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TURBULENCE MEASUREMENTS IN SHEAR FLOW LIQUID SYSTEMS

*
Robert S. Brodkey , M. F. Cohan, Capt. J. S. Knox, G. L. McKee

K. N. McKelvey, M. A. Rao, S. Zakanycz,

and H. C. Yleh

The Ohio State Unlveralty

Columbus, Ohio

ABSTRACT

The paper is a composite of a number of years of work on turbulence

measurements in a variety of liquid flow systems. The trials and tribulations

of such measurements are emphasized. Pipe flow Is considered in some detail,

and the consistency between results of various investigators is analyzed.

Other systems discussed are a stirred tank unit and a multi-jet reactor con-

figuration. Statistical turbulence measurements such as autocorrelation,

spectrum, probability density, flatness factor, and skewness factor are con-

sidered in terms of obtaining these from digital signals obtained by conver-
sion of the normal analog signals. Descriptive parameters of statistical tur-
bulence, such as microscale, macroscale, and kinetic energy dissipation, are

discussed, as well as various attempts at the estimation of these without using

statistical turbulence measurements.

INTRODUCTION

During the past twelve years, we have extensively Investigated turbulent

motion mixing, and kinetics. This work has been presented in a number of

papers and reviews:b9 During the course of these studies we have measured the

turbulence characteristics of liquid flows in a number of systems. Most ex-

tensively studied was pipe flow, but measurements have also been made in a

stirred mixing vessel and a multijet injector reactor configuration. The

present paper presents these results together with empirical estimation of

some of the parameters Involved. The experimental equipment is for the most

part conventional with minor modifications made for convenience of measure-

ment. Our basic system is a Lintronic Model 40.

TURBULENT PIPE PLOW OF LIQUIDS

The most extensive measurements of shear flows are those made in boundary

layers and in pipes. Because of the Importance of pipeline mixing, we have

concentrated our attention on the latter. The most common measurements for

such turbulence are the components of the Reynolds stress tensor, and of these,

the most commonly measured is the axial intensity of turbulence. One means

of representing such data is to plot the relative intensity at the center-line

as a function of the Reynolds number. However, since we considered only one

Reynolds number (50,000 based on the center-line velocity or 40,600 as normally
measured), we will avoid this plot and simply say that our results were within
in the

. 2
Our most reliable value

the spread of data reported literature, which range from 2.7 to 3.9

per cent. 4 of 3.4 per cent is the sane as that of Lau-

fer10 for air flow in a large pipe system. This check should not be construed

to IsN>ly that seasurements in liquids can be considered as accurate as those

in air.

When we first started our mixing studies2, we wsre primarily concerned
with water flows. We made turbulence measurementsi**22 but these were at best
approximate because of calibration drift, which was a result of contendnation

by rust particles and high water conductivity. Because of this, attests to

*
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oieasure the other Reynolds stresses were to no availzz. There are routes which

can be taken to ellsiinate the probe drift problem. First, one can use extremely

clean water in an extremely clean system or second, one can abandon water and

use an organic liquid. An organic liquid loop had already been built (the
loop used for the visual studies discussed elsewhere); consetpiently, the fluid
in that system, trichloroethylene, was used as the test liquid. Th95923 and

the measurements by Patterson 1 are the only organic liquid results available.

More information about the flow can be obtained from the axial turbulent

intensity distribution across Che radius of the pipe.

studyzs'24

Results of the present

and those of other authors are presented in Figure 1. Most are at

about the same Reynolds number we used. Over the limited range of variation

in Figure 1, no systematic tendency with Reynolds number is apparent. The

tendencies of all runs are similar with deviation between results becoming

more pronounced as the wall region is approached. The precision for any given

run is considerably higher than the accuracy between runs. The investigators

cited all have taken reasonable precautions to insure fully developed flow.

Care and understanding of the equipment used was obvious in all cases and the

deviation between results is unexplained. The deviation in the air runs is

of the same order as in liquids. The liquid results average less than the

gas results, but the differences in the averages is about the same as the de-

viations in either the air or liquid results. Since the gas flow systems were

larger and since hot-wire anemometry was used rather than hot-film or visual

methods, it would appear that the gas results are more reliable. First, more

is known about the heat transfer from hot-wires than from hot-films. Second,

a larger system allows such more accurate positioning and less Interference

from probe mounts. |If it were necessary to select one set of measurements

as the most reliable, those of Laufer” are probably the best, and are near

the average for the gas and liquid results combined.

Measurement of the other conponents of the Reynolds stress tensor would

be most interesting, but the techniques Involved are sure difficult, thus

fmmr measurements have been reported. Two amasureamnts inclined at + 6°

at one position are needed. He first used a V-shaped probe with two fllem at +

30° in the trichlorethylene system.23 The analysis of the results Involved

taking the difference of the two raadlnga to get the croaa stress and the dif-
ference of the eue of the two readings with another term calculated from the

mxlIsl intensity to get u'r and u'#. With two probes, we could not calibrate

accurately enough to obtain 10~ )lately satisfactory data. As a final effort2*

we used a single 30° inclined probe which we could rotate through the four

positions. This made the results much closer to a point measurement and in-

volved only a single calibration. In Figure 2, our results and those of others
era presented. One should not be surprised that the agreeamnts between results

are only marginal dus one considers the agreement for the easier to smaeure

Ug shown In Figure 1. The high results for liquids are a direct consequence
of the low values of Che axial Intensity. As mentioned, the radial and tan-
gential cosmonauts are calculated from Che difference of two large numbers,one

of which depends directly on the axial Intensity.

The cross flew terms, u® u”, of the Reynolds stress satisfied the

theoretical relation
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obtained from the Reynolds equation, as it did for others when measured. Thus

all of these results are internally consistent. The cross stress term, ur u®,

can be theoretically shown to be zero. The final cross stress term, uxug> bas

been measured only twice, by Brookshire12 for an air flow and in this Work24

Results are consistent with each other, being approximately one third of the

corresponding axial intensity. However, these results are most unreliable

as they Involve the difference of large numbers.

Fig. 2.
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Axial Turbulent Fluctuation Data

It should be apparent that the measurement of the components of the Revnold

stress and their distribution in pipe flow fca matter not completely resolved.

For our part, we would rely on the principle of similarity as put forth by
Reynolds and the measurements of Laufer to give what we think are the best
values available.

The measurements in liquid systems do give the appeorar.ee

of a major deviation from corresponding gas results, but a careful investigation

of Figures 1 and 2 indicate*this may be only a superficial difference. But

one should keep an open mind on the subject as better measurements become

Radial and Tangential Turbulent Fluctuation Data



available. More study la In order on methods of measurenmnts particularly

for hot films such as the recent Investigation by Bellhouse and Schultz (17).

TURBULENT FLOW IN OTHER SYSTEMS

In pipe flow the direction of the mean velocity vector is well defined,
and che necessary orientation of a Pitot tube or hot-flim aneometer follows

directly. In a system like a mixing vessel, the velocity vector direction Is

unknown and must first be established before turbulence measurements can be

25
made and related to the coordinates of the vessel We will not go into

great detail about our results, but we do want to emphasize the aforementioned

point, since It has been Ignored by several Investigators. One further point

missed by others Is that Pitot tube measurements of the magnitude of the velocity

vector will be incorrect In very high turbulence regions because of the high

turbulence level and the Inadequacy of correction methods for this.

We chose to use a multiport null type Pitot tube of standard coanercial

design (United Sensor Inc.) to establish the velocity vector direction and

uncorrected magnitude. The actual magnitude was determined with an orientated

hot-flilm probe. The vessel configuration is shown in Figure 3. One example

of the uncorrected mean velocity from the Pitot tube together with the mean

velocity from the independently calibrated hot-fllm are shown In Figure 4. Note

that these are the vector magnitudes and the directions vary with position.

is an easy matter to resolve these into system coordinates as the direction

2! . . . . .
also known. > The Intensity of turbulence in the velocity vector direction

shown in Figure 5. The relative intensity was fairly uniform being between

and 657.,, which can be compared to the 3.4% at the center-line in pipe

flow. As pointed out by Hinzel8, there is no adequate correction method that

could correct the Pitot tube magnitudes to those of the hot film. Clearly

one must take extreme precaution when measuring turbulence properties in

undefined velocity direction fields and fields with high turbulent intensities.

One final measurement problem was uncovered in making turbulence studies

on the multi-jet injection reactor26. The system geometry can induce extreme

non-isotropic conditions. By extreme non-lsotropic conditions we mean that

ué at the center-line is not approximately
to that of Vassilatos and Toorlg,

even the crude condition of u)’( - ul -

met. The geometry is identical and is shown

in Figure 6. Photographs and more detail are in reference 9. On logical grounds,

the system should have provided a uniform flow field with a relatively flat

velocity profile at the start, slowly changing into the turbulent parabolic

form aa the flow proceeded down the pipe beyond the Injectors. This is what

we thought. But this was not exactly what we found. Instead of a flat profile,

there were vortlcles along the wall, which were associated with the back flow

In the region near the wall.

This back flow caused considerable change In

the mean velocity and all other aspects of the flow. The net result was a

complex flow, far more complicated than expected. In Figure 7, the center-

line axial velocity is plotted against axial position and. Instead of a uni-

form flow, there Is a very rapid and then a slower decrease. This is associated

with a jetting effect which the back flow on the wall Induces. Figure 8 shows

the Intensity of the velocity fluctuations at the centerline as a function of axial

To Variable
Spaed Drive

Fig. 3. Stirred Tank Flow System
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position. There is a rapid decrease in Intensity following the injection from
the small tubes, a minimum occurs, and then an increase to an equilibrium
value results. The minimum is unusual but is associated with the jet effect.

On an identical air system”?, in which we could make more reliable radial
measurements, we have found that the increase in energy was associated with
the vortex or a separation that occurs near the wall. Furthermore, we have
obtained high-speed movies®® of the flow as a function of axial distance and
the difference In the appearance of the field from the minimum axial intensity
region to far from the head is dramatic. In potentially complex fields, the

simple measurement of an axial intensity may not be an adequate description

of the turbulence.

STATISTICAL TURBULENT MEASUREMENTS

By the parameters of statistical turbulence, we mean those descriptive
terms obtained by processing the Instantaneous signal beyond just the ms
value. For the most part, such analysis has been restricted to turbulence
in the axial direction. There have been some measurements in other than the
axial direction. These are most difficult to make, and have been mainly
concerned with the establishment of true isotropic conditions in certain flow
systems. We have studied the axial characteristics only.

The most comnon measurement on the fluctuating signal have been spectra
evaluation by analog methods. Figure 9 is a composite of ours?>24,26 and many
other measurements. Because of the number, no attempt has been made to
distinguish the results by different authors. The -5/3 upper region is from
the isotropic conditions used by Grant et al_.Results that fall off to
the left are in non-Isotroplc shear flows. The lower results at high wave
numbers are from Lee and Brodkey7. Agreement for k/k”50.1 illustrates that
nearly all spectra exhibit a universal equilibrium range at high wave numbers
regardless of the fact that the flow may be anisotropic. The low frequency
end of the spectra show deviations from the isotropic estimations in a man-
ner characteristic of the forces generating the turbulence.

Same autocorrelation evaluation has been done by using time delay by
means of a tape recorder (i.e., ref. 14). we were fortunate to have available

an analog to digital converter (Radiation Inc. A2D, 375 to 40.000/sec.) and



Fig- 9. Normalized Spectrum as a Function of Normalized Wave Number

larse digital computers (IBM 7094. 360-75) to process the signals. We develop-
id our own autocorrelation and subsequent conversion to spectrum programs26
Mori recent I> u. have also made use of a fast Fourier transform program to
obtain sputr ' directly from the digitized information28. Probability dis-
tribution analysis was also incorporated into our autocorrelation program.

The normalized autocorrelation is defined as

Ux (t)u _(t4T)

§(T) =
u (tr

and was first estimated at discrete times, T = nAt, by

§Y [ oGag) u gat + nat)
(AT =1 3)
W (i
i=1

where N is a suitably large number. However, this equation could not be used

satisfactorily because the signal reaching the computer had a small d.c. com-

ponent. Some of this signal is known to come from the tape recorder. The

correlation obtained then is the correlation of the signal, s - au + s or

>(t) + a2 ux(t) ux(t+T)
s(t) S(t-fT) (4)
s(1)2 »(t)2
This equation can be rearranged to give the desired normalized autocorrelation

U (t) U ( t-t-r) 2
s(t) s(t+-
) (1) s(t+-) (s)
u (t)’
where s and s are estimated by
. N —t , N )
* =g} Foos(i*t) ;s =i - [s(i t)] (61

where N is a suitably large value. The desired autocorrelation can h cal-

culated from Equation (5) with the uncorrected autocorrel.ition,

s(t) s(t*-)
~2

s

calculated from Eq. (3) with s replacing u”. An exaaiple26 of such an
autocorrelation calculated by this technique is shown in Figure 10.
An oscillation in the autocorrelation is an indication of i preferred

frequency (or crudely eddv sizel. -ti rred

For example near the impeller ir.
tank the autocorrelation oscillates about zero at exactly the frenuerc- of
the blades passing the hot-film sensor23. Further removed these oscillations
are damped out. Indeed, close to any normally used turbulence gencntinc
device, the autocorrelation will help detect the fundamental frequenc of
the system and can be used to determine when these characteristics of indivi-

dual systems are damped out by viscous forces.

Fig. 10. Velocity Autocorrelation, (.1 cm from Injector Mead



The one-dimenstonal velocity spectrum. *(k) and the autocorrelation are

related by the transform equations

o<k) “ - P- 2 f(*x) cos (krx)drx (7)
Jo

ux2 f(rx) - 2 f* S(k) cos (krx)dk (8)

~o

where Taylor's hypothesis, rx e ~XT> has heen assumed valid.

Some spectra were computed24 by Equation (7). The first temptation Is to
Integrate this equation by one of the usual numerical techniques; however,
more careful examination reveals that this is not a wise approach. For
large values of k the Integrand of Equation (7) oscillates rapidly, and to
Integrate this numerically would require extremely small Increnmnts In rx> In
order to bypass this difficulty, an equation is first fitted to f(rx>; then
the integration can be carried out analytically.

Since f(rx) is a smooth, well behaved function, It can easily be represent-
ed by a simple equation.

A second order equation was chosen to represent

f( rx) between each two points, rx ~ ~ and rx,i:

r +Br_+C, for r

1x 1 x 1 £ (9)

X, i-1 X X, i
The values of the constants A%, B”, and were chosen so that the curve passed

through the points [f(rx rx and [f(rx ), » and so that the

differences between the predicted and experimental values at rx j 2 and
rx were a minimum In the least squares sense. This last condition causes

the curvature of the function between L

i and rX i to be directed by the

values at rx N 2 and rx 1+1° The one dimenslona7 velocity spectrum was then

integrated as

X p x,i ,, 2, .,
. 2
00 ~7 |\ (Airx + V x + Cl) Cos(er)drx
1-2Jr
x.1-1
rorei 2 rx.|
\ o rx cos(krx)drx + Bt | vV e (kr*)di
X'1*1 rx,lI-1
0 rx,i
+ ci J cos <krx)drx
X, 11
~2 N
jt r. x.1
- - ’ I (2krxcos krx + (k2® 2 - 2) sin I*™)
« 1-2 1k
x,I-1
X i
+ —  (cos kr + kr sin kr)
k2 X X X
rx,i-1I
X, 1
+ — sin kr
(10)
X, I-1

The spectra, e(k), computed by Eq. (10) are included in Figure 9.

In addition to describing the turbulent field In a time domain as an
autocorrelation and in a frequency domain as an energy spectrum. It Is possible
to describe the field in a probability domain as a probability density of the
velocity fluctuations. The probability density Is estimated by
Prob. fu < x </u + Auj]

P(UX) - - A X " (1D
X
where -ux is suitably small. Due to the presence of the small d.c. component,

the value of u defined as the first moment

Y- \ UP(u, Jdu, (12)

was not equal to zero, as required by definition. The uxcalculated from

Equation (12) was subtracted from the velocities. The corrected values of
the velocities were also used to evaluate25 the flatness factor, F(u”), and

the skewness factor, S(ux), defined respectively as:

V  u_4P(u_)du |
X X X

ux

(13)
‘K>
J\ uXSP(uX)dux u
and (14)
To save space, we will not show these here; suffice it to say that the

probability density of the velocity fluctuations was very close to a normal
distribution for the reactor configuration26 and thus for the center-line
region of a pipe, but was highly non-normal with a positive skew for the

mixing tank24.
DESCRIPTIVE PARAMETERS OF STATISTICAL TURBULENCE

The main parameters obtained from the autocorrelation and spectrum
are microscale, macroscale, and turbulent energy dissipation. These can
usually be determined In more than one way, thus offering an internal check

on precision of the calculations.

The microscale or dissipation length is defined as

>2 - 1/(d2f/drx2) |r ~ (15)
or equivalently

>2 = ux2/ Oux/>r)2 (16)
with

WAT - (17U )(du /db) (17)

which is Taylor's hypothesis, or

2 k2*(k)d k (18)

Still another method involves the assumption of  normally distributed
variable (2):

X2 = Ux2/n2 N(0)2 (19)
where N(0) is the average rate of sign change or the density of zero-crossings.
For the reactor configuration24 the absolute check between Egs. (15, 16, 18.
and 19) was about 5% for positions close to the head and 157. several inches
away. The microscale increased ss the distance from the head Increased,
being 0.42 nmat 1.1 cm, 091 szn at 3.0 cm, and 1.3 ren at 8.1 cm from the
head24. The good check using Eq. (19) was to be expected since the velocity
fluctustlons were normally distributed. For the stirred tsnk25, Egs. (IS,
16, and 18) had a maximum absolute deviation of 261 and a minimum of 3X
with the average deviation being 13t for all positions studied. Equation (15)
was also tested by analog smthods and found to check to 131. Equation (19)
gave erratic results as was to be expected since the velocity fluctuations
were not normally distributed. An overall average sdcroscale could be taken
as 0.82 m.

In our pipe flow work, the analog tapes were not preserved, so we only
had the final spectrum results. Even so, microscales could be calculated
directly from the spectrum vis Egq. (18) or from the autocorrelation (Eq.15)
which in turn was obtained from the spectrum28 For a water flow in a 3-inch
pipe at our fixed pipe Reynolds number, the value was 2.23 am at the center-

line. For the trichloroethylene flow In a 2-inch line, the values were 1.62.



1.44, 1.19 m at the center-line, r/rQ = 0.35, and r/rQ = 0.70, respectively.

la defined as

f

Although the macroscale

The macroscale

@

Lf f<rx> drx

(20)

is strictly defined by Eg. (20), its primary value

Is as a measure of the large scale fluid motions. In many respects the area

Lj under the normalized correlation function from r» m 0 to the point at which
the correlation first becomes negative might be a better measure of this scale

(See Fig. 11). Since in general most turbulent fieldtwhlch have been examined

experimentally do not exhibit as strong periodic motions as in our studies,

f(r™) has generally been found to be positive, and Lj “ Lj. Actually L™ » Lj +

Lj + turns out to be a very small number and its value is questionable.25,2»

Even of more value than L2 would be LN defined as Lx - |L2]+ |L31(again see Fig.

11). In the reaction configuration2*, L~ varied from 0.04 to 0.24 mm, which

is unreasonably small when compared to 0.42 to 1.3 mm for the micro-

scale. In contrast L2 varies from 0.90 to 2.66 nm and from 1.76 to 5.08

Lo 25
am. The latter values are more reasonable. For the mixing vessel , overall

average macroscales were L = 0.4 am, L2 * 2.6 am, and L™ = 4.48 nan, again

when compared to ' = 0.82 nan, the latter values appear more reasonable. Thus

one would conclude in non-isotropic systems where periodic motions occur, a

better definition of a macroscale would be the integration to the first zero

crossing or integration of the absolute value of the correlation rather than

application of Eq. (20) directly.

For pipe flow the only estimate that could be made was crude and was

made from 8

Lf - (-/ux2)*(0) (21)

For the water flow, L = 14.2 ran, and for the trichloroethylene flow L~ * 12.1,

8.8, and 5.4 nm for the three positions.

The final term is the kinetic energy dissipation, which was determined

from the spectrum and from the isotropic relation

=15 v ux2/ v2 (22)
By using this relationship we are not assuming that the field is isotropic,
but we are expressing our hope that Eq. (22) predicts results which are in-

sensitive to the isotropic assumption. The results of this estimation were

made by using the average value of the microscale. Thus this is no better than

the microscale estimation.

Lj is Positive
/\

OX

Ljis Negative

Lf *L*+L,

T#fr

FI~ 11. Macroscales

57

Other terms of Intarest are directly dependent on these parameters:

Reynolds numbers based on A, Lf, L,, Ljl i.e.,

HRe, A ' X

Kolmugsroff*a wave maker

k - (€/vV /4 (24)
and a lover wave number characteristic of the large velocity eddies
kO -(27/3)3/2 c/u;3 (25)

For pipe flow for
3

later comparison,
1

the values of the parameters were

t - 16.2 cmzlsec and k* “ 0.70 cm ~ for the center-line flow of water. For

the trichloroethylene e»3.9, 6.8, and 16.1 cm2/5903 for the center-line, r/r0 *©

0.35, and r/rQ * 0.70. kQ for the same three positions was 0.86, 0.94, and

1.07 cm*1.
ESTIMATION OF STATISTICAL PARAMETERS

The various scales, microscales, wave numbers, and dissipation parameters

would be most useful if they could be estiamted without measurement of auto-

correlation or spectrum, as it is these that appear as the controlling parameter:

1-9
of mixing. The

slder this first. 28

least complicated system is pipe flow; thus, let us con-

Let us assume the only information available is the

system (fundamental properties such as v), geometry, and the rms axial fluctua-

tion, uV The following have been suggested as reasonable buta bit crude

estimates:1,2,5-9

ko - 2/r0 (26)
Lf - (3/4)(1/k0) (27)
A2 - 10 VvLfZ 1.1 ur (28)
or combining Eqgs. (26-28) gives
A2 - 3.41 vrO/u,;
finally combining Egs. (22) and (29) gives (29)

c - (15/3.41)(Y; 3/r0)

For pipe flow, Bqga. (26) and (30) are compared to the experimental

results in Table I, and the agreeamnt la well within what might be expected.

For the more complicated flow of the multijet reactor, the estimations are no-

where as good. This steam from Eq. (26) in which rQ is unknown; i.e., which

is the characteristic generating dimension. Near the head rg could be taken

as the radius of the injector tubes (1.32 mm) and away from the head as the

radius of the reactor tubes (1.59 cm “ 15.9 ami). Table Il la constructed on

this promise and as can be saan the comparison is only fait being more than

an order of magnitude off for some terms.
For the mixing vessel, we have yet to attampt to estimate the parameters

because of a lack of knowledge of rQ (a guess at this time is blade width

or radius) or a knowledge of the total kinetic energy.

To ngurist, much has been learned ebout the elmple (7) sheer flow that

occurs in a pipe. Reasonable estimates ere available for the parameters of

the atatlstical turbulence, but the some cannot be aald for more complicated

geometries.
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Arthur Brodkey who made the following contribution to replace the

from Eq.
from Eq. (21)

from Eq. (25)

TABLE |

(22) other from spectrum

FIFE ALOW
8-Inch 2-Inch Trichlor jethvlene
*/\ %O
»
l’z)) A I xo 0.35 0.70
exp calc exp calc exp calc axp calc
ro>c* 3.865 2.505
v, cm2/sec 0.01 0.00374
ux,c*/»*c 2.325 1.347
W’ 1 0.70 0.5175 0.86 0.762 0.94 0.762 1.07 0.762
Lf»TM 14.2 14.5 12.1 9.84 8.8 9.84 5.4 9.84
Amm 2.23 2.36 1.62 1.58 1.44 1.46 1.19 1.29
Cjcm”/sec 16.2 14.0 3.9 3.9 6.8 6.6 16.1 13.9
TABLE 11
MULTLJET REACTOR
SYMBOLS
A2 o constants
NEAR HEAD FAR FROM HS:D
f(r) autocorrelation
exp calc exp calc
F(ux) flatness factor
0.66 15.9 1 summation index
0.01 0.01 k wave number
13.8 13.8 *0 wave number defined by Eqt 25
k wave number defined by Eq. 24
1.741* 30.3 0.24 1.25 1
Lt macroscale
*
1.76, 1.85 0.247 5.08,9.00* 6.0 LI* v L3 macroscales as defined In text
0.42 0.094 1.3 0.63 N number
N(O number of zero crossings
5.2, 5.5+ 109 0.12, 0.18+ 0.72 © ¢
NRe,A Reynolds number defined by Eq. 23
P(ux) probability
My transformed dlstsnce - Ux t
o rsdius of pipe
S actual signal - aux + s
S(ux) skewness factor
t time
ux Instantaneous veldclty fluctuation
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Terbylenc

Is caused when two

objects our rubed together
In a clockwise motion.
When you rub something
counterclockwise motion

It Is called "nonterbvlencl

When you put water
In a paper cup and
rotate It, It Is called
"llcwed terbylenc*

When you take a

paper cup without water

In It and rotate It, It's called
“drrterbvlenc"

Philip Arthur Brodkey
June 196B

uxurt Uy cross stress tanas In turbulence

u* rms velocity fluctuation In direction of
ul, u’s Us  rmi velocity fluctuations for pipe flow
*

u friction velocity * fijp

uy mean axial velocity

X, r, * pipe flow directions

* density

\ kinematic viscosity

T time delay

400 one-dimensional spectrum
€ kinetic energy dissipation
A difference

£ sum

« 3.1416

X microscale
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