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Mean velocity profiles were measured in the 5" x 60" wind chan-
nel of the turbulence laboratory at the GALCIT, by the use of a hot-
wire anemometer. The repeatability of results wes established, and
the accuracy of the instrumentation estimated. Scatter of experi-
mental results is little, if any, beyond this limit, although some
effects might be expected to arise from variations in atmospherioc
humidity, no account of this factor having been taken in the present
work. Also, slight unsteadiness in flow conditions will be responsi-
ble for some scatter,

Irregularities of a hot-wire in oclose proximity to 2 solid bound-
ary at low speeds were cobserved, as have already been found by others.

That Earman's logarithmic law holds reasenably well over the main
part of a fully developed turbulent flow was cheoked, the equation
"i_._ = 8.0 + 6.25 logyp —15—7— being obtained, and, as has been pre-
viously the case, the experimental points do not quite form one
straight line in the region where viseosity effects are small. The
values of the constants for this law for the best over-all agreement
were determined and compared with those obtained by others.

The range of Reynolds numbers used (based on halfewidth of chan-

nel) was from 20,000 to 60,000.
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INTRODUCTION

Mean velooity measurements in both pipes and channels have been
made from time to time by various investigators, particularly
Niluradse (Ref. §), Dénoh (Ref. 8), and Stanton (Ref. 7). Other
authors have included mean speed measurements as part of their in-
vestigations. A certain amount of veriation in experimental results
has always existed and it seemed desirable to have a set of results
suigiel With Soms Muciledge of the inpkremsiation scewresy. Thls
at least enables one to decide whether or not e theoretical treat-
ment of the problem adequately represents aoctual conditions, the fi-
nal test of such a theory being thet it should predict the mean ve-
looity distribution in the channel. As other work on skin friotien
is being done in the GALCIT laboratories, the present results will
enable a direot check to be made on the skin friction apparatus by
measuring the actual shear stress at the wall of this channel, and
comparing with the slopes of the velocity profiles at the wall.

Since most of the equipment necessary for such measurements al-
ready existed in the laboratory, it was decided to repeat the channel
flow velocity profiles over the range of Reynolds numbers possible
with the existing wind channel. A hot-wire probe was used to enable
measurements to be talen as close to the wall as required for the ac-
ourate determination of (34;)0 , upon which rests the whole value of
the logarithmic representation of the profiles.

It is perhaps doubtful if the same laws hold for both pipe and
channel flows, It seems, therefore, worth while to check the channel



results again to compare them with those for flow in a eircular pipe

as given by other authors.



EQUIPMENT AND METHODS
1. Channel

Pig. 1 shows the complete tunnel layout. The channel, which is
60 inches high, starts with a width of 3 inches at the throat, and
expands to § inches at a distance 7 feet downstream of the throat.
This width is maintained for the remainder of the channel (over-all
length from throat to exit is 23 feet). Approximately the last 6
feet of the channel is lined with highly polished birch., A full de-
scription of the tumnel appears in Ref. 1.

The slight variation in width between the walls is shown in
Fig. 6.

A natural gas engine drives the impeller and it was possible to
reach a Reynolds number of slightly over 70,000 (based on the half-
width of the channel). However, because of trouble with the engine,
it was not possible to repeat the 70,000 Reymolds number set of meas-
urements in the final runs. The lower limit of stable operation was
near & Reynolds number of 20,000.

2. Traversing Mechanism

The existing miorometer traverse was used. This has a coarse
adjustment in 2.5 om. steps, and micrometer adjustment over 2.5 oms.
with 0.001 om. graduations. The prineciple of taking up backlash was
observed in all measurements, the slide being brought up to its set-
ting by drawing it towards the wall in every case.

The gero position of the wire was found by removing one side of




the 6 inch extension on the exit of the channel and bringing a mioro-
scope to foous on the wire while a fooussed beam of light wms thrown
on the wire in a direction as nearly parallel to the wall 4s possible.
A sharp reflection is returned from the wire, and a sliglitly less
sharp image is formed in the wall, which is kept highly polished for
this purpose. By using e calibrated eyepiece in the mieroscope, the
distance between the reflection from the wire and its image in the
wall is found. This, divided by two, is almost exactly the distance
between the wire and the wall. The zero was calculated for several
settings of the wire, and all were found to agree to less than
0.001 om. The method is that used by Laufer in his work on the same
channel. With the 0.0005 inch diameter wires used for mean speed
measurements, it is a little more difficult to find the zero than
with the very fine wires used for turbulensce measurements, sinee the
wire is suffioclently thick to cause a slight discrepancy between the
orientation of the reflection from the wire itself and the image
reflection.

By trial and error, the wire can be set accurately parallel to
the wall, using the microscope each time %o measure the distance be-
tween wire and image at both top and bottom of the wire. In deter-

mining the gero position, the center of the wire was used.
8. Calibration Tunnel

For calibration of the wire, the isotropic turbulence tunnel
was used, normally without soreens in place, although checks have

been made to ensure that the calibration is not measurably altered



by the presence of turbulence. Since the values of u'/u become large
at some points of the chammel, the ealibration might be expected to
be invalidated. However, the linearized scorrection is so small that
it may be neglected. As such levels of Hurbulence are not reproduc-
able in the ealibration tunnel, no further cheoks ocould be made in
this direction. A diagram and description of this tunnel appear in
Ref. 2.

4. Hot-lWire

To obtain good sensitivity coupled with reasonable mechanical
strength, a wire of 2.6 oms. length and 0.0006 inch diameter was used.
All the final results were made with the same wire, although others
were used in earlier parts of the work, including a shorter wire of
about 1 om. length which lacked the necessary sensitivity. At first
it might appear that with a 2.5 oms. wire, irregularities in the chan-
nel wall would cause errors when the wire is very olose to it; however,
inspection with the microscope showed the wall to be adequately plane
for a constant distance to exist between wall and wire throughout the
whole length of the wire.

The finest sewing needles were used to form the wire support.

The wire itself was wrapped around the points in such a fashion as %o
allow it to be brought as close as desired to the wall. The support-
ing needles were set pointing slightly towards the wall to assist in
this matter.

Platinum wire was used and was attached to the needles by soft-
soldering. Frequent cleaning in ether ensured oleanliness.



The wire used for the final veloocity profiles was made up, cali-
brated and used within the space of two days, in order to emsure no
physical change. Calibration included determination of the tempera-
ture coefficient of resistance (Fig. 8).

Constant sensitivity was achieved by using the constant resis-
tance method of operation.

6. Measuring Equipment (Cireuit, Fig. 2)

The hot-wire ococupled one arm of a Wheatstone Bridge. The heat-
ing current of the wire was therefore the current through that branch
of the oircuit. A commercial bridge was used (see appended list of
instruments) and the ranges were selected so as not to exceed the our-
rent limitations of the bridge.

A panel of variable resistances, together with a selection of
fixed resistances for low current readings, was mounted above the
bridge in a rack. The variables were 1,000 & ; 100 & ; 1 chosen
with the requisite number of turns to their windings to give complete
coverage. Normally only the 100 £ and 12 resistances are in oirouist.
"The 1.2 had over 60 twrms. This gave adequately fine adjustment
throughout using wires of about 20 /2 "cold" resistance. A 6 veolt
lead storage battery was used for heating. In the author's opinion
it is not desirable to use a high voltage source with a large series
resistance, as this tends to maintain constant current, and deviations
in resistance could not be noticed while current readings were being
taken. Furthermore, as a drop in resistance causes an increase in
current, which tends to maintain constant resistance, and vice versa,



nothing is lost by using e low voltage source and low series resist-
ance. With the arrangement used, current readings were nevertheless
mauch more stable than resistance settings.

In order to measure ocurrent, a 1 £ standard resistance was placed
in series with the hotewire and its leads. The voltage across the 1R
standard was then numerically equal to the surrent through the hot-
wire, and was read on & precision potentiometer. It was found that
the resistance of the leads (which were no longer than necessary,
about 8 feet) remained constant to considerably greater accurasy than
was required over the current range used. Short lengths of fine wire
on the end of a shielded cable were used for attachment to the probe,
These were fine enough to emsure no movement of the probe due to
foroes arising from the 'luds. All joints were soldered within the
bridge oirocuit, and attachment of the oable and 1 .2 standard was from
behind the panel, the wires being soldered to the back of the normal
terminals for the "unknown" resistance.

The same galvanometer was used for both bridge and potentiometer.
Switching was provided where necessary and the shange from surrent
measurement to bridge balancing could be made in a fraction of a
seoond. Where unsteadiness in the flow caused periodic large devia-
tions, both balance points usually could be checked during the quies-
cent periods.

The potentiometer for current measurements was left with ourrent
passing through it at all times, exoept when it was necessary to cheok
batteries. Aotually, during most of the work the oircuit was never
broken.



A motor driven alechol manometer of the Zahm type calibrated to
0.001 om, was used. A light was atbtached to the meniscus carriage
to avoid parallax errors. No heating errors were observed.

The whole equipment, including power supplies, was mounted on
e h‘ry trolley so that it could be moved, en masse, to the calibra-
tion tunnel when required. An hour or so was necessary for the
standard cell to settle down after being moved (it was normally
moved separately) although the deviation was very slight immediately

after moving.
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LIST OF SYMBOLS

= distance upstream of point at which probe support enters
chennel (channel exit equal to =8 7/8 inches)

= horigontal distance from channel wall

= distance vertically above center of chamnel

the theoretical discussion under "Checks on the Two
imensionality of the Channel flow,” x refers to the

dowmstream direction.

= half width of channel = 2,50 inches = 8.35 oms.

= mean velocity parallel to -x axis

= mean velooity parallel to -x eaxis at center of channel

= velooity fluctuation in x direction (as used in theoretical
discussion)

= velooity fluctuation in y direction (as used in theoretical
disoussion)

= velooity fluctuation in 3 direotion (as used in theoretioal
disoussion)

= glope of welocity profile at the wall

= "friotion velocity" = 71/.5;%

= gbatic pressure

= air density

= manometer aloohol demsity

= absolute air viscosity

= kinematic air viscosity
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4Ap = difference between statlc pressure and atmospheric pressure
g = dynamioc pressure

h = manometer head (oms. of alecohol)

RIN. = Reynolds number based on helf-width of channel

o = temperature coefficient of resistance of the hot-wire

6 = temperature of hotewire (°C)

8o = local air temperature (°C)

R = registence of hotewire at temperature 0

Ro = resistance of hotewire at 0 °C

i = hobewire current (amps.)

o,b = gsonstants of King's equation

Fractional Errors:

Gl = AR e dy
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CHECKS ON THE TWO DIMENSIONALITY OF THE CHANNEL FLOW

Starting with Reynold's equation

W ou; o 3,&4-
e Oxx oy 1)

and the contimuity equation

_fa_&:. = O
;o (2)

Most of the terms in the stress temsor, pik , drop out when the two-
dimensional chammel f{low conditions are imposed (cof. Ref. 1), Taking
time averages of the fluctuating quantities and essuming p independ-
ent of the direction normal to the mean welooity vector and parallel

to the channel wall leads to the following two equations:

2 (p-pu +——-(/«dy~kw)=0‘ (3)
£ Cp-a)r (G e iv) =0 (4)

For fully developed flow, i : w2 g BT o i .%:_ are all

independent of x , the direction parallel to the mean velocity vec-

tor. Thus, the above equations reduce to

-_P_M«Tf -,ogj—-(W) =0 ()
and

ap i—_'? =

A ¢

Differentiation of Bq. (6) with respect to x gives
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L 2 _ 8/ o"?/)
P Sxdy ox Sy
— Vv, /2
which equals sero, since ¢~ , and therefore % , are independ-

ent of x . Also, we note that _gﬁ_ = gonstant. Hence Eq. (5) can

be integrated with respect to ¢4 :

%(ﬁ'_} = »%‘- ~ @+ cunshea (7)

Now, total shear vanishes at the center of the channel (y-’-‘d-) , l.e.

p 2L _ 4l -0

]

; -d fdp
* sonstant = (dx
Bq. (7) therefore becomes:

y-d dp _ , du oz
2 e szy wrr (8)

8ince _Z;L = gonstant, the total shearing stress is a linear fume-
tion of «.
At the wall, the shearing stress is given entirely by the viscous

term, since 2~ must go to zero.

2 ) <o),

Henoo, we can obtain a check by measur db  and 7)(“!“') . How-
’ ¥ ing - -y

ever, % is so small that this check is of little wvalue. Neverthe-

less, it was necessary to use the fact that % should be sonstant

4o help establish the assumption of two dimensionality of the flow.

Messurements of _i,@_ showed a generally steady rate of change of
(Y



pressure, but the channel does suffer from a "kink" in the pressure
gradient. The measurements at y=d/Z show deviations from e
straight line similar to those at mid-channel.

To measure pressure gradients, the manometer was fitted with its
mioroscope attachment and readings of pressure were taken from the
hair-line micrometer sorew. The lines to the two sides of the mano-
meter included lengths of thin rubber tubing for damping purposes
(the lengths were adjusted to eliminate errors from pressure fluotua-
tions in the building). Results proved %o be quite repestable.

The static tube used was a long brass tube of 7/16 inch dimi-
with a 1/8 inch extension, 7 1/2 inches long, fitted to the nose. The
whole arrangement was held in a stand externally and the base levelled
with e spirit level. The tube was then adjusted to bring the thin ex-
tension horisontal, by sighting on e line marked on the laboratory
wall. Once levelled for any given amount of overhang of the static
tube, the stand could be slid towards the tumnel exit wmtil the statioe
holes were at the required position, when the base could once again
be brought to a level position by means of the spirit level. Meas-
urements were made at the center of the channel and at y=d/2 , op=-
posite the hot-wire measuring position (Fig. 3). The static tube was
checked in a free jet and was found to read atmospheric pressure within
1.3% of the maximum speed used.

The other checks on two dimensionality were based on quantities
which should remain constant in a direction parallel to the channsl
axis. As no turbulence measurements could be made, reference is given

to Laufer's report (Ref. 1) where he shows that although _o:;i:f is
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not sero, it is small compared with % -ff  (see Eq. (3), et seq
of this report). l
Velooity profiles were taken at various positions along the
x axis and the fact that these remain constant, shows that the flow
is indeed sufficiently two-dimensional. A sample set of curves is
given in Pig. 6.
As noted in the descoription of the channel, a slight variation
in width exists. This is shown in Fig. 6. Since the fluctuations
" in width matoh the fluctuations in -g;— s, & check was made to see
if the width variation could account for this change. Basing the
argument on one-dimensional considerations

@ = Auy, = constant (where @ is the total flux and
Um = mean velocity)

(A = cross-sectional area of

channel)
. Ay _ _dA
Um A

Also p +-"ipu~,i = gonstant
: = (Lo i)z dum) = 10 24 = =i 2
ot dP (z P umlz-?:-) fg—A-ﬂ— where 9 Z P Uy .

The total oross-sectional area, and ohanges in it, were used for

this caloulation, and the correoct pressure readings showed some slight

improvement, but did not become straeight lines. However, with the low

pressure gradients in use, this is probably not serious.

It should be noted that the logarithmic law for the wvelocity pro-

file is based on no pressure gradient conditions, and, in the presence

of slight such gradients, is treated as a first approximation (see,
G.Fe Ref. 8, Vol,. II. Pe m)l



18

CHOICE OF OPERATING CONDITIONS FOR THE HOT-WIRE

Three parameters can be varied in order to alter the operating
conditions of a hot-wire; viz.: length, diameter, temperature dif-
ferenoce between wire and air-stream.

FPirst it is necessary to have a2 wire of sufficient length to
give a rouon.nblo absolute change of resistance with velocity. Length
is limited by mechaniocal considerations, and 2.5 oms. was found to be
a good compromise, in conjunction with a diameter of 0.0005 inches.

Having decided on these physiocal conditions, it is necessary to
check that the percentage change in veloolity over a distance of
0.,0005 inches in the leminar gub-layer is not too great at the high-
est Reynolds numbers to be used. At R.N. = 60,000, %}0 = 21,500
(oms./sec.)/om. Therefore for dy = 0.0008 inch

du = 21,500 x 0.0006 x 2.54 = 27.3 oms./sec.

To check this at the center of the laminar sub-layer, we take
uw & 260 ems./sec. Thus é&‘_ & 11%.
At o Reynolds number of 20,000 this figure has dropped to 0.4%.
This, at least, gives some idea of the relationship betwesn the
size of the wire and the velooity gradients to be measured.
Sensitivity and accuracy are much dependent upon the temperature
difference. between the wire and the air-stream. However, conduction
to the walls of the channel becomes serious when the wire is olose
to the wall, if this temperature difference is not held 4o & minimum.
It gshould first be noted that oonduction to the walls is not

very much more serious with a thick wire than with e thin wire. At
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gero air velooity, the effeot of conduction to the channel walls was
noticeable at distances of about 0.l inch. (Being of wood, the walls
had ebout as low a thermal conductivity as possible.) This effect
suggested that the wire might be calibrated and operated at various
temperatures and the most suitable temperature for operation in the
laminar sub-layer determined., With a temperature difference of § 0°,
it was found that fluctuations in room temperature would almost com-
pletely invelidate readings. Also, at differences in the range 5 C°
S0 20 €°, the lack of sensitivity of the cirouits was sufficlent %o
give the impression that the wire read higher than the true velocity.
Howsver, from 20 C° to 50 C° velocity profiles in this region checked
sufficiently well to suggest that e temperature differential of 40 €°
would be suitable. This check was made at R.N. = 20,000 because at
low speeds there is the greatest possibility of error.

One set of measurements is shown in Fig., 7, where it can be seen
that the readings reach e minimum at about 40 C° and show a tendency
to rise as the temperature is raised further. At this Reynolds number
the laminar layer extends to about 0.04 am.
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ANALYSIS OF EXPERIMENTAL ACCURACY

Since the hotewire was calibrated under approximately the same
conditions as those under which it was ulid, it was necessary only
to assume that King's equation holds over a narrow region in the
vicinity of the calibration conditions. However, it was not possible
to calibrate for velocities lower than about 4 meters/sec. as here
errors in pitot-static measurements are liable to become large. Henoce,
it is assumed that the calibration line may be extended %o gero. Owing
to air currents set up by the wire, the gero velocity point cannot be
determined sufficiently accurately. Further, when the intensity of
the velocity fluctuations becomes high, the wire reads velocitles be-
low the true mean. An epproximate correction for this is given in
Ref. 11 Uy = & [I'%-(%_‘)z "’] . This correction was made on
the basis of Laufer's velocity fluotuation measurements and found to
amount to about 1.5% at the point where the ratio of fluctuation ve-
loeity to local mean veloolty was highest. The correction was there-
fore not applied to subsequent measurements.

The following estimate of experimental accuracy is based on the

use of King's equation (Ref. 4), i'zB., = (a+b7u) .

1. Resistance

With the Wheatstone Bridge used, resistances of 20 f can be
measured to four significant figures. The 2.5 oms. hot-wires have
a resistance of around 20 ), so that the accuracy of resistance

measurement is 0.05%.
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2. Wire Temperature

Wire temperatures were based on a kmowledge of the wire resis-
tance at 0 °C and at the temperaturs in question, [e - B-Ro ] .«
wag measured by immersing the wire in a bath of distilled water or
0il and taking resistance readings et small currents for temperatures
covering the range used. o 4is thus lmown to the degree of acouracy
of tempereture measurement (0.1 C°) combined with that of resistance
measurement. At the lower end of the temperature scale (25 °C) tem-
perature is thus known to 0.4%. Resistance accuracy is ten times as
great and so « 1s lmown essentially to 0.4%. Incidentally, the usual
value of 0.0087 for ¢ was found no%t to hold for the platinum wire
used, o being 0,00841. (A wire which had been used for some time
@ o = 0,00545.) Thus it would appear to be desirable to measure
this quantity for each wire. (R-R,) 4is lmown to 0.225% (0.01 1)
at temperatures of about 656 °C. In operation the "hot" resistance of
the wire was kept always at the same value and was, in fact, taken di-
reotly from the curve from which o« was determined. Hence, 0 1s
really lnown to the accuracy of the temperature readings, i.e. 0.1 €%,

3. Temperature Differential

From the preceding paragraph and the fact that temperatures
sould be read to 0.1 ¢°, (5-g,) was kmown o 0.2 C°. Usually the
thermometer was read to the nearest 1/20 C° but it is not assumed
that temperatures are really as accurste &s the above would indicate.
As (6-6,) was always very nearly 40 C°, this quantity is kmown bto 0.5%.
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During velooity calibration, a thermometer was placed in the
tunnel. The stagnation rise is given by _% 2 |-EM2  and amounts
to 0.1 0° at 1430 oms./sec. From a consideration of the large soale
veloelty calibration line, it is apparent that there was no point in
correcting for this.

During veloocity profile measurements the thermometer was hung
near the channel exit, a few inches from the wire position., It had
been found that holding the thermometer in the channel exit gave no
detectable difference in reading. Again no correction was made for

local air temperature at the wire.
4. Velocity

The calibration tunnel will hold its dynamic head steadily to
the accuracy of the manometer readings without trouble. The channel,
if the engine is allowed the requisite period for warm-up, will do
like-wise over reasonably long periods. As far as possible, every
effort was made to stabilize conditions in order to eliminate frequent
ad justments of gpeed. The manometer can be read with ease to 0.008
om. alsohol, and as the small light on the meniscus-tube moves with
the slide, no parallax orrori are introduced. Prolonged use of the
manometer showed that no error was introdused by heating of the fluid.

Lo = . odu | _

Now FPW fgh S s .Q%'L

At R.N. = 80,000 hé 1.7

du _1,.0.

Y Iax%UO-MOI'OOW
‘t '9'. - ”.m h 0018



. du 1, 0.002
e gzo‘la = 0,008 or 00“

Similarly, changes in air density and alecohol density may cause fur-
ther errors in velooity readings. These errors are of the order of
0.,07% and 0.083%, respectively; and so, at the lower speeds may be neg-
lected in ocomparison with the above. At the highest speeds, therefore,
the total possible velocity error is of the order of 0.18% and so is
negligible; while at the lower speeds the total of 0.7T% is acceptable.
Velocities were only held constant in the channel by use of the
pitot-static tube as about 1% error is introduced by the «Z term
in the root mean square velocity and a further error may be introduced
since, even with the small pitot-static heads normally used, the dis-
tance between the pitot and statioc openings is sufficient to cause a
1% or 2% error. Actually, a special rig was made with & pitot tube
(hypodermioc needle with squared-off end) lined up opposite the statie
holes, so that % would not introduce this error. Although agree-
ment is reasonable between hot-wire and manometer readings at the
center of the channel, this pitot-static combination has not been

oarefully calibrated and so reliance is not placed on its readings.
6. Current

Potentiometer voltage readings are possible to at least 2 x 10~
volts. This varies, of courss, with the steadiness of the reading,
but during calibration, readings of current are very steady, and
most errors are introduced as a result of fluctuations in the wire

temperature while in the chamnel, particularly when measuring in the
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transition region between the laminar boundary layer and the com-
pletely turbulent region. In this region the turbulence level is
unsteady and the mean speed fluctuates sufficiently to make acourate
readings diffieult to obtain., Nevertheless, readings check feirly
well in repeeted measurements. An error of 2 x 10°° volts represents
0.04% acouracy at the lowest ourrents used.

The 1R standard whioch provides this voltage is a 0,02% resis-

tance. Thus, total error amounts to 0.08%.

6. Hot-Wire Constants

For the purpose of determining the instrument errors arising in

the wire constants (a and b) the following notation will be used:

Maximum possible error in w =du and i&‘. = €y
Meximum possible error in R =dR and _dR& = &g
Meximum possible error in i = di and I-%- = €
Maximmn possible error in (0-6e) = d(B-8a) and ctéﬁ'gf) = ¢

where w, R, L, and (§-Bo) are the measured quantities. Sub-
stituting in King's equation:

PR | (1x2€ Xl £ er) _ 1
3-&.[ (\xee)RJ e b (2,

neglecting higher powers of €. The correction factor on the left
may be written:

(1£26)( 1 x€)(1Feg+ 1) = (1 £ 26 x€rT €g)

Thus the worst fractional error in ..9&2_%_ is given by
“va
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(26; tér *6) = (say) €. (since signs may be chosen arbitrarily)

Rearranging,

2
a = ;_2 (12€) - b7u (124 &)

. da _ / da LS SR Ja v
T Ta T a a(izﬁ’) f-Ga 2 N (iz E“)V“_

Eba

8o

da _ _/ & 2R / 4

S l:(/-f&)_ﬂ‘“Ta + b(/-fz‘ea)-‘z-ﬁa ﬁ:l
or

aa _ ! | 2R beuvu

a "=z [ "o T 2 ]

neglecting higher orders of €.

Similarly

db _ _7 e # ae

b Zbrm [a—aa Curze)+ ac

Taking values for the middle of the veloecity range used,

€. & 0.008

w = 900 oms./sec.

€p = 0.000
€r = 0.00085 S € = 0,008
& = 0.00025

9.0 x 107 = 10~3

%R . 86 x 10™*
0.9 x 10 = 104 6-ba

o
U



292 o 10% (0.008 x 36 x 167 + 107 x 0.008 = 52)

= 0,0216 + 00,0045 = 0.028 or zoﬁ

and 255; = 0,009 = 0.9%.

It was noticed during early velocity calibrations where tempera-
ture was measured only o 1/2 ¢°, that b did not change noticeably,
while there was about 10% fluctuation in a, With a five-fold improve-

ment in temperature accuracy the above results are to be expected.
7« Sleope of Veloeity Profile et the Wall

Since the acouracy of the semi-logarithmic plots of the velooity
profiles rests almost ocompletely upon the wvalues of (%gu-)o . 1t will
be of interest to estimate the acouracy with which this quantity can
be measured. For this purpose, the value of the veloecity at the limit
of the laminar sub-layer will be taken, and the maximum possible in-
strumentation error caloulated for this, together with an assumed maxi-
mm error of 0.,0006 em. in the measurement of y. Details are as fol-

lows: (Note: wveloolty is caloulated thus: 77 = Tj'é%—a} and so
is prinoipally dependent on "a".)

R.N. = 20,000 30,000 45,000 60,000
u (1imit of laminar sub-layer)

140 200 300 400 oms./sec.
y (limit of laminar sub-layer) = 0,060 0.088 0.028 0.020 oms.

éi?;@--cjxm‘ = 10.7 18 16 18
a

“

[ de ). Y& . 0,021 0.018 0.014 0.013
Gz

(a has been taken as 9.00 and corresponds to the wire used for final



measurements. )

Henoe e . 0,082 0,086 0.028 0,026

and _g_ = 0,010 0,015 0.020 0.025
7 —

0.052 0.061 0.048 0.051
percentage accuracy of %}0 = 5,28 5.1% 4.8% 5.1%

How  up w;/%}o , therefore, percentage acouracy of upy & 2.8%

for all Reynolds numbers. The slope of the logarithmic plot is given
by _A(w/uzx) | 1f the main error ocours in we then the slope is

A (yur/n)
subject to a poasible error of approximately twice that of u. (vis.
B6%). Since the value of the slope i1s in the region of 6, the error
may be + 0.8. Thus, from the present results the slope may be from

B.98 to 6.55.
8. Repeatability of Velooity Measurements

Although the acouracy of the absolute velooity readings depends
on the wire constants (a and b), the repeatability depends only on
the combined accuracy of the measurements of _t_% and the con-

stanoy with which dynamic pressure can be held.

We have, earlier,

du _ 1
73 zZ

i _ 0.06% at R.N. = 60,000
~ 0.6% at R.N. = 20,000
Also

di 4'2/\’)
&-ba/ ¢, = 0.6% at the middle of the

'2”
( (s velooity range used

As can be seen by a sgtudy of King's equation together with the
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aoctual numbers encountered in these measurememts, the error in ve-
locity caused by € may range from 6 € in the sub-layer of the low
gpeed flow to u}e. at the center of the high speed flow. This is
in reasonable agreement with Figs. 12a and 12b where it is seen that
the absolute error remains approximately constant between 10 and 20

ams./sec., which is slightly more them the instrument inaccuracies
would indicate.
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RESULTS AND DISCUSSION

The theoretical derivation of the legarithmic law for the ve-
locity distribution near a wall, using the momentum trensfer theory,
is given in Ref. 3, Vol. 2.

By the introduction of the sc-called "friction veloeity," u¢

»

the veloocity profile may be expressed nonedimensionally by the equation

mA e B logy, (4355

This equation is expected to be wvalid throughout the region in
which viscous stresses may be negleoted in comparison with the Reynolds
stresses. From the semi-logarithmic plot (Pig. 11) it appears that
the deviation ocours around y—£ = 50.

The equation 'l%é" = 6,00 + 6.25 logyq 5%"—‘_ gives a straight
line on Fig. 11 which is in fairly good agreement with the experimental
points. It is eclear, however, that near the wall the slope has a tend-
ency to be shallower and near the center of the channel the slope tends
to be steeper.

The equation corresponding to the above, as given in Ref. § for
the best over-all agreement with Nikuradse's results for ciroular
pipes is %t = 5,8 + 5,75 logm g—‘;‘!- .

Diessler, (Ref. 9), obtains the equation

ut -éu logg y'+ 5.8 .

which in the present notation becomes

%‘; = 3.8 + 6,40 108,.0 '-5—‘%'—

the slope being in good agreement with the present results.
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Diessler's results l.;"l obtained from flows in smooth pipes over a
range of Reynolds numbers from 8,000 to 200,000 based on tube
diameter.

In the same channel as was used for the present report Laufer
obtained the equation T‘:- = 5.6 + 6.9 1“10 _ﬂ& « Wattendorf,
who gives figures for both straight and curved channels, obtained a
line for the straight part of his channel which had approximately
the equation -...l.'-l‘-ut.. =4 + 6 log,, JJ;""—’F-. ¥

It should also be mentioned that in the laminar sub<layer at
the lowest Reynolds number (20,000) the hot-wire measures velocities
lower than the true mean. This was also found by Laufer (Ref. 1).
The fact that the points rise as the wall is approached very olosely,
is doubtless due to heat conduotion to the wall., The linearized
sorrection to the mean veloeity for the presence of turbulence does
not materially improve the sub-layer mean velooities. (Turbulence
levels for this may be obtained from Laufer's results.) However, in
drawing the profile near the wall, the curve must end, presumably, in
a straight line without discontinuities in either slope or curvature.
If one simply draws a ourve through the measured points o.nd' from the
origin extends a tangent to this curve, it is fairly clear that ocurva-
ture becomes gero abruptly. Hence it seems reasonable to take a
straight line which lies slightly above the measured points (execept,
of course, the first one) and which has a slope less than the maximum
slope of the measured points. Both extremes were tried and in the
logarithmic plot the points came first to one side and then to the
other by about equal amounts. The above intermediate procedure gave
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points on the logarithmiec plot which chegk well with the other results.

Finally, as an indiocation of the reliabllity of absolute velooity
meagurements with a hot-wire, sets of measured points for the highest
and 1onl't‘ Reynolds numbers used are given in FPigs. 12a and 12b. These
points reéprésent measurements made with steady atmospheric conditions
during each individual run, (1.e., prineipally, temperature does not
shange by mors than 0,8 0°), In order %o get such steady sonditions
in this laboratory it was usually not possible to meénsure during the
day, when temperature fluctuations tend to besome serious. It should
be noted that Figs. 12a and 12b were obtained with & wire whose con-
gtants were not Imown acourately; However, this does mot impair the
value of the curves as examples of ¥epeatability of meastrements, el-
though thelr shape may be slightly 7 error.



LIST OF INSTRUMENTS

Wheatstone Bridge: Shallecross Wheatstone-Kelvin Bridge, Model

No. 638-2
Potentiometer: Leeds and Northrup, Model No. 7552
Galvanometer s Leeds and Northrup, Model No. 2420 B
10 Standard: Shalleross 1 international 2 + 0.02%
Standard Cell:s Eppley Laboratory, Inec., Catalog No. 100

(was checked against two other standard cells in

use in the laboratory)
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