japan

ABSTRACT

A finite-difference method, which is second-order accurate in time and space, is used to solve three
dimensional, time dependent incompressible Navier-Stokes equations in spherical polar coordinates. The
spherical Couette flow between two concentric spheres with the inner one rotating is computed. We simulated
the spiral Taylor-Gortler (TG) vortex flow, and a comparison of the numerical solutions with the available
experimental measurements was also made. It is demonstrated that the three dimensional spiral TG vortices in

the spherical Couette flow are well simulated.
1. INTRODUCTION

In this paper, we use a finite-difference scheme [1]
to solve the three dimensional incompressible time-
dependent Navier-Stokes equations in spherical polar
coordinate. Singularities of the Navier-Stokes
equations in spherical polar coordinates can be
removed by performing spatial discretization in a
conservative form of the equations on a staggered
grid. Based on Dukowicz and Dvinsky's approximate
factorization method [2], a new algorithm, which is a
second-order accurate in time and space, is given.
The Taylor-Gortler vortex and spiral Taylor-Gortler
vortex of the spherical Couette flow is then
simulated with this numerical method. So far as we
know, there is still no literature on the work. In the
following, the governing equations and boundary
conditions are presented in Section 2. The numerical
method is described briefly in Section 3. In Section
4, we show some numerical results of the spiral
Taylor-Gortler vortices in the spherical Couette
flow, and make a comparison with experimental
measurements. A summary is given in Section 5.

2, GOVERNING EQUATIONS AND
BOUNDARY CONDITIONS

The full incompressible Navier-Stokes equations
with no body force and the continuity equation are

2 U vu=-v +Lv2u
at : P*Re @)

v -u=0 22)

where u is the velocity field, p is kinematic pressure
and Re is the Reynolds number.

We consider the time-dependent motion of an
isothermal,  incompressible, ~Newtonian  fluid
contained in an annulus between two concentric
rotating spheres. The spheres are assumed to be rigid
and the cavity region between the spheres is fulled
with a viscous fluid. The inner sphere is constrained
to rotate about the vertical axis with a prescribed
angular velocity Q, while the outer sphere is fixed.
The inner and outer radii of the spheres are R; and R;,

respectively. The Reynolds number is defined as
QR,?

Re=

which*V is the kinematic viscosity.
v
No-slip (rigid) boundary conditions along the
spherical boundaries are

u,:ue=0,u¢=sirﬁ onr=R;,

u,,:llezl,lq'1 =0 onr=Rj.

3. Numerical Method

The numerical method is the same as that in [1]. The
numerical method ia only described briefly here.

Space discretization is carried out in a computational
domain between the two concentric spheres. The
spatial discrete operators are evaluated using the
central finite-difference scheme on a staggered grid,
and they are second-order accurate in space. For the
time-integration, we have used a semi-implicit time-
advancement scheme with the implicit Crank-
Nicolson scheme for the conservative part of the
viscous term and the explicit Adams-Bashforth
scheme for the convective and the remained viscous
terms. The press‘ure term is treated in a mixed form of
the Crank-Nicolson and Adams-Bashforth scheme.
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The discretization of the method is second-order
accurate in time and space.

The approximate factorization technique (Beam and
Warming [3]; Briley and McDonald [4]; Kim and
Moin [5] is used to treat the discrete velocity equation
and, we compute the discrete velocity of equation by
solving three tridiagonal matrices with a standard
TDMA (TriDiagonal-Matrix Algorithm) method. As
for the discrete pressure, we can compute it firstly by
application of ADI (Altemating-Direction Implicit)
method (Peaceman and Rachford [6]) to the discrete
pressure equation, and then solving the system with a
standard TDMA method for the two tridiagonal
matrices and with a refined TDMA method (Temperton
[7]) for the cyclic tridiagonal matrix.

To complete the numerical method, adequate initial
conditions of the velocity u? and the pressure
gradient Gp? are required. In the present study, we
chose the Stokes solution as the initial velocity
condition at Re=5, i,e., u0=u0(0, 0, y,0) in which the

Stokes flow profile is

1 (1+B)° )
-r+ > sinf

T (1+p)-1 r

1]
u,

where the clearance ratio B is defined as B=(R;-
R;)/R,. This Stokes flow is the time-independent,
axisymmetric solution to the equations (2.1)~(2..2)
and the boundary condition in the limit Re ---> 0.
For the initial pressure gradient it can be found that
Gp0=0 is exactly satisfied in this Stokes solution of
the spherical Couette flow. When considering a
steady, low Reynolds number flow as the initial state,

we generally have the relation GP0=V2u0/Re for the
initial pressure condition. _

In the following calculation, the computational
domain is divided by a number of grids 22¥361*91 in
the radial, meridional and circumferential directions,
respectively. The grids were constructed uniformly in
the meridional and circumferential directions, while a
geometric distribution was used in the radial direction
in order to improve the resolution in the near-wall
region of the spheres.

Since the viscous stability limit is removed by
treating the conservative part of the viscous terms
implicitly, the stability of the overall numerical
method is restricted by the CFL condition. The local
CFL number is defined as

(Il
AT rA® rsinfa¢

at

where Ar, rA8 and rsinBA¢ are the grid spacing of the
spherical polar coordinates. The time increment At is
then required for the restricted stability condition of
max{CFL}<1 where max{CFL} is the maximum value
of CFL number evaluated in the computational
domain. However, the condition of max{CFL}<1 here
is only a guess but not a known stability limit.

In the next Section, we present the direct numerical
simulation results in the case of B=0.14. For
comparison B has been chosen as same as that in the
experiments (Nakabayashi [8] , Nakabayashi and
Tsuchida [9]). The Reynolds number was quasi-
statically increased(dR*/dt=0.0006, R* is defined as
R*=Re/Rec in which Rec is the critical Reynolds
number for occurrence of the Taylor-Gortler(TG)
vortex) in order to eliminate the effect of the rotative
acceleration ratio on the spherical Couette flow
(Nakabayashi and Tsuchida [10]). Time integration
was carried out until the steady or time-periodic state
was obtained.

4. NUMERICAL RESULTS

Here, we just show the results on the numerical
simulation of the so-called spiral Taylor-Gortler (TG)
vortices (Nakabayashi [8]). Dumas and Leonaed [11]
have been successful in simulation of the three-
dimensional spiral TG vortices for a narrow gap case(
B=0.06). In this numerical simulation, we are
concemned with B=0.14 , a moderate gap case.

As we raise the Reynolds number Re to a higher
value, the 1-vortex flow (TG vortex flow) becomes
unstable due to the secondary instability, and its
symmetry is broken. This secondary instability
results in a transition from the 1-vortex flow to the
supercritical spiral TG vortex flow. This three-
dimensional spiral TG vortex flow at Re=Res=1110
(Res; the Reynolds number for occurrence of the
spiral TG vortex) is illustrated in the following Fig.
1. Fig. 1 shows the plots of the velocity vectors(u,

ug) of the spiral TG vortex flow in the (&, ¢)
spherical cross-section at mid-gap radius viewed from
(a) O=n/2-2019; (b) d=n-n/9; (c)d=3n/2-2n/9; (d)
¢=2n-2n/9. The flow on the section moves in the
same direction as that of the inner rotating sphere
(counterclockwise). The contour of the zero radial
velocity (u=0) in this section is also drawn with two
types of solid lines, which is the boundary between
existing inflow(u<0) and outflow(u>0). Thin solid
lines indicate the center positions of the two toroidal
TG vortices. The thick ones, which are counted by
every two thick lines from each side of the equator,
correspond to the center lines of the spiral TG
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Table 1 Comparison between the numerical simulation and the experimental results.
vortices. It is observed in Fig. 1 that there is one Acknowledgments

toroidal TG vortex and three spiral TG vortices in
each hemisphere. The three pairs of the spiral TG
vortices are formed on each side of the one pair of the
toroidal TG vortices. The lines of the center positions
of the toroidal TG vortices(or say the axes of the TG
toroidal vortices) are nearly parallel to the equator
while the center lines of the spiral TG vortices(or say
the axes of the spiral TG vortices) are tilted with
respect to the azimuthal direction. Obviously, the
spiral TG vortices are equatorially asymmetric and
travel in the azimuthal direction(the same as the inner
rotating sphere). In Table 1 we compare the

characteristics of the spiral TG vortices simulated

with the numerical method and the ones of the
experiments (Nakabayashi [8] and Nakabayashi and
Tsuchida [9]). Quantitatively, the numerical
simulation on the spiral TG vortices gives a good
agreement with the experiments.

5. SUMMARY

A finite-difference method, which is second-order
accurate in time and space, is used to solve three
dimensional, time dependent incompressible Navier-
Stokes equations in sphernical polar coordinates. The
discrete velocity equations are solved with the
approximate factorization technique and standard
TDMA method, while the discrete Poisson equation is
solved with the ADI technique and a refined TDMA
method. The spherical Couette flow between two
concentric spheres with the inner one rotaﬁn-g is
computed. We simulated the spiral TG vortex flow,
and a comparison of the numerical solutions with the
available experimental measurements was also made.
It i1s demonstrated that the three dimensional spiral
TG vortices in the spherical Couette flow are well
simulated.
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Cross—Independence of the Velocity and
Two-point Velocity Distribution
in Homogeneous Turbulence

by
Tomomasa Tatsumi

International Institute for Advanced Studies

ABSTRACT

The hypothesis of the cross-independence, or the independence of the
sum and the difference, of turbulent velocities at two points, which
was employed in the previous paper [1] for closing the Lundgren-Monin
equation of the one-point velocity distribution [2], [3], was applied
here to the equation of the two-point velocity distribution.

In this case, there is no unique way for applying the cross-indepence
hypothesis to the three-point distributions which appear in the equa-
tion of the two-point distribution. Thus the hypothesis is applied
in different ways to the three-point distributions in the viscous and
the pressure terms of the equation. As the result, an implicitly
closed equation is obtained for the two-point velocity distribution,
which can be solved by factorizing the equation into those of the sum
and the difference of the velocities.

Key Words: homogeneous turbulence
cross—independence hypothesis
two-point velocity distribution
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Choking Phenomenon of Sonic Venturi Nozzles
on Low Reynolds Numbers

by
S. Nakao
National Research Laboratory of Metrology

ABSTRACT

Choking phenomenon of ISO type toroidal throat sonic Venturi nozzles were
investigated over Rey, from 40 to 30000 for four gases, N, Ar, CO, and He. The
experimental results indicate that the critical back pressure ratio has the local maximum
point around Reyx=5000, and on the Reynolds number range over about 5000 the
discharge coefficients show complicated behaviors due to the interaction between the
boundary layer and the shock waves in the diffuser after the back pressure ratio exceeds
the critical value.. And there is the minimum Reynolds number satisfying the choking

condition and the critical back pressure ratio is only 0.05 at that Reynolds number.
Key words : sonic Venturi nozzle, choke, low Reynolds number
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Sound and Flow with Obstacle inside a Duct I
An Attempt to Indentify the Sound Source Using ‘Acoustic Intensity Method’

Fujihiko SAKAO * and Hiroshi SATO **
* School of Engrg., Kinki Univ. Takaya-cho, Hogashihiroshima 739-21
** Inst. Flow Research, Akasaka 6-10-39-205, Minato-ku, Tokyo 107

ABSTRACT

Measurement of the acoustic intensity flux is carried out to identify sources of sound caused by an
obstacle in a soft-walled duct, which is to model extraordinary situations in human airways. It had been
established that one of the most important sources is unsteady separation of the boundary layer on smooth,
convex surface of the obstacle. Acoustic intensity flux is found high around the obstacle, centering some-
what downstream it. Results do not directly deny the possibility that another important source of the sound
can be unsteadiness of the reattachment to the wall of the separated flow. The unsteadiness itself, however,
very possibly may be a result of unsteadiness of the separation.

Keywords : Aerodynamic sound, Duct obstacles, Acoustic Intensity
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Optimal Control of Dynamic Stall
by
O. Mochizuki

Division of Mechanical Science, Hokkaido university
Nishi 8, Kita 13, Kita-ku, Sapporo 060-8628

ABSTRACT

Dynamic stall of a NACA0020 airfoil in pitching-up and pitching-down motion is controlled
by a wall jet along the upper surface from a thin slit near the leading edge. The Reynolds
number, based on the airfoil chord, c, and the freestream velocity, U, is 8.6 X104 The
airfoil underwent pitching-up and pitching-down motion between angle of attack of 0 to 30
degrees at a reduced pitch rate, Q [=wc/(2U) , wis pitch rate (rad/s) ], of 0.012. The amount
of the injection during one period is 47% of that of the constant injection and 78% of that of
the proportional injection.

Key Words: Separation, Pitching Airfoil, Optimal Control, Dynamic Stall
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Fig. 1 Symbols and coordinates of a pitching
airfoil with a slit at leading edge.
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Fig. 3 Velocity change of injected jet during
a pitching motion with optimal injection.
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Fig.2 Velocity signatures during a pitching
motion with different strategy of injection.
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Fig. 4 Required velocity of injection to
suppress separation at fixed angle of
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Evaluation of Supersonic Turbulent Mixing using Catalytic Reaction on
Constant Temperature Pt Wire

Takakage ARAI, Shuji MORITA, Harunori NAGATA and Hiromu SUGIYAMA

Hydrogen was injected normally to a Mach 1.8 cold air stream with a backward-facing step to

investigate mixing flow field in a scramjet combustor. Catalytic reaction on constant temperature

Pt wire was used to measure the concentration of H; and/or O;. The amount of heat release due

to the catalytic reaction, which corresponds to the concentration of H, and/or O; on the surface

of the catalyst, was measured spatially so that the local H; and/or O, concentration was cleared.

The results showed that there were two core regions, which would have good mixing condition for

supersonic combustion, in the mixing layer.

Key Words: Supersonic Mixing, Supersonic Combustion, Catalytic Reaction, Supersonic Flow,

Turbulent Mixing, Scramjet Engine
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Fig.1 Schematic of flow field and electric circuit
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Fig.2 Schematic of flow field and probe
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Fig.3 Electric circuit for contstant tempareture
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Fig.6 Configuration of H; jet interacted with super-

sonic flow
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Structure of a Turbulent Boundary Layer
and Its Dependence on Reynolds Number

Y. Kobashi*, M.Hayakawa**

* Hokkaido Institute of Technology,
** Dept. of Mech. Eng., Hokkaido University

ABSTRACT
A vortex row model which is composed of three layers of vortices periodically arranged in
the flow direction is proposed in order to calculate the velocity profile of a turbulent boundary
layer. In spite of its simplicity, the model is found to be very effective to describe the velocity
profile as the function of Reynolds number. The result also gives important informations of the

structure of the turbulent boundary layer,

Key-Words;turbulent boundary layer, vortex row, turbulent vortex
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Nonlinear heat transfer in a stably-stratified flow

K.Ohba and H.Makita
Dept.of Mech.Eng.,Toyohashi University of Technology

ABSTRACT

Wind tunnel measurements were conducted on the influence of internal gravity waves on
heat transfer across a strongly stably-stratified mixing layer generated by a thermal
stratification generator. Energy density levels of velocity and temperature fluctuations
remarkably increased below the Brunt-Viisild frequency where the internal gravity waves of
1.0Hz,1.8Hz,2.8Hz spontaneously developed by the effect of buoyancy force. In the initial
stage of the development, the internal gravity waves scarcely affected the heat transfer across
the mixing layer and the down-gradient heat transfer was dominant. Phase difference between
vertical component of velocity and temperature fluctuation approached - 7 /2 as the internal
gravity waves developed. Then, the vertical heat transfer was apparently suppressed. The
waves were broken down through their nonlinear interactions and the counter-gradient heat
flux was clearly observed in the downstream region. Then, their energy was transferred into

random components of higher frequencies.

Keywords: Stratified flow, Internal gravity wave, Counter-Gradient heat flux
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Wavelet analysis of the instability wave
developing in the shear layer separated from a circular cylinder

T. Otaguro and A. lida
Mechanical Engineering Research Laboratory, Hitachi, Ltd.

Abstract

The instability wave developing in the shear layer separated from a circular
cylinder is investigated by using continuous wavelet transform with a Gabor
wavelet. The instability wave is recognized as short, intermittent wave packets.
Each wave packet is successfully captured by using a tuned Gabor function.
Setting an appropriate threshold level for the amplitude of the wave packets gives
the statistics of interval, duration, intermittency, and intensity. These results
quantitatively reveal that the instability wave develops along the separated shear
layer and that its activity is strongly correlated to the intensity of the mean shear.

Key Words: Instability wave, Shear layer, Separation, Circular cylinder, Wavelet, Gabor wavelet
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Visualized Images of Vortex Structure and Vorticity Distribution
in the Wake of a Circular Cylinder

H. Nagata, J.Nakayama, M. Awano,

and C. Fukushima

Faculty of Engineering, Gifu University

We propose a procedure to compose an image based on Taylor hypothesis from the video pictures
of streak lines visualized by the electrolysis method in the wake of a circular cylinder. The Taylor-
hypothesis images are intimately related to the vorticity distribution since the streak lines were
visualized by dye issuing from the surface of the cylinder, i.e., the generation surface of the vorticity.
In order to clarify the relation between the Taylor hypothesis image and vorticity distribution, the
vorticity distribution based on Taylor hypothesis was obtained from the time series data of the
velocity past a bubble-generating wire determined by hydrogen bubble techniques. Some
misleadings of the vortex structure in interpreting the patterns of streak lines were reviewed.

Key words: Flow pattern, Streakline, Taylor hypothesis, Vorticity , Wake, Circular Cylinder
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Flow around a square cylinder at low Reynolds numbers

By

T.Motohashi, K.Takahashi, and Y.Suga
Department of Aerospace Engineering , Nihon University

ABSTRACT
Numerical calculations were done for the flow around a square cylinder at the Reynolds number from 10
to 100. Some features of the flow were disclosed; the amplitude of lift fluctuation depends on the
Reynolds number. When the Reynolds number is above 47.3, the amplitude of lift fluctuation grows in
time, which leads to the generation of Karman vortex street. When the Reynolds number is below 47.3,
it decays slowly not to generate the vortex street. The numerical results show ,to some extent, agreement

with the experimental results.

Keywords; Numerical approach, Bluff body wake, Karman vortex street
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<A 7 aNT I K B BEEIKPUK R ERR
2 X BBIARAR ST
Microbubble Experiments for Skin Friction Reduction

Y. Kodama
Ship Research Institute

ABSTRACT
Microbubble experiments were carried out using a small circulating water tunnel. The skin friction
reduction up to 40% was obtained. The local void ratio was measured using two methods, one by
inserting a suction tube in the test section, and the other by counting the bubbles from photographs.
The results suggest that the local void ratio near the wall is a dominant factor for the skin friction

reduction.

Key words: skin friction, drag reduction, microbubbles, PIV
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Fig.1 A small circulating water tunnel for testing
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Fig.2 Bubble generation through a porous plate
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Fig.3 Camera and light source layout(5)
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Fig.4 Photographs of microbubbles (ata=0.053)[5]
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Fig.6 Skin friction reduction.
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Fig. 7 Suction tube for measuring local void ratio
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Fig.8 Local void ratio ca at oa=0.053.
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Developments in Low Noise Pantograph Systems of High-Speed Trains

Y. Kohama¥*,

y
F. Ohta*,

and K. Ando**

*Institute of Fluid Science, Tohoku University
**Mitsubishi Heavy Industries LTD.

ABSTRACT
Development of the low noise pantograph system is needed for next
generation high-speed train. Low noise electric power insulator and
pantograph horn are developed, and noise and flow measurement are
performed using low noise wind tunnel. Results showed that newly developed
power insulator gives excellent noise performance, and pantograph horn with
small holes showed effective noise damper performance.

Key Words: Aero-Acoustics, High-Speed train, Pantograph, Low noise technology
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Fig. 3. Comparison of the noise level between
the pantograph cover and the low noise
electric power insulator.
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