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Annual report for the first year of the project--
1 March 1985 to 28 February 1986

When turbulent jets or wakes interact with a free
surface, the turbulent eddies are apparently damped in the
y vertical direction and extended in the horizontal direction.
- Turbulent velocities are being measured for this zone of
- interaction to enable verifying turbulence modelling

techniques. A two-dimensional jet is formed by pumping

water through a rectangular slit into a channel filled with
still water. Hot-film anemometry techniques are used to
measure velocity fluctuations in the jet and in the
immediate neighborhood outside the jet. Some effects of jet
flow rate and jet submergence have been studied. .
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The raw data are sampled time records of the anemometer
output voltages obtained at different positions in the jet.
These time records together with the sensor calibration
g information are analyzed using digital signal processing
» techniques. The mean velocities, turbulence intensities,
and velocity correlation functions are Surrently being
calculated, e : .

EE; The results are being used to develop a two-point
closure scheme and a mathematical model for “the>jet flow
wd turbulence. The model contains small non-homogeneities and
::ﬂ anisotropy because of the proximity to the free surface. By
Ldeo analogy, the results are being used to predict the
interaction of a wake with a free surface.
2
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Backaround and Objectives

The wake of a ship or torpedo gives evidence of its
passing. For detection and tracking purposes, it is of
7 interest to know as much as possible about the
. characteristics of wakes. It is difficult to study wakes
formed by moving objects, because the detectors themselves

This document has been up;_noved
for public release and sale; its
distribution is unlimited




must be moving. A towing channel or basin is required for
this, aud moving the detector can introduce extraneous
vibrations which can make data analysis difficult. The flow
in a wake can be simulated by the flow in a jet. This is

one unique feature of the current research being supported
by ONR.

The similarities between turbulent flow in jets and
wakes have been described by Schlichting(1968). The mean
velocity profiles have similar shapes, but the jet profile
is the negative of the velocity defect of the wake profile.
The width of a jet or wake is proportional to the distance
downstrean from the source, and the centerline velocity is
proportional to the square root of the distance downstrean.
The similarity becomes clear if the velocity defect profile
for the wake is compared to the velocity profile for the jet
as shown by Abramovich(1963). Since the characteristics of
jets and wakes are similar, studying jet turbulence should
give insight into wake turbulence.

In the current research, the interaction of a two
dimensional plane jet with a free surface is being studied
by measuring the distribution of fluctuating velocities in
the flow from a submerged jet located near the surface.
This is being done by making time records of the output of
hot-film anemometers placed at various positions in the jet.
From these time records and sensor calibration data, the
mean velocity distribution, jet width, turbulence intensity,
and turbulent velocity correlations are being calculated. A
turbulence model based on a two-point closure scheme is
being developed, and the results of these modelling
calculations is being compared with the experimental data
and with data which has been reported by others.

The objectives of the current project are as follows.

(1) Determine the effect of jet flow rate, depth of
submergence, angle of impingement, and jet
dimensions on ther turbulence characteristics
in the zone where a two-dimensional turbulent jet
interacts with a free surface. These turbulence
characteristics include=--

- steady-state mean flow velocity
distribution

- distribution of turbulent intensity

- spatial distribution of turbulent velocity
correlations

- time decay characteristics of velocity
fluctuations and velocity correlations

(2) Develop a two-point closure model for turbulence
near a free surface. This model includes some
interesting effects.

- Small nonhomogeneities occur because of the
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presence of the free surface

- Anisotropy is present, because there is a
preferred direction perpendicular to the
free surface.
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(3) Determine the time decay properties of turbulent
velocity correlations as a consequence of the
closure schene.
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The literature pertinent to this project was reviewed
in the original proposal. Most of the papers dealing with
experimental measurements describe studies made using air
jets where there was no anisotropy caused by the presence of
an air-water interface. Many of the mathematical modelling
papers in the literature deal with one-point closure
models--the k-epsilon model ,for example. These cannot
incorporate fully the turbulent energy transfer from low
wave number eddies to high wave number eddies. The
contemporary view of steady-state turbulence is that flow
structures (coherent structures) or eddies decay in the flow
and eventually disappear. In order to sustain a steady-
state turblent flow, new structures must be formed, and this
requires energy. The energy is thought to come from the
mean flow, but the mechanism for the transfer from the mean
flow to the turbulent structures is not fully understood.
WHATEVER THE ENERGY TRANSFER MECHANISM IS, ITS EFFECTS
SHOULD BE REFLECTED IN ANY CLOSURE MODEL DEVELOPED IN ORDER
FOR THE MODEL TO BE UNIVERSALLY APPLICABLE TO ALL TURBULENT
FLOWS.
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Two-point turbulence closure modelling techniques for T
isotropic turbulence have been discussed by Trevino e
(1982a,1983) and by Domaradski and Mellor(1984). The
Navier-Stokes equations governing momentum transport in
fluids are written in terms of the two-point velocity
correlation tensors.

2 - -2 -
.a_Ecij (x,t) }a-vfikj (x,t) Ar"‘sjki( r,t) + Pressure terms

+ Viscous terms

This equation is being soived by assuming self-similar 64&9
structure in the turbulence, that is, by assuming that the @
turbulence and the mean flow scale in the same way
(Trevino,1986a), and by including the "free-surface" effects
through the classical "method of imaqra"; .
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Accomplishments During The First Year

s

Work on the jet flow research project began on ki

! 1 March 1985. The first four months were devoted to et
equipment design, construction, and ingtallation. This was 2

a time consuming process, since an entirely new project was ¥

\ being started.

A special device for producing a plane jet was designed
and fabricated. There are entrance sections and a narrow
slit as shown in Figure 1. The parallel flat plate section -
forming the slit is separate so that slit sections having o
different slit widths can be attached to the entrance
. sections enabling the effect of slit width to be el
investigated. This jet flow unit is installed in a water b
channel 0.45 m wide, 0.45 m deep, and 7.5 m long. A .
schematic flow diagram of the system is shown in Figure 2. A %
special framework is installed over the channel to support e
N the jet flow unit. This framework keeps the unit rigidly in
N position and incorporates a means for raising, lowering, and
: tilting the jet flow unit. Water is supplied to the jet
flow unit from a pump supported above the channel on a
separate framework. The piping incorporates a flexible
tubing section to isclate the jet flow unit from pump
vibrations. The pump suction line is located downstrean
from the jet to minimize reverse flow effects.
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The fluctuating velocities in the jet are measured
using hot-film sensors connected to a TSI,Inc. Model
IFA-100~4 anemometer system which was purchased partly with
funds from ONR and partly with funds from Michigan Tech.
This four-channel anemometer system enables obtaining time
histories of the fluctuating velocities simulatneously at AR
four different points in the flow. This enables determining
X six points on the spatial correlation function curve. This
. gives a definitive test of the degree to which the
- experimental data deviate from the corresponding curve which
can be calculated for isotropic turbulence and enables e
. making a good estimate of the inherent anisotropy which o
occurs because of the presence of the free surface. The bl
hot-film probes are mounted on a framework separate from the o
other two to eliminate any vibration which might be N
X transmitted from the pump or elsewhere. The probe can be AR
- positioned anywhere in the jet by sliding the mounting S
device horizontally along a set of rails. At any horizontal A
position, the probe support can be moved to any vertical
position and clamped.
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One problem which occurs when operating hot-film probes
v in water is fouling. This cannot be avoided, so the probes P
nust be calibrated frequently. It is essential to have S
timely and accurate calibrations in order to be able to 4
interpret the anemometer output voltage data. It would be e
very time consuming to calibrate each probe frequently
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during the course of an experiment. Because of this, quite
a bit of time during the summer of 1985 was spent to develop
a new type of laminar jet calibration system and a new
calibration procedure. This device uses water from the same
source as that which is flowing through the slit which
produces the turbulent jet. The construction of the
calibration device is shown schematically in Figure 3. It
is positioned as shown in the flow diagram(Figure 2). The
method of using this calibration device to incorporate probe
fouling while making turbulent velocity measurements is
discussed in a paper by Hubbard, Trevino, and Hine(1985)
which was presented at the 22nd Annual Meeting of the
Society of Engineering Science. This paper also includes a
discussion of all the operating procedures which have been
developed in connection with the jet flow research project.
A copy of this paper is attached as an appendix. The
development of the probe calibration scheme and the method
for handling probe fouling is one of the unique
accomplishments for the project.

Besides completing the design, construction, and
installation of the equipment and the development of
operating and calibration procedures, computer software
necessary for carrying out the data analysis has been
written. The anemometer output data and the calibration
data are transferred to the mainframe computer into separate
files. The voltage-time data are converted to velocity-time
data by applying the appropriate calibration function. The
new files thus formed contain the instantaneous velocity
values. These data can then be analyzed using the time-
averaging codes or the velocity correlation codes.

Each set of voltage-time data consists of data obtained
at the same time at four different locations downstream from
the source of the jet. Using these data, time-averaged
velocities have been calculated to show the validity of the
original idea of using the turbulent jet as a model system
to represent a turbulent wake and to obtain some idea about
the persistence of the jet with distance from the source.
The results of some of these calculations appear in Figure 4
where the mean velocity profiles for the jet are compared
with data obtained at the Naval Research Laboratory by Swean
and Keramidas(1984). These data show that the two systems
are indeed similar, and the original idea of using jets to
model wakes is verified.
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Correlation calculations are presently being made in
preparation for the detailed turbulence closure modelling.
To make the correlation calculations, it is necessary first
to calculate the time-averaged(or mean) value for the data
in each file and subtract this value from all the velocity
values to obtain the turbulent velocity fluctuations. The
correlation function values or double velocity correlations
are calculated at six different values of the separation,r.

Cij(x) = < ug'(X) uy'(x+x) >

where u' is the velocity fluctuation and the < > brackets
indicate an ensemble average which is approximated here by
the time-average. The skewness or triple velocity
correlations are also calculated for 24 different
combinations of the separations available from the data.

Siqx(E) = < uji'(X) uy'(x) uy'(x+x) >

As part of the work on the contract, George Trevino has
developed the general theoretical framework for the
turbulence closure scheme based on self-similar velocity
correlations. A paper entitled "Analysis of Turbulent Decay
Using Affine Transformations" has been prepared and is
currently being reviewed for publication in
Fluids. Another paper entitled "The Skewness Function of
Turbulence" has been completed and submitted for
publication in Boundary lLaver Meteorology. Copies of these
manuscripts are attached in the appendix.

The idea of self-similar structure means that the
turbulence characteristics retain similarities throughout
the turbulent field. This does not mean that these
characteristics must be indentical throughout the field. It
only means that gsomething about the turbulence
characteristics is preserved throughout the field. For
example, the ratio of the integral scale to the Taylor
microscale might be preserved as the turbulence decays--as
the distance downstream from the source of the jet
increases. This ratio of scales is related to the triple
velocity correlation or skewness of the probability density
function which characterizes the jet turbulence.

In Figure 5 are shown some triple correlation data
which illustrate this idea of self-similar structure. These
data show that the triple correlation, S;4), depends on the
separation distances but not on the distance downstream from
the source of the jet, because all the functions,S(x,e,r)
have the same shape without regard to the position in the
jet. Since just four sample records are available, only a
few points on the triple velocity correlation function can
be determined, but the data available are consistent with
the idea of self-similar decay.

.
-

L&




A W W I Y W IV~ gy ey,
iy O

-~ r
S(X,e.r) 0.00 . er ‘

03 > - T“"
|
X=0 X X+er Yir
|
0.0002--
* m
Q=0.00206 %4
0.0001-‘- ‘
l’ . o~re = |
(M/S . 9
0 #~p =0
0 _,’ , —— o__ _..' __.—,_—’-__......_ s D e —— e —
10 2 30 Jo) b 60 70
| X X r (cm)
~0.0001+
*

- Ft'jure. S(). Triple Veloeity —  —  °
Covvelotion Functiong

L~e=|
o.omT e = O
S(X, e r) i
i (0]
o.ooox-%—
f
| 1
(M 'S)3 0-!- ' o a d
, T S
0 ro(em)
-0.0001 + O~ e=4
©~ e=0
o Q = 0.0043 m}s
0.0002L

....................




Fu'jure. SC). Triple Vo.(ocifj -
Correlotions —- detail’s -
. K
S(X, e, r) Q= 0.0026 "4 :
0.0001
0.00005+
X =21.5¢cm
—_—
3 " o~€ = i_‘
wrsi R e =0 |
o o r (cml —_
| §
~0.00005
-0.000t
S(X.e.r
0001 -
0.00005T
0 -
/s’ S R
10 2 0 i) 50 60 n £
ro(cm B
i »*
<0.00005+
|
|
|
- nnm.L
N e e e




12

The complete results obtained during the first year for
the jet flow project will be presented in the thesis
currently being written by Eric J. Hine who was supported by
funds from the contract while pursuing his graduate work. A
paper based on this work is being prepared and will be
presented at the annual meeting of the American Institute of
Chemical Engineers in November 1986. A copy of the abstract
of this paper and a copy of the program for this session are
attached in the appendix. Eric Hine has accepted employment
at the Knolls Atomic Power Laboratory and will be working on
nuclear ship propulsion systems. He will begin in this
position as soon as he finishes his thesis and his security
clearance is completed.

Plans for continuing the Project

During the next year, it is proposed to continue
turbulent velocity measurements to provide more data for
comparison with turbulence models. These data will be
obtained for different values of jet submergence and for
different values of the angle of impingement on the free
surface, so that these effects can be studied. It is also
proposed to add pressure measurements to the experimental
program. The closure and turbulence modelling calculations
will be continued, and the model will be improved by
incorporating pressure-velocity correlations into the model.

Cheng(1985) and Trevino(1986b) point out the importance
of pressure-velocity correlations in modelling the spatial
evolution of the transfer of turbulent energy to lower and
higher wave numbers. For isotropic turbulence, the
pressure-velocity correlation is zero, and many turbulence
closure models are based on setting it equal to zero. For
non-isotropic turbulence, the pressure-velocity correlations
are not zero. It is proposed to compute the pressure- e
velocity correlations and use the results to introduce more RO
realism into the closure model being developed as part of e
the jet flow project. s

In the "spatial decay" (spatial evolution) of a steady-

s , nonhomogeneous turbulence such as may

be encountered in a submerged turbulent jet, the convectjve e
pechanism is spatially invariant; that is, independent of el
spatial location downstream within the jet. This is true o
even though the turbulence itself is fully nonhomogeneous.

This point is discussed by Trevino in some forthcoming }f?
papers(see Trevino,1986a,b). This spatial independence e
therefore requires that in the "high" Reynolds number el
situation, it is the pressure-velocity correlation which sed
provides the all-important spatially varying energy transfer N

mechanism. Spatial invariance of the convective tensor, 2
Sj41(ees) = <uj(X~r/2)uy(x-xr/2)uy(x+r/2)>, can exist only if N
tﬁAre is a conéinuous cascade of energy toward the lower AN
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frequencies of the spectrum as well as toward the higher
frequencies. This phenomenon has already been suggested
theoretically by Tsuge(1984) and shown experimentally by
Okude(1981). The role of P;(X,X) = <p(X-r/2)u; (X+r/2)> in
the decay of cia = <u (x-:/i)u (xX+x/2)> accordingly ought
not be neglected( as it is typically neglected in the
analysis of nonhomogeneous decay), and its effects must be
explicitly measured and specifically included in the
equation of jet-decay. Because of the anisotropy present in
the turbulence, the pressure-velocity term is not zero. The
related steady-state dynamical equation of turbulence for
high Reynolds number is--

g-V0 +uy.VU +T-Vu + u-Vu = -%Vp

where the total flow is U = U + y and the total pressure is
P=P + p. In the process of stochastic-averaging, this
equation produces the "spatial-decay” equation--

<y.VGu'> + IV<«u u'> + <y.Yyu u'> = -%V<pu'>

where y~ u(x-x/2) and u'~ u(x+r/2), etc. For the self-
similar turbulence being considered, the term <y.Vuy u'> is
independent of x, but the term (- 1/ )V<p u'> is not.
This latter term is in fact what introduces into the right-
hand side of the equation the x-dependence necessary to
sustain the x-dependence of the terms <y.V{ u'> and
g.V<y u'>. THIS PRESSURE TERM IS THE TERM FOR WHICH
MEASUREMENT AND MODELLING ARE CRUCIAL TO THE ANALYSIS.

Until recently, pressure sensors sensitive enough to
measure turbulent pressure fluctuations were not available,
80 the effect of the pressure terms could not be included in
two~-point turbulence closure models for nonisotropic
turbulence. Jones (1981) and Spencer(1970) report the
development of a bleed-type pressure sensor based on a hot-
film anemometer system. A hot-film velocity probe connected
to a constant temperature anemometer circuit is enclosed in
a tube open to the pressure to be measured at the downstream
end. The upstream end is connected to a constant pressure
source of fluid, and there is a constant flow of fluid from
the constant pressure supply, past the velocity sensor, and
into the flow where the pressure is being measured. The
velocity of the fluid flowing through the tube is related to
the pressure difference, so the downstream pressure can be
related directly to the anemometer output. It is well-known
that hot-film velocity probes are very sensitive to changes
in the cooling velocity in the neighborhood of the sensor.
This means that pressure measurements based on the velocity
determined using a hot-film sensor are equally as sensitive.
Pressure sensors such as described above are available
commercially from TSI, Inc. For measurements in water, the
bleed fluid used is alcohol which is miscible with the main
water flow.
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Expected Results and Applications R
Db
The research program in progress is yielding a body of 1§
results which will indicate the effects of jet flow rate, 0
jet submergence, and jet orientation on the turbulence vﬁ?
characteristics and decay in the zone of interaction between .ﬁdﬂ
a plane jet and a free surface. When the jet is submerged -
well below the surface, it is expected that the time-~
averaged velocities, turbulence intensities, Reynolds A {
stresses, and other turbulence characteristics will be the i
same as similar data reported by others for air and water o
jets. The results for jets at shallow submergence are new ey
data which can be compared with theoretical results for

anisotropic closure schemes. The comparison will establish
the range of validity of the anisotropic decay laws
generated by the theory.

Besides the one-point, steady-state turbulence
characteristics, the experimental results will include
information about the decay of the turbulence parameters and
information about the spatial dependence of the two-point
velocity correlation functions. The two-point closure model
to be developed will include pressure-velocity correlations
as well as spatial decay effects. Because of the presence
of the free surface, small nonhomogeneities and anisotropy
will also be included. The two-point model is more
effective fo- modelling the details of the turbulence far
from the source of a jet or wake.

Personnel

The project is being carried out by D. W. Hubbard
(experimental work) and G. Trevino (closure modelling) with
the help of graduate research assistants who are candidates
for advanced degrees in chemical engineering or mechanical
engineering. The research is the basis for preparing theses
which will fulfill part of the requirements for these
degrees. The students receive academic credit for the work
and spend approximately one-half time engaged in the
research. The students currently working on the project are .
Eric J. Hine and Lisa Heydenburg who are candidates for e
graduate degrees in chemical engineering.
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EXPERIMENTAL TECHNIQUES FOR MEASURING TURBULENT VELOCITY
CORRELATIONS IN A JET FLOW NEAR AN AIR-WATER INTERFACE

D. W. Hubbard, G. Trevino, and E. J. Hine

Michigan Technological University
Houghton, Michigan 49931 USA

ABSTRACT

When a turbulent water jet interacts with an air-
water interface, the turbulent eddies are apparently
damped in the vertical direction and extended in the
horizontal direction. This phenomenon is being studied
in a two-dimensional jet formed by pumping water through
a rectangular slit into a channel filled with water. Hot-
film anemometry techniques are being used to measure
velocity fluctuations in the jet and in the immediate
neighborhood outside the jet. Since hot-film probe
fouling cannot be avoided when making measurements in
water, a sensor calibration method which includes the
effect of probe fouling has been devised.

INTRODUCTION

When turbulent jets or wakes interact with an air-water
interface, the turbulent eddies are apparently damped in the
vertical direction and extended in the horizontal direction.
Experimental methods useful for studying turbulent velocity
correlations in two-dimensional jets have been devised. A unique
feature of this work is the development of a sensor calibration
method which reduces the labor required for calibrating hot-film
probes used in a multi-channel array in water.

JET FLOW SYSTEM

A two-dimensional jet is formed using the flow system shown in
Figure 1. Water is pumped upward from a water channel 0.45 by 0.45
by 7.5 meters containing still water using a stainless steel
centrifugal pump driven by a 2 HP motor. Water flows from the pump
discharge through polyvinyl chloride(PVC) piping, through an inlet
manifold, and into a converging flow chamber which is submerged in
the channel. The water flows through this converging section part
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of which is packed with shredded stainless steel and through a
rectangular slit formed by two flat plates 356 mm wide by 305 mm
long spaced 6mm apart and back into the channel filled with still
water. The flow rate through the slit can be adjusted by adjusting
. the valves which control the fraction of the flow passing through
v the by-pass line. Since the main circulating pump operates with a
: suction 1ift, appropriate valves and piping are provided for

» priming the pump.
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; DATA ACQUISITION AND ANALYSIS METHODS

Turbulent velocity fluctuations are measured using hot-film 2]
probes connected to a TSI, Inc. Model IFA-100 four-channel E;
anemometer circuit. By positioning four probes at unequal spacing e
in the jet--for example, at 0.1, 0.3, 0.7, and 1.5 meters N,
downstream from the slit--data can be acquired which will enable -
calculating the spatial correlations of the turbulent velocity
fluctuations at six different separation distances--for example, at Ry
separations of 0.2, 0.4, 0.6, 0.8, 1.2, and 1.4 meters. The analog ¥
data are available continuously on each of the four channels of the w
anemometer unit. The data acquisition microcomputer used to record -
the data--Heathkit Model H-8--samples the output of the four -
channel analog-digital converter channel by channel at 2 ms R
intervals,so there is at least a 2 ms lag between the data from o
different channels and an 8 ms sampling interval for the data on §
any one channel. This means that in order to have simultaneous L
values of the velocity fluctuations to use for calculating the D
values of the correlation functions, some sort of interpolation )
scheme must be used for each channel. At any particular time e
chosen for a correlation function calculation, there will be one o
actual data value and three interpolated data values. The .
calculation can be done at 2 ms intervals using a real data value
from a different channel in turn for each calculation. Using these
data, the wave number spectrum can be determined at six different
wave numbers using a Fast Fourier Transform method. If more than
six wave number values are desired, the correlation function must
be fitted to some equation and interpolated values at intermediate
separation distances must be calculated. An alternate method for
obtaining a spectrum using more wave numbers would be to change
the probe spacing and collect more data. A spectrum calculated
from such data will contain values calculated from velocity
fluctuation data not all measured at the same time.
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PROBE FOULING AND CALIBRATION

c e s
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- Commercially available hot-film probes specifically designed
- for use in water are being used for the measurements. These probes
- are 0.152 mm in diameter by 2.0 mm long and are coated with quartz
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: to minimize corrosion. Each probe is heated to a constant

' temperature when it is immersed in the flowing water. The
temperature is set by controlling the probe resistance using an
automatic balancing Wheatstone bridge circuit. The sensor loses
heat to the surrounding fluid, and the rate of heat loss depends on
the heat transfer coefficient for heat transfer from the sensor to
the fluid flowing past it. This heat transfer coefficient is
mainly influenced by the fluid velocity perpendicular to the
sensor.

Since the rate of heat loss is not a linear function of fluid
velocity, and since there are a number of complicating factors--the
sensor supports influence the heat transfer, for example--which
affect the relationship between sensor heat loss rate and fluid
velocity, each sensor must be calibrated. The anemometer circuit
output is the voltage required to maintain the required current
through the sensor in order to maintain the sensor temperature ( or
sensor resistance) constant. Sensor calibration is accomplished by
immersing the probe in water flowing at a known velocity and noting
the anemometer circuit output. The sensor calibration system being
used is simple to operate and can be operated simultaneously with
the jet flow unit using the same water that flows through the slit
which forms the turbulent jet. The calibration unit forms a
laminar jet in a small enclosed chamber. Water from the water
channel is pumped through a calibrated variable area flow meter and
into the inlet of this chamber. The water passes from the inlet
section through an orifice 8.7 mm in diameter into another section
of the chamber. The water which passes through the orifice forms
the laminar jet, and the velocity of this jet can be varied by
varying the flow rate. The probe to be calibrated is positioned in
this laminar jet, and the relationship between anemometer output
and jet velocity is determined. The water from the calibration
device passes out the exit port and is returned to the water
channel.

i TN R e . . .

'
»
.

One annoying aspect of making turbulence measurements in water

: is that the sensors become fouled quite rapidly. This cannot be

, avoided, so some method must be devised for including probe fouling

I in the sensor calibration scheme. Since probe fouling always

, occurs when hot-film anemometers are operated in water, it is
important that probe calibration be carried out continuously during
the course of the turbulence measurements. To reduce the labor of

. calibrating several probes several times during the course of the

I experiments carried out on any particular day, is desireable to be

] able to calibrate the probes without moving or remounting them.

- The objective of the work was to find out whether or not the

probes foul in a predictable manner and whether or not all probes

foul in the same way when operated in the same water.

.

LY

\

' The results of the calibration experiments show that probe

i fouling can be expressed by the bridge output decreasing linearly
with time. In many cases,the linear decrease is interrupted when
the water is not moving relative to the probe. This is illustrated e
in Figure 2. At any particular velocity, each segment of the o
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bridge output voltage versus time function can be represented by a
linear function stored in the mainframe computer as part of the
data analysis code. Such calibration curves are prepared during
the course of turbulence measurements with the calibration
extending over the whole period during which turbulent velocity
measurements are being made in the two-dimensional jet. The clock
time at which any particular measurement is made in the jet is
recorded, and the appropriate calibration curve for that particular
measurement is developed by reading the anemometer output voltage
at different velocity values at the clock time noted for the

measurement. These data are the fitted to a polynomial calibration
equation--

U= Ay + ME + AE2 + A3E3 + A,EY

This equation is then used for interpreting the anemometer output
data obtained with the probe immersed in the turbulent jet.

The calibration data obtained for several different probes
coincide closely enough so that it is possible to monitor the
fouling of probes used for turbulence measurements in the plane jet
by using a separate probe located in the calibration chamber. An
example of the calibration data for two different probes is shown
in Figure 3. At the start of the calibration period, there is an
interval for which the data for the two probes do not coincide very

closely. After this "seasoning" period, the calibration data do
coincide.

The method to be used for incorporating fouling into the probe
calibrations while avoiding the need to move the probes during a
series of turbulence measurements is as follows.

1. Mount all probes in the water channel and let
them operate in the measuring mode for the
seasoning period.

2. Install each probe in turn in the calibration
chamber and obtain calibration data for each.

3. Mount the probes to be used in the channel in
the required positions. One probe to be used
for monitoring the extent of fouling on all
probes is left mounted in the calibration
device. During the course of turbulence
measurements, calibration data are obtained
frequently using this monitoring probe.

4. Plot the calibration data as E(t) with U as
a parameter, fit the calibration data with
linear functions, and use these functions for
interpreting the turbulent velocity fluctuation
data obtained from the two-dimensional jet.

In order to use this method to include probe fouling in the
calibration functions used for interpreting turbulence data, there
must be at least one actual calibration point for each probe. This
point should be obtained after the period of "seasoning" in the
same water as is being used for turbulence experiments.
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The Skeuness Function of Turbulence

George Trevino
Mechanical Engineering-Engineering Mechanics Dept.
Michigan Technological University

Houghton, MI 49931

Abstract

An invariant algebraic form of the skewness function for a par-

ticular tvpe of nonhomogeneous turbulence is proposed. This

form is identical for both the intended tvpe of turbulence and
classical isotropic turbulence, and as such provides a unifving

link between turbulence whose statistics are spatially varying

and turbulence whose statistics are spatially comnstant.
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1. Introduction o~
. b

In a recent publication (Trevino, 1985), it was suggested that traditional c}
::_“:

schemes for algebraically modelling the skewness function of turbulence ty- !E
pically‘iead to unfortunate analytical difficulties, especially when the :i
turbulence is nonhomogeneous; in particular it was hinted that classical ;ﬂ
-

methods do not permit the absolutely invariant structure of nonhomogeneous !E

turbulence to be explicitly emphasized (see also Trevifo, 1982). It was
therein also suggested that there nonetheless exists an invariant algebraic
representation for the skewness function of such turbulence, but it can be
formulated only for a peculiar class of nonhomogeneous behavior. That even
the most general nonhomogeneous turbulence itself exhibits a characteristic
invariant structure somewhere in its hierarchy of stochastic moments can
also be fundamentally established (cf. Trevino, 1984), and how one uses this
knowledge is the subject of a forthcoming communication (Trevino, to appear).
The purpose of this note is to propose a representation for the skewness

+ is
function, $ (q,r) = <u,(xX)u,(x + QQu.(x + r)>' , which identical for both
e ST TR A R T T E - Dt

isotropic turbulence and a unique type of nonhomogeneous turbulence. The

skewness function only is to be addressed here, but in principle any rele-

vant three-point tensor can be similarly represented. The advantage

provided bv the resulting algebraic form of Sijl(g,r) is that it fur-

nishes a unifying link between turbulence whose statistics are independent

of spatial location (viz. x) and turbulence whose statistics are not. The

information available in such a formulation is valuable in experimental

studies of turbulence, where the time-decav of an isotropic nonstationarv lg!
——— ————r— = ..'

turbulence is duly analvzed in terms of the spatial-decav of a nonhomogeneous }};
o~

l“'l.

oS

"E

'The t-dependence of u is here suppressed for convenience.
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staticnarv turbulence (Comte-Bellot and Corrsin, 1966); to be sure, it re-
quires that in the advected frame of reference, the convective-mechanism tor

the intended type of turbulence is characteristically independent of time

(recall that x = U t) , and that a closure for same is ultimately obtained

by simply enforcing the attendant invariance of Sijl(.") .

2. The form of S (=)

ij1

The skewness function is a tensor function of the two separtion vectors, q and

r; for isotropic turbulence it is written in general as (c¢f. Batchelor, 1967)

N
L] L] L] (n)
Si(®@D = B oA g, gr L, T nF @D o

where q* q, q* r,r*r are the absolute scalar invariants of the full orthogo-

- -~ -~

nal group. The well-known convective-tensor of classical turbulence results

from Equ. (1) by setting either q = 0 , or q = r , to accordingly obtain

2 2 2
= { 0)
Sijl(Q,g) A(r )rirjr1 + B(r )‘risjl + rjoil} + C(r )rleij ,

etc.. In this note the tensor Sijl(g,g) is represented rather in terms of the
invariants, e1 =q- 5/3~ q and e2 =q° 5/5- r, which are unique to the three
points specified by x , x + g, and x + r , and are also more general than the
standard metric invariants listed earlier. e and ey have the advantage that

they remain invariant even though the turbulence itself may be undergoing some

scale-change in its statistical structure, i.e. scme nonhomogenecus character-

istic which can be qualitatively described by changes in ccordinate-axes scale
only; a nonhomogeneity of the type, Cij(§ +4x,1) = n Cij(f,ig) , where
Cij(§,§) = <ui(§)uj(§ + r)> and (n,5) are simple scale-factors, is a tvpical
example. In this tvpe of nonhomogeneity, (n,3) are dependent only on x , X

.
(o

(and possibly t), but are strictly independent of r . In particular, it

(]

Lt et
et -

LA ".' h
LSO

M

PR R L
y 'S
L4 e .t

. ,_".A‘-‘ r_' LA "4

<MY

‘-
JCARY

[}

g

\‘{'- Yy
::_"l K e ‘\
Le_s_4_v_v_

L, ;‘4

ENENE N T
)

LY
l""'.
v e

y

4 0

v s e
PR A
10

' T
.I{J'
¢
PR

*
-

5 i

.
ety
;o

-
LA S
v
.
Pl

4
2

n:

€ e
v e %

I PR
R SO

* .
¢

e 0t e TR,

o,
P
o “s

;gi&filg,

AR AT T e L S
ST U S O B S G DT SRR SR S A A AN




R A At AN o a™ S iy LN i e

..J
b,

L S N T e W R WYY -x*-‘:v:w

‘

N

> IML

’
»

lows that e and e, are such that £q - £r/iq+£q = e, » etc., so that these

'

\l ’ﬁ’
-

invariants do not lose their underlving isotropic flavor even under the effec:ts

1 ]¢

N

of coordinate-axes scale-changes. Note that the classical isotropic invari-

L
‘nJ'-'l‘l

ants, q* q,q*r,rer, are not preserved under scale-change transformations,

~ -

but that e, and e, are invariant under any combination of translations, rota-

i

tions, reflections, and the prescribed scaling effects. This latter mode of %?
Wl
isotropy is more correctly denoted an affine isotropv, in contradistinction to ;5
-
S

the metric isotropy of classical turbulence theories.

The invariant form of Sijl(g,r) is herein to be derived through successive

differentiations of the related first-order tensor, Ti(q,r) s although not ger-

BT . it
‘[f!n'i*"“g-

PR S

mane to the analysis, this latter tensor could conceivably correspond in turbu-

lence theory to the triple-correlation, <p(x)p(x + q)ui(x + r)> , where p(¢+*)

is the fluid pressure; accordingly, the required associated invariants f}

(Batechelor, loc. cit.) of this tensor are

T(l)(q.r,a) =TeafarazTra

-~ -~

and
1 2
T(Z)(q,r,a) =Tea/T+Tz 1 )(q,r,a)/(T[ ;
here a is an arbitrary unit vector. Note that both of these forms are abso- fﬁ
~ KN
A
lutely invariant under scale-change transformations of the type already con- Ea

PO B I A I

2
note that T(“)(--~) is not independent of T(l)(°-°) . For the special case

(2) .

(+++) are expressible in terms of the

where ¢ = e r both T(l)(--') and T

P

* e v
g

b} >

set of related independent invariants, {e,r- a/r°,r+a’ , and the resulting ..
— ~ - < = N

n..'q

forms of T,6(e,r) are o
i ~ "

. <
:




T§1)(e,f) = {A(e) + r-ZB(e)}ri and T( )(e r) = frlA(e) + B(e)}-lrj ;

A and B are arbitrary functions of e only; because Til)(--') and T}z)(...)
are not independent, only one of them, say T(l)("-) v Ti("') , need be

fully known (and subsequently used). The appropriate form of Sijl(q,r) ~

-~ -~

aTi(e,r) ar
ql(e,r) is now found by determining —— , and since — = r,/r and
3 ~ ar.dr sr, 3

il B
;: = - erj/r2 it can eventually be established that
]
= +
ijl(e »T) A(e,r)r rJrl B(e,r)r 5jl + C(e,r)rjdil + D(e, r)r1 13

is the intended form of the skewness function of turbulence. The conservation
of mass condition provides two partial differential equatrions between the four
(4) functions, A(e<e¢) ,B(e*¢) , C(e¢¢) , D(+++) , so that only two of these

are independently arbitrarv. This same result was originally reported by

Proudman and Reid (1954), but the functions here are not the same as those in-
tended by them since these apply to a certain type of nonhomogeneous turbu-
lence as well. The functions A,B,..., can be determined from experimental
measurements by choosing r = (r,0,0) (and e anyv suitable set of numbers) to

obtain the non-zero correlations.

[
o]
2

- 3 ~ _ N _
Slll(e’f) = Ar" + (B+ C +D)r , Slz:(e,g) = 5133(e,5)

(e, r) = 3313(e,5) =Cr, ézzl(e,g) = §331(e,§) =Dr .

71'7

3. Concluding remarks
In dvnamic analyses the applicable forms of éi*l( r) are S (O r) and
éiil(l’r) ; these ccrrespond to <ui(§)uj(§)ul(§ + f)> and

fui(x)u.(x + r)ul(x + r)~ respectively, and the number of independently arbi-
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trary functicns needed to specify each of these is accordingly one (l). These %ﬁ

ERY
forms are characteristically independent of x , even though the turbulence it- f
L

self may be fully nonhomogeneous. This more general invariance, again, results r;}
't

o

]

from the use of related non-metric invariants to algebraically represent rq'
- Sia!

Sijl(q,g) , and is true only for nonhomogeneous turbulence which undergoes !!E

-.'(

coordinate-axes scale-changes only. The particularly derived algebraic form of

§ij1(---) is valid for the collinear vector configzurations only (i.e. q = er) ,

but the method readily generalizes to non-collinear vectors by introducing the

collinear ratios, e = qx/rx . ey = qy/ry v e, = qz/rz (Trevino, 1985); col-

linear ratios, note, are invariant even for scale-changes which differ from

one coordinate-axis to another, viz. £ -+ (gx,gy,gz) .

The physical meaning of the above result is that the role of inertia forces in

the depicted type of nonhomogeneous turbulence (call it self-similar or self- ;;;
. preserving nonhomogeneous turbulence), as herein algebraically expressed, is l‘
: fgggsfsg} to that for isotropic turbulence, viz. to transfer energy from cne part ;;Ei
of wave-number space to another without changing the total amount associated Ej?

with any particular directional component. In other words, the related convec-
tive terms do indeed affect the distribution of energy but they do not aflect

the convolution and/or modulation that due to the nonhomogeneous nature of the

turbulence exists between the energy associated with a given wave-number compo-

B AR
v
PRl
[N

nent, say d Z(x) , and the energy associated with a different wave-number compo-

e -
.
«

nent, sav d Z(x”) ; pressure terms and viscous terms are the only terws that ix o

) |

) the ccncomitant hvdrodvnamic turbulence can influence this compenent i1nterac= i;:
.:_\-‘

ticn. Unlike homogeneous turbulence, the double correlation between different ;Q:

o

. . .: 7

wave-number components of nonhomogeneous turbulence is such that L

- Y Y

e e e e s ey = .
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<d Z(¢)d Z#(x")> # 0 when <" # e,

i.e. d Z(x) and d Z*(x*) are non-orthogonal (Trevino, 1981, 1982), but the
triple-gorrelation, <d§(f)d§*(5‘)d2(x”)>, is such that dz({x) , dZ*(x~”) ,

dg(f") are orthogonal for« # «” ~ «“” ; * & complex conjugate,

-~

In :zlosing it remains exclusively to demonstrate skewness invariance for the

suggested turbulence through purely ad hoc geometrical arguments on the spatial

evolution of the probability density function (pdf) itself. For the attendant

case of two (2) scaling effects, the most general self-preservation in the pdf

requires that
p{u(f + Af)} = g8 plau(x)} ,

where ¢ , 8 are strictly‘5-dependent scale-factors and u is the longitudinal
component of u, i.e. u= (u,v,w) . In terms of coordinate~axes transforma-

tions the relevant algebraic scheme is

u(x +4x) v u” =au
) - '\’,"‘
plu(x + AX)} v p°" =8 p , A0
where o 8 = 1, i.e. the transformation is area-preserving, this constraint Zif
]
demanded by the pdf properYy that / p(£)df = 1 always. Skewness, recall, is f .
the first measure of dis-svmmetrv in the pdf (the second measure is super e

skewness, etc.), and simple coordinate~axes scale-changes of the intended

type cannot alter this characteristic (e.g. an codd function remains odd under
homogeneous coordinate-axes '"stretching" or "shrinking"). Skewness therefore
is preserved in the considered self-similar evolution. Correspending argu-

ments apply to the case where p ~ p(v) , p v p(w) , p ™~ p(u,v,w) = p(u) ,
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etc., and skewness invariance is easily verified in the special case where

p{u(x)} is symmetric about the mean-value for all x (for which the skewness

| ok

is always zero). -~
l‘-
. _ = / Ry
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Decay of Self-Similar Turbulence

George Trevino
Mechanical Engineering-Engineering Mechanics Dept.
Michigan Technological University

Houghton, MI 49931

Abstract

The invariance concepts of affine geometry are invoked to estab-
lish time-independence for the convective mechanism of self-
similar isotropic turbulence. The decay-law for the integral

scale during the initial period follows immediately.
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1. Introduction

Affine geometry and affine transformations have recently begun to find their

way into the scheme of ''mechanics-type" problems in such fields as flutter
1- 6- -

analysis 5, shaky structures 9, and turbulencelo 13; their use in qualita-

tively describing elastic deformations in solid mechanics has been known for

NS AL A RIRAR D LT NI R,

14
some time . The purpose of this note is to adapt recent research re-

15-1
sults 3 9, regarding invariant algebraic representations of nonstationary

stochastic processes, to the determination of the characteristic time-
invariant structure of self-similar isotropic turbulence; a closure for
same is accordingly formulated, and the decay of the integral scale during
the initial period follows immediately. Self-similar turbulence, because
it can be geometrically described by uniform scale-changes along the ab-
scissa and ordinate axes respectively, can be characterized as turbulence

which is invariant under the affine groupzo’ZI.

The notion of a self-similar, or self-preserving, turbulence was introduced
by Karman and Howarth in 193822. For the most part the self-similar device
is principally a mathematical one, even though the assumption itself is

quite valid in the "dissipation range" of the turbulence and in the "large-

scale" structure of the turbulence; in the dissipation range the self-

similar structure is f(r,t) = [ - r2/2)\2 (during all phases of the decay23),

while in the large-scale structure self-similarity is reflected in the time-

independence of f(---)za.

The essential idea of such a flow is that during the decay, the correlation
function, f(r,t) , evolves in time, buts its geometric shape at any time in-

stant is similar to its geometric shape at any other time instant; i.e., the

integral scale
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AMe) = f f(r,t)dr ,

0
and the dissipation scale,
2
= (- £ e’
A(e) = { rz}FO} ,

both increase with time, but the r-dependence of f(++<) is defined by the
same function for all time; self-similar turbulence, therefore,is more ide-
alized than is isotropic turbulence. Nonetheless, its practical value is
that it provides theoretical results that can be applied in some "asymptotic
fashion" to the analysis of the "limiting behavior" of real turbulent flows.
Karman and Howarth went on to suggest that such a decay could be adequately
described by an infinite family of self-preserving correlation functions,

one of which is of the form,

2

= -t
f(r,t) = expl- =0 £

2. The analysis

The inertial-transfer tensor of turbulence theory is defined here as

(r t) = lim {<ui(§,t)uj(§,t + at)ul(g +r,t+1)};

this particular definition is deliberately formulated in terms of the two
time-lags, Tl = at and 12 = 1 , in order to illustrate the inherent three-
(space-time) point character of sijl(r o,t) . For self-similar turbulence
this quantity is independent c: t , and therefore does not decay with time;
this result derives from the fact that the "affine nature"16 of self-
similarity requires that three-point statistical moments, when algebrai-

cally written in terms of the ratio invariant between the two time-lags,

viz. a , necessarily be independent of the choice of reference origin (i.e.

~ . et RPN -'_-. '—.

> A BN AR KR 0. IR
"-J(J;(uv a JL MO Iy NN POV N PO .n‘.x‘.f.f A R R PR P o a e LAY,

,l

CIRSC IR

ISRACAE

‘..\.
. ‘.'. .

N



A LA IE A 5 & O RC T i i e AP At g NG SR i i -

the time, t , at which the moments are measured). In terms of the geometry
of decay this invariance is a consequence of the fact that any self-similar
time-evolution in the probability density function (pdf) of the turbulence

automatically preserves skewness; i.e., any time-decay such that
p{u(x, t + 2t)} = gp{yu(x,t)} ,

leaves the amount of "dis-symmetry" in p{ese} unalteredlg. Note that self-

similarity requires that Ci (g,t) = <ui(x,t)u (x + r, t)> evolve in time in

3 i
a self-preserving mode, or in more practical terms that F(r,t) = uz(t)f(r,t)
undergoes changes in its coordinate-axes scales only, and no changes in its
r-functional form. In particular, self-similar decay requires that

F(r,t + At) = n F(Er,t) , the scale-factorsn andE being independent of

r = lg[ , and dependent only upon t (and At) ; typically, n ~ velocity scale

factor while £ ~ length scale factor.

It then fol‘.lowsls-19 that for the considered turbulence Sijl(r’t) >

§ij1(£,a) , and more importantly that ultimately {u3(t)k(r,t)} is also in-

dependent of t and dependent only on r and ¢ ; here u = <uiui>Li v ou(t) ,

and k(r,t) is the single arbitrary function required to completely specify

in the classical theory the E-dependence of S (¢ee+) . To be sure, for

ijl
self-similar turbulence the tensor Sijl(g,t) can be written instead as25
S (r,a) = ? (r a)A(n)(r)
13150 o BptTr®)84410 )

where N is here an unspecified finite number and the gn('°°) are invariant
functions on the affine (r,t)-space; the key result in the above is not the
value of N nor the unique form of the gn(---) , but rather it is the explic-

it time-independence of the algebraic representation. The equation for the

4
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decay of the integral scale is now found by first integrating the Kirman-

Howarth equation,

2
3(uf) _ 3, -4 3 4 2 -4 3 . 4 3f
—Sp o =u {r 3;(r kK)} + 2uwu‘r 5;(r 3;) R
fromr =0 to r = = , and accordingly
d_(“_ZA)_al()-(z yuZa 1)
dt @ t ~t o
0
where
>3-4 3,4 )
I(a) = f u'r 3;(t k)dr = a parameter-dependent constant ,
0

and for a self-preserving correlation function of the type already specified

To-4 3 baf. . ALY
é r ar(r ar)dr * =3 - tO) H

because of the mode in which the convective-tensor is constructed through
Vi rtcovzr!u(

the Navier-Stokes equation, the turbulent decay of interestnfor a = 0 only.

The power-law decay of kinetic energy, u2 = (t - to)-n , subsequently pro-

vides

ACE) = (¢ - :0)1+“ i3, i=100, 2)

as the equation describing the general integral scale decay of self-similar
turbulence; for the specific case where n = 1 and u-2 = (t - to) » the so-
called "linear decay law'", the corresponding initial decay of the integral

scale is

2

A(e) =~§(t - to) (3)

3. Concluding remarks
Decay laws of the form specified by Equ. (2) have not been found experimen-

tallyzs. One reason for this is that even without the self-similarity
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characteristic, isotropic turbulence is itself difficult to generate in prac-
tice, since virtually all mechanisms for creating turbulence in the laborato-
ry usually confer a preference of at least one particular spatial direction
in the flow. Another is that it is common practice in experimental analyses
of turbulence to study the time-decay of an isotropic nonstationary turbu-
lence by examining the spatial decay of a nonhomogeneocus (necessarily) sta-
tionary (i.e. steady-state) turbulence, and accordingly imposing the "frozen
turbulence" assumption to transform time-derivatives into spatial derivatives

(and vice-versa) 3926

> CTE . Te mesn
{at}following the = U3y U mean—flow velocity.

mean motion

This scheme, although appealing and quite practical, has the defect that in
a nonhomogeneous turbulence pressure terms play an important role in the de-
cay, even for the total-energy case; indeed, if the spatial evolution of the
covariance of such a flow is in fact of a self-similar nature, then theoret-
ical results spatially analogous to the foregoing12 establish that convec-
tive terms are not at all the proponents of the 'spatial decay” of the tur-
bulence——pressure terms are the only carriers of nonhomogeneous energy-
transfer while convective-transfer is necessarily spatially constant, i.e.
in a truly nonhomogeneous self-similar flow pressure terms cannot be ne-
glected. In the study of total-energy decay of homogeneous isotropic tur-
bulence pressure terms are not only negligible, they are indentically zet023.
Decay laws of the above form have also not otherwise been reported in the
literature (see, for example, P.G. Saffman27); in fact, in order to obtain
with the herein proposed analysis decay results comparable to Saffman's, n

in the derived power-law decay for kinetic energy would have to be n = -3/5 .
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Saffman's results are obtained by imposing the analytical consequences of

the invariance of a particular integral of the velocity-covariance tensor,

5
~

Cij(g,t) and not by imposing, as done here, the consequences of the newly

found time-invariance of the inertial-transfer tensor.

Yy
<

In closing it remains to iterate that the above results can only be estab-

]
LTy
1 .
JrieS

lished through affine invariants modelling, i.e. by modelling using parame-

T
l‘,-lr'

-
D

8
13

ters that remain invariant even though the turbulence itself is undergoing

'!
[

temporal changes in its coordinate-axes scales——it cannot be established
through metric invariants modelling without introducing some germane postu-

late about the metric structure of S (*+*+) . 1In other words, by modelling

1j1

the related self-similar structure of S (*++) through non-metric invariants,

ij1
invariants which are unique and peculiar to this type of evolution, it is
then possible to analytically establish a rather fundamental characteristic

about the convective-transfer in self-similar turbulent decay.

Acknowledgement
This activity was kindly supported by the Office of Naval Research, Contract
No. N00014-85-K-0236. The author also acknowledges the collaboration of

Professor D.W. Hubbard of Michigan Technological University.

e
v
.

Y
.
P

LYhhh

»

~
.

o
P

s v, . e
’ .t *
AR NN

»
.

) T R S T N T N P S U
Cod }J‘(quuh, e St at PAPRN S A AR T AR '.t..‘.:"‘.-.' ey




{ -.;,.‘ PSRN RO R

1

G.A. Oyibo, AIAA Journal 21, 283 (1983).

2G.A. Oyibo, AIAA Journal g}, 767 (1983).

3p.A.A. Laura, AIAA Journal 22, 574 (1984).

“G.A. Oyibo, ATAA Journal 22, 575 (1984).

5G.A. Oyibo and E.J. Brunelle, AIAA Journal 23, 296 (1985).

6w. Wunderlich, Acta Mechanica 42, 171 (1982).

7B. Wegner, Acta Mechanica 53, 163 (1984).

8G. Trevino, Acta Mechanica 55, 273 (1985).

98. Wegner, Acta Mechanica 535, 275 (1985).

10N, Pan Thien and R.A. Antonia, ZAMM 62, 129 (1982).

1. Trevifio, J. Atrcrafe 22, 827 (1983).

12G. Trevino, Bound.-Lay. Meteor., in press.

13O. Chiba, Bound.-Lay. Meteor., in press.

16I.S. Sokolnikov, Mathematical Theory of Elasticity (McGraw-Hill, New York,

1956). p. 6.

15G. Trevino, J. Sound Vib. 90, 590 (1983).

16G. Trevifio, in Proceedings of the Fourth International Conference on

Mathematical Modelling, edited by X.J.R. Avula, et. al. (Pergamon Press,
New York, 1984), p. 278.

176, Trevifio, J. Sound Vib. 94, 154 (1984).

185, Trevifio, J. Sound Vib. 99, 576 (1985).

196, Trevino, J. Sound Vib. 102, 599 (1985).

20¢.3. Gurevich, Foundations of the Theory of Algebraic Invariants (P.

Noordhoff, The Netherlands, 1964).

We_ w w T T T S T S - °® ta -
P Rl R e e T T D I T e I o e L A S A I T I T
SRR A CC N o AL SR NG A 'n‘.‘q‘ Ao

¥ .

L - MORT N @
. e ey .
2 Co e




;

."-P'
Ca A

M

e
o n e
AR

21D. Gans, Transformations and Geometries (Appleton-Century-Crofts, New York,

1969). g
22T. von Karman and L. Howarth, Proc. Roy. Soc. A 164, 192 (1938). -,3
T =

23G.K. Batchelor, Theory of Homogeneous Turbulence (Cambridge, 1967). ?S

24

R

F.N. Frenkiel, P.S. Klebanoff, and T.T. Huang, Phys. Fluids gg, 1606
(1979).

o

€« e
i W R DA N

25

LA

%1

D. Hilbert, Math. Ann. 36, 473 (1890).

26G. Comte-Bellot and S. Corrsin, J. Fluid Mech. 25, 657 (1966). ;
27 s
P.G. Saffman, Phys. Fluids 10, 1349 (1967). =
1

2]

::::ﬂ

g

.:_}

~ s
ey

IR

AL %N %

[y

s
0

L )
K .
a

..,......
' A

-
o

Ff e e
« e a e

_‘c crl ey,

A

X

[l
t
{
v
[
iy
~
(-

.....

-------
............



LT

hY

b - % K L ~ Sl o Tm - LS - -

........
.........................

-2/15 W, ~.CC03rg

Speaker: £2 ,_
Emplover.__Micnigan Technological University 'z"k
Phone: 306 ) 487-2140 Houghton, Ml 49931 ,:.}‘
AIChE Member: Yes X No ;‘:’E
)
Co-Author: Eric J. Hine Address:_Dept. of Chemistry and Chemical Fngr. ye]
Employer:_Michigan Technological University -Michigan Technalagical lUniversity _l
Phone:__ 906 ) 487-2047 _Houghton. MI 49931 o
AIChE Member: Yes X  No__ \.-
Co-Author: L1sa R. Heydenburg Address:_0ept. of Chemistry and Chemical Engr. F ]
Employer:_Michigan Technological University _Michigan Technological University v
Phone: {906 ) 487-2047 Houghton, MI 49931 ,lf-_;i:
AIChE Member: Yes___  No_X_ 2
Co-Author: G€0rge Trevino Address:_Dept. of Mech. Eng. and Eng. Mech, Er
Employer: Michigan Technological University Michigan Technological University _.
Phone: {906 ) 487-2865 Houghton, MI 49931 )
AIChE Member: Yes—_  No_X_ z =

Abstract for meeting program book (Maximum 60 words, including title): g é_é
Titte:_TURBULENCE IN WATER JETS: A TWO-POINT CLOSURE § ::‘.:;
“Submergence and flow effects on turbulence in a two-dimensional water jet g L

were studied using hot-film anemometry. The velocity fluctuations measured were 2 "

used to formulate a two-point closure scheme for the stochastically averaged E s
Navier-Stokes equations assuming self-similar decay for the probability density T :'.:‘i
function. Measurements of the triple velocity correlations support this." N

TO BE COMPLETED BY THE SESSION CHAIRMAN. IT WILL THEN BE RETURNED BY THE SESSION
CHAIRMAN TO THE SUBMITTING AUTHOR, THE MEETING PROGRAM CHAIRMAN, AND THE AIChE A
MEETINGS DEPARTMENT.

A% 487 LA AR CO Y, SG

Meeting: Session #: Paper#: a b ¢ d e f (circleone) "
Sponsoring Group/Division: Area:
Date of Session: Time:
SESSION CHAIRMAN'’S REVIEW Date: .:::.:
Accepted for meeting above. :::}_.'.
...
——_AIChE Meetings Department notified. R, R
W
Submitting author notified. e
————Meeting Program Chairman notified. :i
Signed: 3
NS
0885 PAF N

-
9

O T T I S L S SN L
- ® st

..................................
.............




hain 2t 0 g o

b Airhl e Baiad

B

e Uy

A

st prpow v futan pai1rBiisaAul udaq 2ATY Weadis dlJj2uuwfsiXe Teuols
fe1 1 Ut uolIPZlJRUtweEY JO §S2004d PUB aduainguny Jo £edap 1uand
" Toany UMl 2G°h B UT 00g 01 D00y WoJd] Jagunu SPTOUA3Y Ul a2seaudap
cefarpnadeagand v saonpoud ‘uolisnquod Pazirigels Alrewsayy o3 fuiro
L4 nef wody auniedadwey ut aseaaoul idnuqe A1{e11UISSd Uy,

¥d ‘VYIHdT3QYTIHd

CUINYAIRSNNAD 40 CAINA CITIHDHAHD TMTS QRY (W3NY34S) SNIN0D “W°1
vevd Wy

SUNLY¥YIAW3L

SVTIMONT 431S ¥ 0L DNIMO 3dnl ¥ NI MOTd LINITNGUNL JO NOILVZIYVNIWYT

' STU31 1J0ddnE sUOYI1IRTIIIOD

Fiongaa atdidl 9yl JO siuswauanseay "uoyjoungy Aqy1suap K3111aeqousd

froop aeprwis-31ae Butunsse suoiienbd sax0q5-JalaeN paledare 110

<11 0§ AWBUDS 3J4NSOTD jutod-omy ' 31e(NWJI0J 07 POSN 3Jam PIJNSEI

e nongg A110019A ayl cAuqswowsue wivy-joy Buisn paipnas adam a3l
MOTTUEIP -OMY B UT 3DU3TNQJny U0 §1033J3 MOTJ bue 3duaBuaauwqns,,

IW “NOLHONOH **AINN TVIIDOTONHD3L

NTAFHL D ONV DMNENIAX3IH "H°'1 ‘(WINV34S) quvadnd "M'Q *3INIH 'r°3
¥ Wy

3YNSOTI INIO4-OML V :S13r H3ILYM NI 3DONITNgHNL

O

' P18 1183AUT
4o T3rd 1SS TP PpUB qUAJAY0D a2yl 01 satisadoud Ns ayq Jo diuysuoyietas

‘$ATEDS JO dBued 2pIA B SUTRIUOD MOTJ 3yl ‘(006G ¢ onooz Yitm
' 1eaop syt Jo UOYBaJ JUIITWUAUT Y] IZ1J3jdoeJEYd O3 PISn ade aakey

w1 e1vs ATAUTS aBJel € Uyl €jUBWAUNEEY Zm £11011J0A d6J3ASURL],

IW ‘ONISNYT "3
TVIT NYOTHOIW SMYT “H'D GNV MYH "2°d ‘I'T¥ "X°S ‘(Y¥3NV3dS) Ssod “J°r

oy LA J
Y14 ¥ 30 NOTO3Y INIFLLIWHIINI 3HL NI SITIYIJ0ud Q1314 ALIDILHOA

T audut 3J9M STAAAT punoe 3yl se paounouodd 3Jow 2JAM UOTIBRTOX2D

Y113 8yl g0 01 K§°0 Jo aBueu Jagumu TeynoulS ayl uy K1rsuajuy

SN UT ISEIJOUT PINJEm © PIMOYS SIINEaL Yl ‘Jakel Jeays 23J)

1 oTLIs (UaJaYod JO YiMoJd pue UOTINTOAd Byl JadBtuy suotiequniaad

11-yxa ue qeY) sem astwadud otseq aul paie@risarul A(reruamrusadxa
» Wrixtw 320 Butouanyjuy sdusjsuweded pue uo11e]110X3 JD116NODY,,

ETANYTAATTD CVSYN CHALN3D "S3Y SIMIT ‘SITIW CHOC ANY 3DIY Cr°3

WY

130 JTHLIWWASIXY NV 40 NOILVLIIOX3 WVIyl® '

2OCTATHN ALYLS GRVTIATTI “RVHYE "D GHV (4INV3dS) THSVHOMD ‘d

IDUAIALOD U JO UITIUO pue ADLEITITIURIS Teatwrukp a8yl ~UIWJI21AP 01 PASN Som
STUYC2T UOTSS3UCCNS =-amy £ DUP ‘UCTR3J [TTM SNODSTA ayl Ul 3d0udaldyod tetieds
TIUADT 03 P3SN SJar (S210UILJO0D ASTMURDS DUP UAJISUMOD) £U102dS JAQUNUAADM

TPUDTSURLITIP-OML  “LTuloud JoINdWOd fru0adsopnasd (_Q21) uoTINTOSad Yy e

£
(SN “07J TBULEYD u2inQdny y11Mm SIUdWTJIAdXd J2Induwod pawsojuad aaey ap,

(N 'WRVCSICd CUAIRN NTTEMYTD) L (YINVIIS) NITHONYTIOW 8L ANV VD ‘@134 L13d30w
ISYN_'EZLNAD CS3IH SEEY O KIN P GNY KTOW Cd f¥D MITA NIVINNOW ‘IT73DHID “M'dg
q oN Jaded Wy

1HOdSHYHL INITNAYNL KT SHYIYLIS TIYM 40 3704 3IHL

«' 1AWdoTaAdp JuaJund JO 23818 ayy yBIIYBIYy 03 se Arm e yons uy sajdurxa

sNOS TP rue soeyd Aq queaw ST 1BYM JO SUOTITUTJap 3st103ud Butatd (uetuolpiury

pue aaviedisstp yioq) swaishke {edyweukp uy soeyd Jo Auoayq 3yl JO sIuUaWAT3
1B11UaSSd aYy) '13A3T AJOJONPOJIUY UB 1B ‘M3ITA3J YTTM 3m N[BY STYY UT,

o VO 'YNIQVSYd 'HO3LIVYD ‘ (WIANVIAS) ONILIO "W P
e oN Jaded Wy

¢H3IHLI0 HOVI HLIIM OQ O1 JAVH IONIINGHNL ANV SOVHD OJILSINIWHILIA S300 LVHM

Kaxpoug Sy Uo1IONPOUIUT - WY

IDUITNQJUN]L - | UOISSSG

6G6h-n62 (G1SG) 6092-22n (n19)

LI0QS emoI ‘sauwy 012€y Otup ‘snqumio)
£31543A1UN 371835 BMOT Ky1sa3A1UN 33L1S OTUO 24Y
*1d3@ Buytuaauidug yedtway) *qadaq 3uysaauiBul teotway)
TUIH °) sawer JOSS3aJodd £anpoug S 148Q0Y JOSS3 Jjoud

SJ412Y)-0) UOIESIS
soyueyoaw pintd :ft dnoun £q padsosuods
SUOT6E3S 2

SIGSIO0Ud LHOMSNVHL INITInA¥NL
ONY MOT4 1IN3INGHNL

WNISOdHAS

VAINOT3 ‘HOV3E IWVIW
9861 ‘L-2 ¥IGWIAON
ONIL33W TVANNY 9861 3ud1¥

WYHD0Ud TYNIS




wvTey

-—’P .

T T

-
-

N A M ] e ' B e Ay
8 e ) [ R 1 XA

NN
e 8, 8,8, 8,

L £ 2P B

W-uotiejuasaad sIUl Uy padot

S oy vapt 1) kaepuncg pPY1os B pue PINTS A2 (NAJNY € UadMI2aq

e £2uaua Ayl Jo untidoed] TIRWS © BUtUTEIUOD SUOTIBTTTOSO
. 11 ueene evm 1t £U01EJ0QRT STUY WOJJ HJOM snotasuad ul,

11 ‘vuydyn ‘STIONITTI 30 “AINR

veip Pt GRY RYQHILERY QYT TTIINS INTTIENINON ‘NOGVINISSYA "3
Bl ‘W d

AMYM ¥ Ol ¥3IJSNVYL SSVH IN3INGYAL 40 WSINVHOINW

f i

Supae [ Adaa ST A7310171404 BUY BJBYM pue t11eus Kuaa pue aBuey Auaa
: R % 0'j1 SJDUM JNDDO BUIXIW-UTEJIS JO SUSTUBYDRR CsuoljeInwis
S I 4 Aq paiuoddns st Jaqunu (Ipuedd Kicai1qde Jo SpId1J JeROS
v 1% 10-31FJd 18001 Ayl uo AT1edT1irtuad puadep pinoys Buixiw UaNQJIN)

Sy (Qahi) uosqry Aq pasodoud sasayjodhy KtJeriwis K11S423A1UN,,

“optep ¥ '0D3I1A NYS CVINYOJITYD JO RLISHIATNA ‘{¥3WV3dS) NOSEID “H'D
‘H'd
SNOILYINWIS TVITYIHAN WOUd ONIXTIH INIINAYNL 30 SWSTNVHIAW

o ing

Buixiy — 2 Uolssag

6560-4562 (S51S)

11006 ®©MOI ‘sauwy
A11643A1UN 37e1S BMOT
-qdaq Butusauilul T JWRYD
ITIH °D Sawep J0SS3JOUd

6092-22h (ni9)

nicfy  otuQ ‘snquniod
f1rTanATUR 97BAS OTHO SUl
© 4L futdaaautBul teotwau)
cog] S 1J9QOY JOSEA JOJUd

cJa1ey)-0) SUC1Esas
sojueyosW pIntd 0T dnouan Kq padJosuods
SUO1SEaS 2

SISSID0Nd LYO4SNYHL INITINOUNL
any MoT4 IN3IngHnL

WNISOdWAS

VAIM013 ‘HOVIA IWYIW
9g61 ‘L-2 UIAGWIAON
ONILIIW TYNIINY 9861 IUIIY

HYYONH TYNTS

'y wn.,+n.-uu P
K ,‘.\- .-\_\.W-‘\-.‘Oo.‘_ .a-.-«- --h., & w. (g

'

w 613431 LauB painqtuisy 4 dn ass
wouty suaaiied 137douap SI1INJISUONDU B3JIFMTJOS Loa:anu a.vw;ommahhm_“MmW:nw hh
Aeaue uve £q paunseauw s1 €idt1doap £q paiIdagjye Aty Jo :odgzn.guw_u,>u<ncm,r.

3yl -Jauueds (3D ' Aq PamMATA ST YDTUM ‘uorqow Ayl nvNQMLu Jaguy vuAms;
Y Moty aseyd_om] 1ua(nguny Apni1s 01 Pasn st Burssadoud aFewt Amgww_a=

S ‘YIOWNT0D ‘¥HTTONY)
HINOS 40 *ATNM ‘(WINVA4S) NF “W'D QNY ‘ur °* ‘a'p ¢ TR
(— Hnos 10 V ur *Se3nod ‘8D v.u;,;._:Mme

ONISS300Hd JOYWT ¥ISVT X9 MOTS 3SVHI OML 30 AQNLS

o Syied 370172ed (RUDTSURWIP 3343 JO uOTIINUMadE

ve s7 anbyuyoal ay3 Jo JInsad Jofew ayl “UOTIBWIOJUT ONS Buiptanad

Jo atqeded €1 YOTYM P3IMAITA3J SY Audeafojoud autd 51dodso3ua1s ka papandad

gatotiJed aadeay juefonq A1resandu jo Burssanoad aSewt uodn paseq anbruuoay

¥ "SMOTJ QU3 [NQun] 1uapuadap-2wil JO 3Jn3jcu [TUOTSUAWIP 324Ul ayar puris
—Japun 07 KUPSSaddU SR SIUAIIINSTIW £110017A utod-111nU SNOAUBIINWI S,

XL "NOILYLS 301102 ‘°AIND WY SYVXTL ‘(HINYILS) NOSHILIYL ‘3
Ky

17 oN Jaded
SHNVL Q3LVIIOV NI G3TD1IMYd HIADIVHL 40 ONISSII0Ud 30YWI

' paiuasaad

oste aJe sotweukp (SNOIETA) PATIRDISETIP JO SITNEaL 3WOS ‘213 ¢ kdoudrua

roJo8ouwtoy ‘A3711QRISuUl TeITQUO ‘JOSU3] 3IDUETJLACD AU} JO kdodq0s1 ‘'adetuns

£110119y-ABJauad ayy uo A>g_o_vom;uv BuUIXiw ajedisuousp 01 sotweuhp (prostaut)

A 11€AJISUND AYY Uo St j[elr €Iyl jo qaed utew ayy - 3dedS Jatdnod Ul suoriEnbA
;aN015-J3T1ARN df 8yt JO SUQTIDIUNUT JIPJIO JIMOT JO 2o0anbhos © JUTWEXD My

. HO *§4Y NOSHALLYJ IHOTYM ‘'qeq sotweukqg u3TT4 °*(¥INVILS) 320 _°F
Wy

u oN Joded
9INFINEUAL SNOANIDOHOH NI XHOMIOST ONY CHIXIW

Wt 3Aawtaadxa utiunod atotTtied uons Jo Sataes e wnldy PAUTEIQO AJP SUOTINUN(
UOTIT [0J4J0D K1001aA ur1duraldny aul 01 suotjentxosdde Moy umoys ST 11 “MOTY

JPAYS UI INQUN] ¥ G pPAIUnSEow A0 urd I8J1g A JO WeAJISUROP AUMTNA PUOD
e Ul jJou pue ounioa aqoad Auo uy a1o11ard e Butputry Jo Krrivaraoad aul.

— 7% TAMEIL CCATHA ILYLS ¥HOTZINY C(HINVILS) NYwgdaR ToH

3 on J4adey WY
HaE R

MO HYSHS AN 0L SOTLCTLIVES 1YY WAy 310114Vd 30 NO11VDI




(] Y vy a 2 \l». A ¥ 1 o
(AR ( S S A e
o » X
DA R RN IAAALS
E,
4
E, W Adrdaaunod
: ST N JOTAFUDQ AATINITISUOD QUIJAJIIP ¥ Sey swd1sks Burioeasu

L ey Arya s1saulodAy ayy Butsn paute(dxd s1 syl cAuodyy
1 via £q paird19TqUR upyl $S91 ST JHOPN Bututejuod witg snosnbe

JiTa)y J0 2 ng uo11daosae oyl 1PY) moYUs Siudwtaadxa quaday,

DU T TUATHA ALYLS NYOTHOTW ‘(HANVIAS) INTINYD VU3 QNY X1)3d YD

: N | "W d
W13 aIndI17 LN INEHNL ¥ NI NOTLOVYAY ¥YINIITOWOTd
©UTLRY R AIINYARODOV NOTLJHOSEY SYD 40 SISATYNY ‘TVDILIEOIHL ¥

W\

‘, w3t
: » {11 1P1q0 $71NS2J YIT1M stsaytodiy ayq Fuisn pautelqo ‘saunsesw
Tt U0 pUB ‘uOTANTOAD UOTIOUNJ uolIt1a440D saJedwod Apnis aul
Tt D 3D UOTI03AU0D Ul TNquny Jo suotlejuasadgdad jpd jutod-omy 03
Wit pg prwixew e go A3r1iqeolrdde syl Jo Apnis Ted1ITH0 ¥,

AN YOVHLT *"AINN TTINHOD ‘NVHVMSI A GNV XN
Ok MAN A0 CAINN 3LVIS ‘IY3A0AQ "V ANV (¥2NY3I4S) N3T1He.0 "3°3
! ‘H'd
edTHYYL IATIOFANOD 30 NOTLVINIS3UAIY IHL NT ¥3IQYOSIA TVWIXVH

‘punog st eiep uoiiduosqe srd pue suoyeNOTRD

4L Twnaaa@e poon  ‘uolITpUod AJPpUNOg BOE JUNS §53J1E ITQUIJEA

N U IALWNS-JU() UR WOJJ P3IEBINOTRd ST P1aTJ MOTJ Sul -uoljenba

: v Juifdea awy] aYyj 01 SuUOTINYOS tedTudwnu Aq pauYwsalap ST
\ o o3 padeays e ssoaoe sed argnios A1IUdI(s e Jo gajsuedl,

! Wd
CUT U 1ONTIT-SVO Q3YYIHS VLY HIASNVHL SSYW 4O NOILYINWIS T¥OIHIWAN

i1 1 ‘3WYA JYION 30 “AINN ‘(Y3¥v34S) XAVIYIOW "r°W OGNV XOve “a°a

w Sutxw

i irqgoduwt ue Ketd udTym £3JN1O0NJIE TPUOTSUBWIP-33JY) ADN1S 01

. ¢ jaad uPaq aey SUCTIIENWIS UApUadap 2W1Y * [PUOFSUBW IP-33JY)

: Coorutg redtJswny 192410 AQ patpnis ade Jafet Buyxiw qud (nguni
Sp pINty aYyl.uo 3SEATaJ 1PaY [EDTWAYD JO $109JJd aUl,

VM CLN3AN ‘CaNT MO ‘3IVOLIAW Y'Y ONY VM ‘3IT1IV3IS
T URATTIM LT UMM UMD MO (HINVICS) AMLIHNKOW W' d

i t ‘Wd
U 1HTINEAL CONTLIVIN-ATIVOIHAHD NI 3SV3T3M LVaH 40 S$103443

W aTepe
UDTI0B3J-BUIXTY BUTIEAY UT [NJHSN aq [[TH 401000 4olen € Jng polandod
£1Ep qUATSUCIY MAY  “UOTINBTAP padeys .»wiy pu? *saailty 1Ry *sotado uanryg
‘sweag WP ordritnw chordwa poyiny aygl  euotNreg jini1sakp oze [arrasd
-SATJAS §,AUINCG 10 £TATIDI[2G DUP UNTSARLUND A INST AW 07 paloTRANp Uy

STy TMO[J WITNQJUNY 01 21gr211dde poyyay Sraincunsoninginade ‘nqtc.ut Uy,

HO ‘auvrird1)
CCATHA FAYASIY NABISIM BTYD CSENYMIT CATM GNY MOV TP NITV3AT) NI DR
1T oN Jadeyg WA
ol DUTINAEEAL SATINY3Y NI ALTATANTIRG
FEACYAN LGILIC 80D *ALIS-NT SO THLIHOLOHdOHLOE 5

ONTAQNLS ¥O4 INDINHISL 1!

o’ SU0170TAd xatdeen

J0g INJEsa0ons ade 2 ATuo 1nq  ‘Su0tIdvad a1SUTS J0 T1AM MJOM STAROW Aun -1

1T¥  "Suot11doead xatdwod Joj STAPOW AJUNSOTD L 31PNTEA3 O Pasn St Siuautaadxa

aS3YY WoJy BYeP TRiuaWtdadxl  "Jo10FtAd JuangJun) moly 8nid pajedaadas Arudwny

P UT P31ONPUOD 'MADQ AAPY PINT DITTUTJINT PAZIINZPIP UM [oudruce o 2uridnn
-oze ay1 fuisn s3uswMTuAdXa UCIIOPAY TROTWAD pue Fuixlw quatnaung,

UNYIoHI CHOANOT CADATTI0D TYINIA
_'YINAN CATH GRY Yd CWYYd CATHA CCATHN JLVES NN3d fOHANYAAS) TTaaRYL
a oN Jaded W d
SHOTLIOVIY FATIADITHOD-1ITIVYYA HOA ST3ACH 2HNTOND 39 NOTLvn Ve

W' SAUAWIN TN Y
1PauRiitdadxd AQETTICAR 01 Pat11dde pue paaTIAp Aur suntiirnba ueA3 Ay ‘ru D
1z1udwtdadxo awes auy Surieufaqut Ag (414 =41 JO pA(EcUN INOYTIN) P INOYTD
2q ued uot11eRauBes §7 K11SURQUL AU]  TSUNTINT v ATQTSJIAAAIIT ‘prdea Kaan
JO SUOT1BJUDDUOD FUPIOEIJ ULHW UO FATp 1P1LdBLIAIYA 201Mq Rurietiuasagyep

£q paIndwod 2q uro woloung A91nunp £31119-qoad arprds Ay,

<m|hzuz:mmkk~m CCATHN HOTTAW-ITIOENUYD "8~ L S| ahy (W3dy3ads) xon AN
p oN Jaded ‘Wd
SINFAFHENSYIN ONIXTIW IATIOVIY wWOHd (H3L tyd DHIXIROHDITH INIINgHAL

£ S3103dS [POTEALD 7Y 9 nor1ingQtualsip friieds Aa
U T3UASaIdaY Ut KJ010PJS13PS H11nb Sy [8pcw Ay | % a0 A01 T 3d Auoun uo18ay

aUY Ut T4 1S-P8ns S1Insad ayl  *swalshs ~aTicvog ut 3assatoud 1andcucad
1;°NS 01 1UeARTAd €dnoud STHTUNTISUIWIP OMY YT U7 Tl 1Y yocoudde ue yons g0
Anmundo® a1y BUTITNIGAA PAWTE &% BJdom qUasaad 2up CTFuIxiuw JuaTnNQuty SUTATCAUT
JOAEAS (POEAUD B o aouewsoaad 2ul 147 B 61 @1Fof0uantw K301 Ay

U T SRR udp pIn(g out oy pewngaad A{iuarbaag siomoty arays avdute,

K

CHILTTHONY 'HILSIHO0Y A0 ALISHIATHA RO L7 L NNV RIHD CHOS T(p2NY34AS) 31 DR
o7 on Jsduy 1 d

A5G KLTD0TIA A8 it

CATTAAY O FOTL H¥INS NI NT NCLIDYEN T80T SUY NOTONAATA HITA DI




. by 53 A
” i) (PN A
" RPN e .ﬂh...f

kS 5/
2%

§ o #7e Tis F

phn BMia Py ¥

Rl S .
LA, SO, RPN

MESITRAD
ebatal
4

‘a

>

.
b .
-

24

>




