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NOMENCLATURE

Symbols defined here are the ones used through out the text.

x,y, and 6. .  Cylindrical coordinates;

U oo v o o s Mean velocity component in x direction;

Umax o s e Maximum velocity component in x direction;

U ...... Average velocity (flow rate/cross-sectional curve);
u,vt,w'., . . Fluctuating velocity components in the x, y, and 6

directions, respectively;

D Inside diameter of test pipe;
R Inside radius of test pipe;

7 Dynamic viscosity

v '. e s e e e Kinematic viscosity;

o Mass density;

Re. .. ... Reynold's number (ﬁ\z}R) ;
X ov o oa .  Universal constant (usually taken as 0. 4);
Q ... ... Flow rate;

Tw® * c Wall shear stress; .
ut. . Frictional velocity ﬁ);
t ...... Time.

vii



CHAPTER 1
STATEMENT OF THE PROBLEM

The concept of a thin layer of fluid in which viscous shear
stresses are very much greater than turbulent shear stresses and
which is adjacent to the bounding wall of a pipe containing fully devel-
oped turbulent flow was first experimentally investigated by Stanton,
Marshall and Bryan in 1920 (1). The results of the investigation did
not prove such a sublayer existed because of the difficulties the
investigators experienced in the measurement of velocities close to the
bounding wall. However, the experimental results did seem to indi-
cate a region of fluid adjacent to the pipe wall in which the mean
velocity varied linearly with distance from the wall (this showed a pre-
dominance of viscous shear stress).

In 1930, Nikuradse (2) published the results of his classic
work on the mean velocity distribution of water in turbulent pipe flow.
These results differed from those of Stanton, Marshall, and Bryan
1n that the velocity distribution did not vary linearly with distance from
the pipe wadll in a fluid layer 'close to the wall. In fact, Nikuradse's
results seemed to predict a finite velocity existing at the pipe wall
(slip occurring between the water in contéct with the wall and the wall
itself). Figure 1 illustrates Nikuradse's 1930 results. Nikuradse
used two dimensionless variables -1-17 and %* (where u* = :)—W )

u
to report his results.
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Figure 1

Nikuradse's 1930 Experimental Results (Taken from "Widerstandsgetz und Geschwindigkeit~
verteilung von Turbulenten Wasserstramungen in glatten and rauhen Rohren. " Proc. 3rd
ICAM, Vol. 1, p. 239, Stockholm, 1930.)



In general, these results show a logarithmic relationship between two
variables throughout the entire pipe cross-section.

In 1932, Nikuradse (3) published the same experimental results
a second time. The 1932 results, however, differed significantly
from his 1930 results in the plotted values for velocities near the
pipe wall, The 1932 results agreed with the viscous sublayer hypo-~
thesis and furthermore gave no indication of a finite velocity at the
wall., Figure 2 shows the difference between the two reported
results.

Miller (4) carefully analyzed Nikuradse's 1932 report and
found a discrepancy between the tabulated values of the mean velocity
and the points pletted on the dimensionless velocity profile, Miller
could not find a valid reason for the difference between the plotted
and tabulated values of mean velocity and instigated an investigation
of the discrepancy. The outcome of Miller's investigation showed
that Nikuradse had apparently shifted some experimental points to
force his experimental values to agree with the viscous sublayer
hypothesis.

Nikuradse, however, did not state that his work proved the
existence of a viscous sublayer. But subsequent writers on fluid
mechanics use Nikuradse's changed results as proof of the existence
of such a sublayer.

Since Nikuradse's work in 1930 did not attempt to explore
thoroughly the region adjacent to the pipe wall, Reichard (5) under-
took an investigation of the mean velocity in this region. He used

the technique of hot-wire anemometry along with fine pitot tubes to
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An illustration of the shift of experimental results from Nikuradse's 1930 report to the 1932 report
(Taken from "Laminar Film Hypothesis' by Miller, Trans. ASME, Vol. 71, May 1949, p. 364.)




measure the mean velocity distribution of air in a rectangular channel,
His results indicate a deviation from the logarithmic relationship
near the wall, They also seemed to agree with the laminar hypothesis.

Reichardt, however, experienced difficulties In measuring
low velocities near the bounding wall, because the low velocities
were easily disturbed by external causes. For instance, small tem-
perature differences between the air stream and the wall caused
observable changes in the velocity distribution. Therefore, his velo-
city profile was almost always slightly unsymmetrical and u* was
different on the upper and lower walls of the channel. Reichardt's
measurement of pressure drop along the channel gave results for u®
which did not agree with those of other investigators. He, therefore,
corrected his % values to agree with Nikuradse's.

Laufer (6), in 1954, reported results of a very carefully con-
ducted experimental investigation of the structure of shear flow in
straight circular pipes, including measurements of the mean velocity
distribution across the pipe cross-section. He used a 10 inch I. D.
smooth-walled brass pipe in which pitot tubes and hot-wire probes
were used to measure the turbulent properties of air flow at maxi-
mum speeds of 10 ft/sec. and 100 ft/sec. In his mean velocity mea=-
surements near the wall (the closest . 001 inches away), a correction
had to be made because of the large velocity fluctuations for both the
pitot tube and the hot-wire probes. He does not mention any wall
interference for either the hot-wire or the pitot tube measurements,

although he states that the hot-wire results were unreasonably low in

the vicinity of the wall.



The results of this investigation indicated a region adjacent
to the wall following the laminar sublayer hypothesis. However,
Laufer found that the velocity fluctuations u', v' and w' from the
mean velocity were present even within the viscous sublayer. This
indicated that the flow in the wall region is not a truly laminar fiow.
The mean velocity results, outside the sublayer, followed the log-

3*
arithmic relationship between Y and L , as reported by

o v
Nikuradse, but with slightly different constants. The logarithmic
relationshi}; did not carry through the entire pipe cross-section as
ﬁdid Nikuradse's, but deviated from the logarithmic near the center of
the pipe.

Laufer's results did indicate very good agreement beftween the
mean velocity gradient calculated from pressure drop measurements
and the velocity gradient found directly from the measured velocities.,
Although the pressure drop — velocity gradient measurements were
in agreement, other investigators, namely Schubauer in 1934 (7),
Dryden in 1936 (8), and Abbrect and Churchill (9), experienced very
definite wall measuring effects when using a hot-wire probe close to
a solid boundary. Since Laufer's measurements were within . 001
inches of the boundary, a wall effect on the hot-wire probe should
have been noticed which could account for his "unreasonably low
values' near the pipe wall.

There are other works in which the question of the mean velo-
city distribution in turbulent pipe flow was investigated, however,
none of them are nearly as detailed or complete as Laufer's, All
investigators who have had their results published (within the author's

knowledge) have used air as the fluid medium, with the exception of



Nikuradse. Pitot tubes and hot-wire probes were used as the velocity
measuring devices. Most of these investigators, Nunner (10), Deissler
(11), Rothfus, Monrad and Senecal (12), and Abbrect and Churchill (9),
were mainly concerned with the logarithmic region outside the sublayer.
However, if the investigation was carried on neér the wall, elaborate
corrections for pitot tube measurements were devised or no corrections
were used and the question of wall effects was carefully avoided.

Coles (13) sums up the question of the laminar or viscous sub-
layer as follows: '"Within the sublayer, large fluctuations in velocity
and cramped quarters for experimentation usually combine to make
measurements of mean velocity somewhat uncertain, The available
data, therefore, should not be said to establish conclusively the
uniqueness of the 'Law of the Wall' in the sublayer."

The main purposes of this investigation are: 1) to resolve the
contradiction in Nikuradse's work, especially concerning the region
adjacent to the wall by using water as the fluid medium; 2) .to attempt
to establish the validity of the "'Law of the Wall" in the sublayer region
for the turbulent flow of water in circular pipes; 3) to investigate the
"Law of the Wall" relationship outside the viscous sublayer including

the core region of turbulent pipe flow.



CHAPTER II

ANALYTIC BACKGROUND ON THE MEAN VELOCITY
DISTRIBUTION IN FULLY DEVELOPED TURBULENT
PIPE FLOW

2;1. Introduction

The most recent hypothesis concerning the mean velocity dis-
tribution in turbulent smooth pipe flow can be found summarized in
reports by Clauser (14), Hinze (15), and Coles '(13). The hypothesis
is based upon the experimental evidence reported by investigators
into the boundary layer along a smooth flat plate (see Clauser pp. 6-7
(14)) and the mean-velocity distribution in turbulent pipe flow. (See
Chapter I). This hypothesis assumes that for an adequate description of
mean velocity distribution ‘in both turbulent pipe flow and turbulent
boundary layers along flat plates, two distinct regions mu.st be iden-
tified, These are: An inner or wall region and an outer or core
region. Each region is characterized by essentially different flow

phenomena.

2.2, Inner Region

The mean velocity distribution in the inner region is assumed

to depend on four variables, that is Eq. 2~2.1

u ‘=1:f(y, e, M, 'rw) (2-2.1)



Two independent dimensionless groups can be formed from

these variables and expressed as
-)> '
u_ -
i (L) . (g 2.2)

This relationship is known as the '"Law of the Wall". However,
within the inner region itself another division can be made. For the
case of a smooth wall boundary, in a thin layer adjacent to the wall
the flow is thought to be dominated by viscous stresses (this region
was called the viscous sublayer in Chapter I). If the no slip assump-
tion is made, the variable -ﬁ-;; approaches X\I)—lt as y approaches
zero and the ''Law of the Wall" can be reduced to the following form
u oyt (2-2. 3)
KC v
That is, considering fully developed turbulent pipe flow, the total

shear stress at any point is given by

In the viscous sublayer, however, the turbulent shear siress p u'v'

is assumed. negligible compared with the viscous stress u g—';' and

- du
T =M —5-—'.

<

At the wall itself,

w “_a °

<
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Assuming the shear stress 7 is constant in the thin viscous sub-

layer and equal to T

IE = .?E Wheme L A%
m 5 H } pv,
and
Iﬂ =% Q
2 9y
finally
3#* 2 ou
oy °
' . #2 ou
Integrating u = =V By
#2

u y=vu-tec (but at y = 0, u = 0 (no slip), therefore c = 0)

and the following equation

u u
LD AN results.

This is exactly the same as Eq. 2-2.3 presented earlier. As pointed out
in Chapter I, most of the experimental evidence reported seems to
support this form of the "Law of the Wall" in the viscous sublayer the

. elthough Nikuradee's 1930 experimental results are a notable exception.

Outside the sublayer, in the other part of the inner region, fully
developed turbulent flow is assumed to exi’st",, The magnitude of the
turbulent shear stresses are dominant,but the viscous stresses cannot
be assumed negligible. This part of the inner region is still very
near the bounding wall. For example, Hinze pp. 516 (15) on the basis of

a summary of experimental evidence, approximates the distance of this
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#
region from the wall by 17 - 30. Using Blasius' formula for fric-

v

tional rééistance of smooth pipes (an empirical relatibnship experi-
mentally shown valid up to Re = 100, 000), and for turbulent flow in a
pipe with Re = 5000,the distance to fully developed turbulent flow can be

found. That is, with Blasius' formula

ut = (0.3929) 7 g

} Re
Since

S )

¥ =30

Vv
and
_uD

Re = v 5000

Then

Because this inner region is relatively close to the wall, the flow
is still thought to be influenced by wall shear and the fluid viscosity.
Prandl (16),based upon his mixing length theory and the experimental
evidence of Nikuradse, predicted that the ""Law of the Wall" in this
inner region would have the form

i*
u u
G eAlgd—+B, (2-2.4)
u .

where A and B are constants.
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This logarithmic region along with the viscous sublayer is
also characterized by its relative independence from disturbances
from the outer or core region whether the flow in the core region
occurs in a boundary layer or in a pipe or channel. Clauser, p. 17 (14)
has shown that disturbances in the inner region disappear much faster
than the same type of disturbances in the outer region. Also, Clauser,
p. 7 (14), Coles, p. 192 (12), Hinz»e, p. 479 (15), and others report
excellent agreement of boundary layer experimental results with pipe
and channel results for the mean velocify distribution in the inner region.
Between the logarithmic region and the viscous sublayer a
transition zone is assuméd to exist. That is a zone where the viscous
stresses and the turbulent stresses have approximately the same

magnitude. The '"Law of the Wall"

is still assumed valid, although the exact form of the function has not
been agreed upon. Hinze pp. 471-473 (15), summarizes the various

proposed functional forms for the "Law of the Wall" in this region.

2.3. Outer Region

In 1932, Von Karman presented an empirical relationship,,
named the '"Velocity-Defect Law', for the mean velocity distribution in

turbulent pipe flow based on experimental evidence by Fritsch (16),

u
max

2 —-rd). | (2-3.1)
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Although Von Karman first presented Eq. 2-3.1 in this general
form, Stanton, Marshall and Bryan (1) in 1920 and Darcy also sug-
gested using specialized forms of the velocity defect law to predict
mean velocity distributions in turbulent_ pipe flow.

Clauser, p. 5 (14), showedlthat using the vechity defect
relationship, a universal plot of turbulent boundary layer profilés
could be obtained that was valid for all but the regions near the wall.
Clauser also postulated a relationship for the entire velocity profile
in the form

v =(F (.&*) +G, (L), (2-3.2)

o 1YV 1'r

# ‘
where F1 (Xll—)—) represents the logarithmic pof"cion of the mean velo-
city distribution Eq. 2-2.4, and G, ({11) the deviation of the mean’
velocity profile from the logarithmic line. -

Millikan (18) in 1938, proved that there must be"av‘_lloga'r_ithmic
region for the mean velocity distribution, provided that J’chev”L:-.aw of the
Wall" and the ""Velocity-Defect Law' are both valid in the same region.

If this equation

*
= =155 (2-3. 3)

u
is valid in a region where

u.max-? =F(-Z) (2-3. 4)
.u* - | .
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is also valid, then differentiating Eq. 2-3.3

ou 1 u u
3y ¥ =5 f' (L)
u
and (2-3.5)
ou u* *
Y u v v

oul _ 1.,y
_a_y? —?F (r)
and : (2-3.6)
ou - ' '
-33% LF' ()

3* *
' _u . _ ou
- L p (X)__VYf (-&\)_)_-53;%

(where x is a constant). Integrating over the region in question,
U 1 A
= e -+ o -3.
f( ¥ ) log 5 c (2-3.7)

Now Eq. 2-3.5 can be compared to Eq. 2-2.4 and is exactly
the same, if constants A and B are changed to ;i— and C respectively.
Coles (13),in 1956, extended the "Velocity-Defect Law'' by pro-

posing another universal function w (%), which he named the '"Law of



the Wake''. Specifically, Coles proposed

*

‘-:3; =1 () +2 w(d), (2-3.8)
where T is a constant for fully developed turbulent pipe flow.

Actually the "Law of the Wake'" gives the deviation of the mean
velocity profile from the logarithmic portion throughout the core.
region.

Coles verified the existence of the ''Law of the Wake' by com-
paring numerous experimental data, both in boundary layer flow and.

in pipe flow.



CHAPTER III

EXPERIMENTAL EQUIPMENT AND ARRANGEMENT

3.1, Water Tunnel

A schematic diagram of the water tunnel is shown in Figure 3.
Distilled water was pumped into storage tank A (a cylindrical fiber-
glass tank, 1.23 m high by 1 m diameter). The storage tank was
connected to a plexiglas mixing tank B by a small p.v.c. pipe and
ball valve. The mixing tank containing a stainless-steel cooling coil
of a 250 W heat exchanger was placed directly above the suction side
of a glass-walled centrifugal pump C which was driven by a variable
speed belt drive powered by a 3 H. P. electric motor. The pump
could supply a maximum flow rate of 200 gpm to the system. An
outlet p.v.c. pipe was connected to the pressure side of the pump
and terminated in a large steel tank D. The inside of the steel tank
was fibergléssed to prevent corrosion. Between the filter tank D
and the pump, a system of valves along the connecting pipe allowed
the flow rate to be adjusted without changing the speed of the pump.
A 127 mm dia., 23.6 m long plexiglas pipe made up of eleven match-
ing sections was connected to the steel tank D by a cylindrical flange
and large diameter plexiglas pipe (12 in. diameter and approximately
36 in. long). Next to the flange of the steel tank, a fiberglass wool
type filter was placed which effectively filtered large particles from
the distilled water entering the 23.6 m long test pipe.

16
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In the entrance region of the large diameter pipe a disturbance plate
could be placed to develop fully turbulent flow rapidly. Also connected
to the steel tank D was a constant pressure head arrangement (dia-~
grammed in Figure 3). By keeping a small overflow into tank E, the
pressure at tank D was kept constant. Thus the flow through test
pipe H was maintained at an extremely constant value (within the
accuracy of the flow rate measuring devices). The 23.6 m plexiglas
pipe H was carefully straightened and leveled by a transit and level.
The inside diameter of the test pipe was checked and found to vary
less than .5 mm over its length. The ratio of the length of the test
pipe H to the inside diameter of the test pipe was 186.

The test pipe H was inserted into a 12 in. diameter 1 m long
cylindrical test section G. The outlet of the test pipe was sharp-
edged and ended approximately .3 m inside the test section G. The
return mechanism consisted of a 76 mm diameter plexiglas pipe which
branched into sections I and J as shown in Figure 3. The branches
I and J rejoined before returning to tank B. Flow meters were
placed downstream from the two flow meters and was used in conjunc-
tion with two gate valves to calibrate the flow-meters,

The temperature of the water was monitored by two thermo-
meters, one located at the large diameter entrance pipe D and the
other at test section G. The cooling unit was not sufficient to keep
the water at a constant temperature, but did limit the temperature
rise to approximately 1° C/hr.

When the system’was first filled, trapped air had to be released

by two relief pipes located at the filter tank D and the mixing tank B.
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The water had to be circulated through the system for approximately

one hour before all entrained air could be released.

3.2. Hot-Film Anemometer

A hotéfilm anemometer and probe was the basic velocity mea~
suring device used during the investigation. Thev operation, development
and design of the anemometér and lhot-film probe is described in detail
by Ling {(19). The probe is shown in Figure 4. The probe and its holder
is illustrated in Figure 5. The relatively large size of the hot-film
probe compared to the small dimensions of the viascous sublayer pre-
sented difficulties which will be discussed in the next chapter. An
efficiently operating hot-film probe with dimensions comparable to

standard hot-wire probes-‘is not presently available.

3.3. Flow Meters

The volume rate of flow was measured by two Rafmapo Flow-
meters, one with a 76 mm diameter and the other with a 25 mm dia-
meter. These meters work on the principle of drag force oﬁ a (Specially
contoured) body of revolution suspended in the flow stream. This
force is transmitted by a rod lever and a torque tube to a four active
arm strain gage bridge. The drag force measured by the unit in
electrical terms was approximately proportional to tl:1e flow rate
squared. The flow-meters are positioned in the system as shown in

Figure 3.
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3.4. Recorder

A multipoint potentiometric recorder which prints a number of
variables sequentially by scanning each one individually Wés used as |
the recording device. Each variable is identified at its position by a
number and a dot. There were a total of six individual printing points.
Three printing points were used for the recording of the volume flow
rate, and three points were used for the point velocity measurement.

The voltage from the flow-meter system was fed directly into
the recorder but the voltage from the hot-film anemometer was first
fed into a high impedence vacuum tube voltmeter. The voltmeter had
a very high input impedance compared to the recorder and negligible
drift. A voltage divider had to be used on the output ampiifiér to
match the voltage range of the recorder. The voltmeter also permitted
adjustment of the sensitivity and was especially useful in measuring
small voltage differences. Figure 6 shows a block diagram of the

measuring and recording devices.

3.5. Traverse Device

The positioning of the hot-film probe was accomplished by a
hand operated traverse mechanism. The probe was moved along a
vertical diameter at a predetermined longitudinal distance from the
outlet of the test pipe as shown in Figure 7. The vertical reference
distance from the hot-film probe tip to the inside test pipe wall was
first set by using a 30 power stereoscopic microscope. A thin piece
of paper provided a comparison for the absolute reference distance

from the probe tip to the wall. The probe tip's distance, from the
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inner pipe wall, first set approximately at .1l mm, compared to the
thin paper sheet 0,1 mm thick, gave an estimated reference accuracy
of 10,05 mm.

For vertical distances of more than 7.6 mm from the inner
wall, a vernier and scale on the traverse device was used. The scale
and vernier allowed probe tip distance settings at . t0.254'mm. .
For probe tip distance settings closer to the wall than 7.6 mm, a
micrometer which was securely mounted on the top of the traverse
device was used. This micrometer had an accuracy of t0.01 mm.

The horizontal distance of the probe tip to the vertical plane
of the test pipe outlet was determined by a traveling telescope and a

cross~-hair which gave an accuracy of distance measurement of ¥, 03 mm.



CHAPTER IV
CALIBRATION AND EXPERIMENTAL PROCEDURES

4,1, Flow Meters

The calibration of the flow meters consisted of a measurement
of the weight of water collected during a measured time interval
related to the electricai output of the meter system. The water was
diverted from the return mechanism by the p.v.c. two-way ball valve
into a large stainless: steel tank which was placed on a balance arm
platform scale. The scale had an initial weight setting so that when
the scale was balanced by the collected water a steady condition of
flow.rate from the system had been obtained. The time interval neces-
sary to collect a specified weight of water was measured by a stop
watch. The temperature of the collected water was measured and the
volumetric rate of flow was calculated and plotted against the recorded
electrical output of the flow metering system. Figure 8 shows a typical
calibration curve.

Both the three inch flow meter and the one inch flow meter
were calibrated as either the return pipes I oi‘ J could be shut off
independently by the gate valves directly behind the flow meters.

(See Figure 3.) The aécuracy of the calibration techngiue was esti-

mated to be within ¥ 1. 5%
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4,2, Calibration of the Hot-Film Anemometer and Probe for Low

Velocities

For flow velocities less than 100 mm/sec., a tow tank device
was used to calibrate the hot-film system. Figure 9 shows the tow
tank, the hot-film probe, and the holder., The probe was moved
through the water by a force transmitted along a string., The string
was attached to a piston which descended in a vertical 1 m long brass
cylindrical pipe filled with water, The pistons had a concentric hole
bored throughout their length o that various sized orifice plates
could be fitted over the hole permitting variation in the velocity at
which the probe was towed. The pfobe was timed through a 30 cm
distance located near the center of the tow tank length. Except for
minor deviations due to friction in the towing device, a constant velo-
city of the probe over this length was observed, Because of friction,
however, the lowest probe velocity measured with consistent results
was 2 mm/svec. The length of the tank limited the maximum velocity
observed to 100 mm/sec. The output of the anemometer during the
calibration test was converted directly to recorder reading. Figure 10
shows the relationship between the probe velocity and the recorder
reading. Also in Figure 11 the corresponsing relationship between
actual voltage of the anemometer and the recorder reading is shown.

As mentioned in Section 3.1, the temperature of the distilled
water used in the water tunnel steadily increased during the tests.
Since the hot-film anemometer was temperature sensitive, the cali-
bration tests were run at various temperatures so that the water

temperature during the actual tests would be within the temperature
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range of the calibration results. Figure 12 shows the calibration

curve for various temperatures when the tow tank was used.

4,3, Calibration of the Hot~-Film Anemometer and Probe for High

Velocities

For calibration of the probe for velocities over 100 mm “sec.
to 450 mm/sec., the probe was placed in the test section of the water
tunnel. The probe was positioned such that it was parallel to the longi-
tudinal axis of the pipe and the hot-fiim tipb of the probe was exactly
in the center of the test pipe outlet. The probe in this position
theoretically measured the maximum mean velocity of flow,
%J_n; = (%)"1I (where the exponent n is

dependent on the Reynolds Number), Define U as volume rate of flow

From the power law,

per cross~sectional area. Then

R
AT=Q =] 2nU_(§) (B - ydy
O -

Hh—‘

Integrating the equation for Q,

1 1

=1 =2
5. U R" 2m U _R" anm
TR = I - 2
. i
1, oy 1, n
E+1)R &+2) R
and
1 1 _ T
T 1 2
£+1) -1 Um
then
U 2n2

[ SRy TS ) R (4-3.1)
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Since n depends on Reynolds Number, it must be determined from -
experimental data. Schlichting supplies such data on p. 505 (20),
where n =6.6 for R = 23,000 and n=7.0 for R-= 1105000,

Therefore, when

- U .
n==6,6 T ° . 808
m
n=17.0 o = 817
m
For calibration purposes, a constant value of g—= 800 was
m

used to relate the volume rate of flow Q as measured from the flow

meters to U__ , that is,
m

>0

T=%=.80U | (4-3. 2)

max "’

This introduced a maximum error of 2% in calibration (but it was only
necessary to use this for determining velocities of 100 mm/sec. or
over). Figure 13 shows a typical calibration curve obtainé,d for high

velocity flow.

4,4, Experimental Procedure

Before the actual mean velocity tests were run, a check on
the symmetry of the velocity profile was carried out. In the region
of laminar flows the profile was not symmetrical, although the turbu-
lent velocity profile did indicate a syrhmetrical distribution. Transi-
tion from laminar flow accured about Re=2200 with continuous

turbulence being observed for Re greater than 3000. All previous
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experimental evidence indicates that for Reynold Numbers 5000 and
over, a fully developed turbulent velocity profile exists after an

inlet length of under 100 diameters, It was assumed that fully developed
turbulent flow existed at the outlet of the test pipe which was 186 dia-
meters from the inlet in the present study.

The hot-film probe was positioned at the center of the pipe
outlet as indicated in Section 4.3 at the start of each test. By com-
paring the velocity determined by the flow rate measuring devices
with the velocity found with the calibration curve (see Section 4. 3)

a check was made on the relative accuracy of the measurement, An
even better check was determined if the velocity measured was less
than 100 mm/sec, that is, the velocity found from using the flow
rate reading could be compared to the velocity determined from the
tow tank calibrations.

The voltage output of the hot-film system was recorded for a

\time interval for each position of the probe. The duration of the
recording at a certain position was a function of the time necessary to
develop stationary output. This time varied between ane and five minutes
except when drift occured. The probe tip was located in cross-
sectional planes parallel to the test pipe outlet cross-section. The
probe tip was moved along a vertical diameter in these planes from a
position in the center of the pipe to positions behind the test pipe wall.

Figure 7 illustrates the positioning of the probe and probe tip.



CHAPTER V
RESULTS AND CONCLUSIONS

The experimental work was carried out in three main series
of tests. In each series dimensionless velocity profiles were obtained
for tests corresponding to Reynclds numbers of approximately
5,000, 10,000, 28,000 and 50,000,

The first series of tests were conducted with the probe tip
located outside the pipe outlet cross-section. The distance of the tip
to the pipe outlet cross-section varied from 0.1 mm to 0.6 mm.,

In the second series of testsv, the probe tip was inserted 3 mm
into the test pipe, that is, the probe was located in a cross-section
3 mm ingide the pipe outlet cross-section.

A type of canopy was used in the third series of tesfs attempt-
ing to eliminate wall interference and jet diffusion effects and yet
provide the same type of conditions existing for tests with the probe
inserted into the pipe.

The three series of tests will be individually discussed in

detail in the following sections.

5.1. Tests with the Probe Located Outside the Pipe Outlet
Cross-Section

Dimensionless velocities profiles corresponding to four Rey-
nolds numbers are shown in Figure 14 and Figufe 15, The probe tip

was located at distances‘ outside the pipe outlet of 0.1 mm for test 14

37
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and 0.3 mm for test 15. In each figure, the straight line corresponds
to Nikuradse's experimental results (-z—*- = 5.75 log 4 + 5.5) and the
curved line represents a linear variation of velocity With distance.

As can be noted in Figure 14 the results for the three lower
Reynold's numbers 5900, 10,000, and 27, 000 indicate slightly lower
values in the logarithmic region when compared to Nikuradse's results
but the tests at Re = 26,000 and Re = 48, 000 definitely deviate from
the straight line relationship in the core region as predicted by the
"Law of the Wake''., Ail the test results show a marked trend toward
the linear variation of velocity with distance near the wall., However,
the tests also indicate a slight dependence on Reynolds number as the
probe approaches the wall., Increasing the Reynold's number caused
a greater deviation from the linear variation of velocity with distance,
that is, a higher than predicted value of velocity for small distances
from the wall. The large differences between the logarithmic relation-
s-hié l*e = 5.75 log 5+ 5.5 and the test results at Re = 48, 000 around

# u ‘
JL =22 persisted when checked. Although, the deviation does not

v
appear in later tests at that same Reynold's number.

The results for test 15 again indicate values lower than
Nikuradse's in the logarithmic region except that the large differences
noted for the previous high Reynold's number test Re = 48, 000 have
disappeared for the test Re = 51, 500, Results in the core area follow
the l"Law- of the Wake'' for both high Reynold's number tests Re = 51,500
and Re = 25,400. Near the wall, however, there were large devia-

tions from the linear velocity profile more pronounced than in the

0.1 mm test. Dependence on Reynold's number can be noted for all
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but the core area. Since the '"Law of the Wall" excludes dependence
directly on Reynold's number, these tests seem to contradict this
basic hypothesis.,

Noting a change in velocity results with a change in the probe
tip's horizontal distance from the outlet cross-section, | another series
of tests were run at probe tip distances of 0.2 mm, 0.4 mm and
0.6 mm, Fiéures 16, 17, 18, 19 and 20 give the results of these

tests in terms of velocity and distance (contrasting with the usual
U
u*
at the inner surface of the wall (y =0, where the center of the probe

u*y :
vs. —\-)X plots). All of the test results indicate a finite velocity

tip is directly in line with the inner surface of the test pipe). Further-
more, the results indicate a finite velocity at positions of the probe

tip completely shielded from direct flow. This velocity indication
however, seemed to reach a constant value at y=-.35 to y= -0.40 mm
(negative values indicating positions of the probe tip beyond y=0). It
could be assumed that the velocity measured at the positioué of the
probe tip y=0 was too high by an amount equal to the "background
velocity'" (the constant velocity measured by the probe beyohd. y==-0.35 mm).
It was also assumed that the influence of the "background velocity'
extended away from wall inner surface the same distance that it took

to reach equilibrium beétiind the ‘wall. The velogity for. po?s.iiiion‘é"a L

¥ = 0 to approximately y =:0,35 was assumed too large by an -

amount proportional to the distance from’ y = 0, thatis, . © = ',

_0.35 - ’ -
Yeorr - T 0. 5?'; Ybackground ° 5-1.1
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A dashed line in the Figures 16 to 20 represent the correct velocity
values. Only the two high Reynold's number tests were corrected in
the figures, as the ''background velocity'' for the two lower Reynold's
number tests was negligibly small,

Even with these corrections, the tests still indicate a finite
velocity at the wall position y=0. Figure 21 shows this "'wall velocity"
and its relationship té horizontal distance of the probe tip from the
outlet cross~section. There is a definite decrease in the wall velocity
* from the test at 0.2 mm to the test at 0.1 mm, thus making the extension

1

of results of a finite "wall velocity" to the actual wall position (y=0,

horizontal distance equal to zero) hard to define.

5.2. Results from Tests with the Probe Tip 3 mm Inside the Pipe
Outlet Section |

The present theories on the mean velocity distribution in
straight pipe (see Chapter II) concern velocities inside the pipe rather
' than at the outlet cross-section. Therefore a series of tests were run
with the probe tip positioned inside the pipe. These tests provided a
comparison between velocities measured inside the pipe with velocities
measured at various distances from the outlet cross-section.
However, the results from tests with the probe tip extending
3 mm inside the pipe outlet section exhibited the greatest wall effect
on the heat transfer characteristics on the probe hot film. A prelimi-
‘nary correction for heat transfer effects of the wall oh the hot-film in
still water was determined, Figure 22 shows the results of this check.
Because of the size of the probe tip, it was not possible to position the

tip closer than 0.35 mm from the inner wall surface. Figure 23 gives
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the final velocity measurements for the four Reynold's number tests
with a correction for the evff.ect of the wall on the heat transfer charact-
eristics in still water.

The results for the four tests in the core area are very similar
to the previous tests 0.1 mm and 0.3 mm outside the outlet cross-
section. The two high Reynold's number tests show a verification
of the "Law of the Wall", and all tesis indicate a logarithmic region
between the core area and the inner r;egiono However, contrary to
the results outside the outlet cross-~section the tests Re = 29, 000
and Re = 46,200 indicated much lower values than the 'Law of the
Wall;; pfedicts for velocities measured near the wall, These results
agree with Laufer's results (6) for velocities near the wall in which
he obtained unreasonébly low values for velocities near the wall,

A rough correction for the effect of this probe on velocity .
méasurgments near the wall was attempted in a series of tests using
the ﬂtowf' tank mechanism of Section 4.2,

The hot-film probe tip was posi'tioried below a wall simulation
device as iilustrated in Figure 24 and towed through the distilled
water at a constant velocity the same as described in Section 4. 2.
Figure 25 illustrates the results of these tests. The tests did not give
conclusive or quantitative regulig, bhecause the wall simulation dévice
dragged water interfering with the hot-film results. In addition, this
method could not possibly give a true simulation of the flow of water
along the inner pipe wall. However, the test did indicate a definite
trend 6f lower velocities néar the wall owing to the presence of the

probe.
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5,3. Regults from Tests with a Canopy Situated on the Outlet of the:
Test Pipe

A canopy of dimensions and shape shown in Figure 26 was
fastened to the end of the test pipe in a manner so the walls of the
canopy were essentially a continuation of the test pipe wall. The can-
opy had a 3.2 mm slit machined in the top wall which permitted the
probe tip to be raised behind the test pipe wall. It was anticipated:

a) that the slit would allow measurements behind the test wall,: but
would eliminate the effect of the size of the probe itself on the velocity
measurements as was present in the measurements of Section 5.2; b)
that the presence of the canopy would essentially eliminate most jet
dispersion effects which could have been present in the measurements
of Section 5. 1.

| Before the tests with the canopy were run, another check on
the change in the probe heat-transfer characteristics in still water
near the wall was made with the canopy in place. Figure 27 shows
this test. The correction for this effect was not significanf compared
to the actual velocities and was neglected in the results.

The results from the tests with the canopy are shown in
Figure 28, Except for an extremely small deviation from the linear
curve at distances less than 0.10 mm from the wall, the results are
a confirmation of both the ""Law of the Wall" and the "Law of the Wake''.
However, the straight line region, representing the logarithmic
relationship between velocity and distance is slightly lower than
Nikuradse's results. This effect was consistently noticeable in all of

the testsu
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Figure 29 shows the velocity measurements near the wall in
detail. Again a finite velocity was measured af the position y=0
for the high Reynold's number tests. This finite velbcity at the posi-
tion y = 0 and positions behind the wall could probably be attributed
to secondary currents existing in the canopy slot. This, however,
was the greatest source of uncertainty in this investigation. The
order of magnitude of the finite velocity at y=0 decreased shérply
from the tests without the canopy to tests with the canopy, indicating
a reduction in jet dispersion effects. |

The change in velocity with the probe tip's distance from the
outlet cross-section was investigated for the tests with the canopy.
Figure 30 gives the results. 'Except for experimental scatter the

results are identical.

5.4. Comparison of Wall Friction Velocities

A check on the accuracy of velocity measurements can be made
from pipe friction calculations.. "Although the wall friction vélocity . u®
was not measured directly in this investigation, it can be calculated
accurately from known empirical. formulas which have be‘en confirmed
by numerous experimental investigations. The wall friction velocity
u* was calculated by using Blasius formula (see Section 2. 2). |

The friction velocity also can be determined from ‘the mea-
sured velocity gradient at the wall. A comparison of these u* values
is shown in Figure 31. Very good agreement between the measured

and calculated u*

values is indicated especially by using the corrected
u* values. The corrected u* values were calculated from velocity

gradients taken from plots of corrected velocities.(see Figures 16,18, 29).
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CHAPTER VI
SUMMARY

Three series of tests were conducted measuring the mean vel-
ocity distribtuion in fully developed turbulent flow of water in a straight
pipe by the use of hot-film probe anemometer technique.

In the first series of tests', the probe tip was located outside
the pipe outlet section. The résul'ts from these tests showed a confir-
mation of the "Law of the Wake'' in the core area (a slightly different
logarithmic relationship in the inner area than Nikuradse's reported
results), A deviation from the us;Jal viscous sublayer hypothesis
(linear variation of veloeity with distance) in the wall region was
observed. A finite velocity was measured at the wall surface position
and furthermore velocity persisted even with probe positions behind
the wall., ‘The horizontal distance of the probe tip to the cutiet cross-
section was varied and the subsequent change in velocity profile was
measured. This change in velocity profile with horizontal distance
of the probe tip to the outlet cross-section was confined almost entirely
to. the wall region. The velocity measured at the wall decreased
sharply inth decreasing distances to the outlet cross-section. A
correction for "backgroﬁnd‘ velocity'' was applied to the velocity
results. near the wall which decreased but did not bring the wall velo-
city to zero.

A second series of tests with the probe inserted 3 mm inside

the pipe outlet section also gave results consistent with the mean
| 62 '
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velocity hypothesis for the core area and was essentially the same as
the /results obtained from the first series of tests. However, con-
trasting with the high velocity deviations from the viscous sublayer
hypothesis obtained with the probe tip outside the outlet near the wally,
the velocity measured near the wall for the probe tip inserted inside
the pipe gave velocities much lower than predicted by the viscous
sublayer hypothesis. This deviation increased with increasing
ReynoldA's number. A crude test was run with a wall device mounted
above the probe tip attempting to substantiate the assumpt'ion that the
relatively large size of the probe caused the deviations in the velocity
measurements near the wall. This test indicated lower velocities
measured with the wall device close to the probe tip than was present
with a free probe, if both were towed through still water at the same
towing rate.

Finally, the third series of tests with a canopy fitted to the
pipe end showed confirmation of the present mean velocity hypothesis
in all th‘e pipe cross-section except for a very small distance (0.1 fnm)
away from the pipe Wall. This deviation was probably due to the small
secondary current which could exist in the canopy slot. The canopy
was an effective way to eliminaté most of the jet dispersion effects
which were present in the first series of tests with the probe tip out-
side the outlet cross-section.

The problem stated in Chapter I now is resolved.

(1) Nikuradse's work reported in 1930 is in error both in his

results for the region near the wall and the region in the

core area.



(2)

(3)

64

The "Law of the Wall" is shown valid as near as 0.1 mm

from the pipe wall and it is concluded from the results of
the test with the canopy that any deviation from the ''Law
of the Wall" is caused by the experimental technique used.
There is a definite deviation from the logarithmic relation-
ship in the core area which is in agreement with the ''Law

of the Wake'' hypothesis.
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APPENDIX' A - TEST RESULTS

TEST 21 DATE 4~ 0-65 s
. . .3 mm inside
Us= 4,02 Q= 12.7 ‘U= 818 - R= 9859, -

Y NU  LOGINU)Y - U PHI
63.50 312.1 . 2449 71.5 17.78
$50.80 249.7° . 240 . : 70.0 17.41
40.70 ) 200.0 2.30 68.5 17.04
30.80 151.4 - 2418 . 65.5 16.29
12.70 62.4 1080 ' 55.5 13’.80

6.00 29.5 l.47 50 12.56
4,00 19.7 1.29 45.0 11.19
3.00 14.7 1.17 40.5 10.07
2.00 9.8 .. 99 32.8 8.16
1.50 Teb 287 25.2 6627
1.00 449 «69 . 16.8 ’ 4,18 -

080 - 309 059 1300 3023

60 2.9 &7 10.0 249

+50 2e5 «39 8.0 1.99

«40 ’ 2.0 29 5.3 1.32

TEST 23 DATE 4- 0-65 o
.3 mm inside
U= 10.37 Q= 37.5 U= L8138 R= 29111.

Y NU LOG(NU) : U PHI
63.50 804.9 - 2091 245.0 - 23.63
50.80 643.9 2.81 238.0 22.95
40.70 515.9. 2.71 224.0 21.60
30.80 390.4 2.59 - 21040 20.25
20.30 © 257.3 2.41 . 203.6 19.64
12.70 161.0 2.21 186.3 17.97

7.60 96.3 1.98 173.7 16.75
6.00 76.1 1.88 164.5 15.87
4,00 50.7 l.71 153.0 14.76
3.00 38.0 1.58 148.0 14.27
2.00 ) 25.4 ° 1.40 131.1 12.64
1.50 19.0 1.28 113.9 10.99
1.00 12.7 1.10 92.0 8.87

«80 10.1 1.01 71.3 6.88

«60 T«6 «88 46.0 444

050 6.3 ) .BO 3‘0.5 3-33

«40 5.1

71 23.0 2622

67



TEST 14 - DATE 13- 31-65 .3 mm outside

Ues= 17;90 Q= 69.1 Us .894 R= 49081.

Y NU “LOG(NU) v © PHI
63.50 1271.3 3.10 462.8 - 25.86
50.80 1017.0 : 3.01 452.4 = 25,28
40.70 814.8 2.91 442.0 24,70
30.80 6l6.6 2.79 421.1 23.53
20.30 4064 2.61 394.0 22.01
12.70 - 254.3 2.41 358.0 20.00

7.60 152.1 2.18 322.5 18.02
6.00 - 120.1 2.08 318.0 17.77
5.00 . 100.1 2.00 306.0 . 17410
4.00 80.1 1.90 293.0 16.37
3.00 . 60.1 1.78 276.0 15.42
2.00 40,0 1.60 - 262.0 14.64
1.50 30.0 l.486 247.0C 13.80

«80 : 16.0 120 212.0 11.85

060 - 12.0 1.08 189.0 10.56

+50 10.0 1.00 176.0 9.83

240 8.0 290 - 153.0 8.55

030 . 6.0 078 133.0 . 7.43

020 40 «60 105.0 5.87

.10 2.0 030 77.0 4030

«05 1.0 «00 66.0 3.69

200 .0 00 53,0 2.96

TEST 28 DATE 4~ 0-~65
.3 mm inside
Ux= 15.53 Q= 59.5 U= L.818 R= 46189,

Y NU LOG{NU) U PHI
63.50 1205.5 3.08 380.0 24447
50.80 964.4 2498 375.0 2415
40,70 T72.6 2.89 360.0 23.18
30.80 58447 2.77 333.0 21.44
20.30 385.4 2.59 321.0 20.67
12.70 241.1 2.38 302.0 19.45

7.60 144.3 T 2«16 217.0 17.84
6.00 113.9 2.06 - 265.0 17.07
3.00 94.9 1.98 258.0 l16.61
4.00. 5.9 1.88 250.0 - 16410
3,00 57.0 : 1.76 . 242.,0 ‘15,58
2.00 38.0 ~ 1.58 218.0 14.04

1.5C 28.5 1.45 206.0 13.27

1.25 - 23a7 . 1.38 190.0 12024
"1.00 19.0 1.28 175.0 11.27

«90 171 " 1423 160.0 10.30

«80 15.2 i.18 146.0 9.40

«70 13.3 l1.12 129.0 8.31

«60 11.4 ' 1.06 101.0 6.50

«50 9.5 «98 76.0 T 4489

o40 7.6 <88 50.0 - 3422

«35 6.6 «82 40.0 2.58

«30 5.7 « 16 37.0C 2.38



TEST 12 DAYTE 3~ 28-65
Ue= 4.07 Q= 12.7 U= «877
Y NU LOG (NU) v
50.80 235, 7 2.37 76.0
40.70 188.9 2.28 73.5
30.80 142.9 2.16 70.0
20.30 94,2 1.97 68.0
12.70 58.9 1.77 63.0
7.60 35.3 1.55 59.0
6.00 27.8 l.44% 56.0
4.00 18.6 1.27 50.0
2.00 9.3 « 97 37.0
1.50 7.0 -84 27.5
1.00 hob . «67 22.0
«75 3.5 54 18.0
«50 2.3 «37 12.5
«25 1.2 «06 7.0
TEST 13 DATE 3- 28-65
Uw= 252 Q= Teb Vs «838
Y NU LOG(NU) U
63.50 186.6 2.27 46.0
50.80 149.3 2.17 44.0
40.70 119.6 2.08 42.5
30.80 90.5 1.96 40.0
20.30 59.6 l1.78 37.5
12.70 37.3 l.57 33.5
T«60 22.3 1.35 32.5
6.00 17.6 1.25 29.5
4.00 11.8 1.07 2445
2.00 5.9 « 77 16.0
1.50 4a4 « 64 13.0
1.00 - 269 47 8.5
«75 T 2e2 «34 5.8
«50 1.5 D ¥ § 4.5
.25 07 -el2 ' 3.0
«00 -0 «00 1.5
TEST 11 ODATE 3~ 28-~6S
Us= 9,79 Q= 34.8 U= ,871
Y NU LOGINU)Y )
63.50 713.6 2.85 219.0
50.80 570.9 2.76 213.0
40.70 457.4 2+:66 208.0
30.80 346.1 2.5% 200.0
20.30 228.1 2436 188.5
12.70 142.7 2.15 176.5
T.60 85.4 1.93 162.0
6.00 67.4 1.83 156.3
4.00 45.0 1.65 145,5
2.00 22,45 1.35 122.6
1.50 16.9 1.23 11446
1.00 11.2 1.05 99.5
«70 1.9 ¢ 90 75.0
+40 4.5 65 58.0
.25 2.8 45 39.5
«10 lel ‘ «05 2543
«00 «0 «00 19.5

R=

Rm

.3 mm outside
9232.

PHI
19.17
18.68
18.06
17.20
16.71
15.48
14.50
13.76
12.29

9.09

6.76

5.41

4.42

3.07

l.72

.3 mm outside
5477,

PHI
18.25
17.45
16.86
15.87
14.87
13.29
12.89
11.70

9.72

€35

5.16

3.37

2.30

1.78

l1.19

59

.3 mm outside
25371.

PHI
22.37
21.76
21.25
20.43
19.26
18.03
16.55
15.97
14.86
12.52
11.71
10.16

Te66

5.93

4%.04

2.58

1.99

69



TEST 29
U=  2.80

Y
63.50
50.80
40.70
30.80
20.30
22.70

7.60
6.00
5.00
4.00
3.00
2.0C
1.60

=80

260

.40

«20

<10

" «00

TEST 30
Us=  4.42

Y
63.50
50.80
40.70
30.80
20.30
12.70

7.60
6.00
5.00
4.00
3.00
2.C0
1.50
1.00

80

«60

«40

«20

«10

.00

DATE

Q= 8.3 U=

NU LOG(NU)
198.4 2.30
158.7 2.20
127.2 2.10
96,2 1.98
63.4 1.80
39.7 1.60
23.7 1.38
18.7 1.27
15.6 1.19
i2.5 1.10
9.4 « 97
6.2 . =80
3.1 «49
2.5 «40
1.9 « 27
l.2 «10
b -+19
3 ~e50
o0 «00

DATE 4=- 12-65

Q= 14,0 U=
NU LOG(NU)
318.5 2.50
254 .8 2.41
204.1 2.31
154.5 2.19
101.8 2.01
63.7 1.80
38.1 1.58
30.1 1.48
25.1 1.40
20.1 1.30
15.0 l.18
10.0 1.00
7«5 .88
5.0 «70
4.0 «60
3.0 «48
2.0 +30
1.0 .00
.3 -.29

«0

.00

4= 12-65

«897

u
52.0
51.0
49.5
47.5
45.5
41.0
38.5
35.5

34.0 -

30.5

»881

u
87.5
86.0
82“5
78.5
73.5
70.0
66.5
61.5
6l.0
57.0
49.5
41.0
3445
25.0
20.5
15.5
12.0

W\ o

7
4
3

R=

.3 mm outside
5876e

PHI
18.55
18.19
17.66
16.95
16.23
14.63
13.74
12.66
12.13
10.88

9.28

7.31

3.92

3.21

2.14

1.43

1.07

ell

36

. 3 mm outside

10091.

PHI
19.80
19.46
18.67
17.76
16.63
15.84
15.05
13.92
13.80
12.90
11.20

9.28

7.81

5.66

4.64

3.51

2.72

1.58

1.02

79

70



TEST 32 DATE 4-.12-65
Us= 17401 Q= 65.5 Us o867
Y NU - LOG{NU} | U
63,50 1264641 3,10 - - 412.0
50.80 7799649 ~3.00 407.0
. 40,70 798.7 2490 ©399.0
30.80 604.4 - 2.178 388.0
20.30 398.4 . 2460 '~ 364.0
12.70 249.2 2.40 - 340.0
7.60 149.1 2.17 320.0
5.00 98.1 1.99 312.0
4.00 78.5 1.89 301.0
3.C0 58.9 1.77 295.0
2.00 39.2 - 1.59 280.0
1.50 29.4 1.47 258.0
1.25 24.5 1.39 248.0
1.00 19.6 " 1e29. 232.0
«80 15.7 1.20 . 210.0
«60 11.8 1.07 180.0
<40 7.8 7 .89 143.0
«30 5.9 o 17 "117.0
-20 3.9 «59 84.0
«10 2.0 C «29 58.0
005 ’ 1.0 -.00 45.0
.00 00 T .00 3800
-.10 .0 . 000 2700
-.20 oo aoo 2200
-a30 .0 ‘ .00 22.0
TEST 31 DATE 4~ 12-065
Us= 10,77 = 3847 U= «887
Y NU LOGINU) u
63.50 770.8 2.89 242,0
50.80 616.6 2.79 238.0
40.70 494.0 2.69 230.0
30.80° 373.9 2.57 216.0
20.30 246.4 2.39 201.0
12.70 154.2 2419 188.0
7.60 92.2 1.96 180.0
6.00 . 72.8 1.86 169.0
5.00 60.7 1.78 160.0
4,00 48.6 1.69 158.0
3.00 36.4 1.56 152.0
2.00 24.3 1.39 -137.0
1.50 18.2 : 1.26 "124.0
1.00 12.1 " 1.08 106.0
«80 9.7 «99 91.0
«60 7.3 _«86 80.0
«40 4.9 «69 56.0
«30 3.6 ' «56 46.0-
.20 2e4 -39 32.0
~el0 1.2 .08 20.0
005 b ‘021 15-0
«00 -0 . - 00 12.0
-s10 .-o 000 8.0
"020 . -0 000 6.5
-30 «0 : «00 540
-e 40 oo +00 5.0

R=

., 1 mm outside

47973,

PHI

24022

R=

23.92
23.45
22.81
21.39
19.98
18.81
18,51
18.34
17.69
17.34

16.46

15.16
14.58
13.64
12.34
10.58
8.41
6.88
4.94
3.41

| 2.64

2.23
1.59
1.29
. 129

. 1 mm outside

27105.

PHI
22.48
22.11
21.36
20.06
18.67
17.46
16.72
15.70
14.86
14.68
l14.12
12.72

"11.52

9.85
8.45 )
T«43
5.20
4627
2.97
1.86
1.39
l1.11.
o T4
60
«46
o 46



TEST 17 DATE 5- 17-85 ..3 mm outside w/canopy
. us= 15.58 Q= 60.0 Uz 794 Rs 47985,
Y NU LOG(NU} u PHI
634507 1246443010 373,077 23,93 B
50.80 997.1 3.00 364.0 23.36
40.70 798.9 2490 354.0 22.71
, 30.80 604.5 2478 344.0 22.07
20430 398,47 T W60 T 326,07 77720.92 T
12.70 249.3 2.40 305.0 19.57
1607 T 149.2 7 7 2.177 284.0 718,22 7T
6.00 117.8 2.07 270.0 17.32
5.00 8.1 1799 265.0 17.00
4.00 78.5 1.89 255.0 16.36
TTTTTTTTTTT3.00 TTTTTTTB8.9 T 1.1 T T 244.0  7TTTL5.66 0 T T
2.00 39.3 1.59 234.0 15.01
D US- 1 T29.4 7 l.47 216.0 13.86 & T
1.25 2445 1.39 206.0 13,22 '
I.C0 9.6 1.29 184.0 T11.81
.80 15.7 1.20 ¢ 160.0 10.27
o "o 70 13.7 TT1.14 0 TTT154.0777 0 9.88
«60 11.8 1.07 140.0 8.98
TUTTTTTTTTTL50TTTTTTT T 948 «99 124.0777 7 T7.96" T T°
«40 1.9 .89 106.0 6.42
«30 5.9 ot 7 70.0 449
«20 3.9 «59 58.0 3.72
« 10 2.0 «29 30.0 le.92 7~
.00 0 00 21.0 1.35
""""" - ~«1l0 <07 «00 10.0 o 64T T
«00 8.5 «55




TEST 72~ DATE 5= 15565

.1 mm outside w/canopy

Ue= 4,09 _Q= lZ.r U= 0821 R= 3900,
. NU TUG (NUY U PHI ———
63,50 313.2° 2.50 80.5 19.88
50,80 25076 2.40 79.0 19.51 -
40.70 200.8 2.30 76.0 18.77
30.80 151.9 2.18 72.0 17.78
20.30 100.1 2.00 67.5 16.67
12.70 62.6 1.80° 63.0 15.56
6.00 29.6 1.47 5540 13.58
5.00 24.7 1.39 52.5 12.96
4.CO 1947 1.30 49,5 12422
3.00 14.8 1.17 43,0 10.62
2.00 9.9 -99 ~36.0 8'89
1.50 7.4 .87 29.0 7.16
1.25 6.2 <79 23.5 5.80°
1.00 4.9 .69 20.0 4,94
.80 3.9 .60 17.5 4,32
.70 3.5 «54 15.0 3.70
.60 3.0 Y 11.5 2.84 T
.50 2.5 <39 9.5 2.35
<40 . 200 -30 - T.5 . 1085 T
<30 1.5 W17 6.0 “ . 1448
.20 1'0 "000 4-5 : I.l;
010 .‘5 ) ‘.30 205 062 .
.00 .07 " «00 i.5 «37 T
-.10 .0 .00 - o5 ol2
I Y 1 : I « Y o [} -5 , 127
ys= 9,78 = 35,1 U= .817 R= 27281,
L : .1 mm outside
Y NU LOG{NU) U PHI o
63.50 76054 2.88 222.0 22.69  Wrcanopy
50.80 608.3 2.78 219.0 22.38 '
40.70 487.4 2.69 211.0 21.57
30.80 368.8 2.57 200.0 20.44
20.30 243.1 2.39 187.0 19.11
12.70 152.1 2.18 175.0 17.89
7.60 91.0 L.96 160.0 16.35
6.00 71.9 1.86 154.0 15.74
5.00 5949 1.78 150.0 15.33
4.00 47.9 1.68 143.0 14.62
3.00 35.9 1.56 136.0 13.90
2.00 24.0 1.38 123.0 12.57
1.50 18.0 1.25 113.0 11.55
1.25 15.0 1.18 101.0 1032
1.00 12.0 1.08 93.0 9.51
.90 10.8 1.03 8440 8.59
.80 9.6 «98 78.0 7.97
.70 8.4 .92 70.0 7.15
60 T2 .86 62.0 6.34
«50 6.0 T .78 52.0 Se31
<40 4.8 .68 43.0 4.40
«30 3.6 56 32.0 3.27
«20 2.4 +38 22.0 2.25
.10 1.2 .08 14.0 1.43
.00 .0 »00 8.0 "« 82
-010 -0 000 4.0 041
-o20 «0 «00 1.0 10
-030 00 000 100 . .10

73



TEST 75 DATE 5- 16-65 .l mm outside w/canopy

Us= 16.19 Q= 62.5 U= .810 R= 48997.

Y NU LOG (NU) U PHI
50.8 1015.5 3.01 384.0 23.72
40.7 813.6 2.91 368.0 22.73
30.8 . 615.7 L2479 357.0 22.05
20.3 405.8 2.61 340.0 21,00
1247 253.9 2.40 306.0 18.90
7.6 151.9 2.18 290.0 17.91
6.0 119.9. 2.08 274.0 16.92
5.0 99.9 ’ 2,00 _ 264.0 16.30
4.0 80.0 1.90 . 256.0 15.81
3.0 60.0 l.78 247.0 15.25
le5 30.0 l.48 218.0 13.46
1.0 20.0 1.30 194.0 11.98
.8 16.0 1.20 167.0 - 10431
o7 14.0 1.15 164.0 10.13
) 12.0 1.08 150.0 9.26
5 10.0 1.00 140.0 8.65
«3 ‘7.0 " <84 126.0 7.78
3 6.0 .78 100.0 6.18
.2 5.0 . -70 81.0 5.00
«2 4.0 «60 63.0 3.89
ol 3.0 «48 45.0 2.78
-1 2.0 «30 35.0 2.16
«0 1.0 .00 _ 26.0 l.61
.0 «0 +00 20.0 l.24
TEST 76 DATE 5- 16-65 . 1 ;am outside w/canopy
U= 2,62 Q= 7.8 U= .B17 R= 6062,
Y NU LOG(NU) u PHI
©63.50 T 203.9 2,31 T 49.0 '18.67
50.80 163.1 2.21 46.5 17.72
40.70 130.7 2.12 45.0 17.15
30.80 98.9 2.00 - 43.0 16.39
20.30 65.2 I.81 39.5 15.05
12.70 40.8 l.61 38.0 l4.48
T.60 24.4 1.39 34.0 12.9677
6.00 - 19.3 1.28 . 3l1l.0 11.81
5.00 16.1 1.21 28.5 10.86 7 T
4.C0 12.8 . l1.11 24.5 9.3% ' B
3.00 9.6 «98 . 21.0 8,00
2.00 6.4 <81 14.5 5.53
.50 4.8 .68 13.0 T4,95 T
1.00 3.2 +51 8.5 3.24
.80 2.6 4l T.0 2.67 T
«60 1.9 «28 5.5 2.10
«40 1.3 11 3D T.33
.20 b -018 2.0 « 76
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