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HISTORY AND DEVELOPNERT OF THE
HOT-WIRE ANEUOUETER

The Hot-7ire Anemometer in its simplest form is a de-
vice for measuring the velocity of a moving fluid by measur-
in the heat loss of a swall, electrically heated, wire
placed in the fluid path., This is at present handled in
either of two ways., First, by maintaining a constant wire
resistance and, therefore, a constant wire temperatures
scoond, by maintaining a constant current flow through the
xire,

A small metallioc wire -~ nickel, platinum or tungsten is
generally used ~ i3 suspended in the moving fluid. This
wire 48 then heated, by an electrioc current, to some temper-
ature above the ambient temperature of the fluid. The re-
sulting heat loas can then be measured by measuring the power
dissipated., Now, since the fluid is moving, that around the
wire will constantly be bYeing replaced. The rate at which
this fluid around the wire is replaced is the mass flow of
the fluid. Therefore, the heat loss is a funoction of the
maes flow of the fluld as well as the existing temperature
difference. There are other factorxs and complications in-
volved, some of which will be discussed later on.

The first article I could find on, or pertaining to,this
subjeot was published by three Ameriocans, A. E. Xennelly,






C. A. Wrighs and J, 8, Van Bylevels (1), These men oon-
ducted experiments and worked out some theory on the heat
loss from small copper wires. In 1912, two Englishmen, Mas
Gregorond and Xorris (2), constructed a hot-wire anemometer
and determined an equation relation of the heat loss and
veloolity from experiments with this instrument. About this
same time an Italian, U. Bordoni (3), carried out some work
along this linej I 41a not obtain translations of his
article, and, therefore, am not sure if he 4id his work ex-
perimentally or theoretiocally. Bordoni's work was mentioned
in several artioles, dbut ochiefly in an artiecle by Carlo
Ferrari (4). "' '
The most detailed and important theoretiocal iork. and

the one on which mos$ all of the present development is based,

was done by an Engliskman, L. V. Xing (5), and the equation

1. Kennelly, A. E., Wrights, C. A. and Van Bylevelt, J.8.
'The Oonvootlon of Heat fron ﬂ-all Ooppor Wirol' Iha

01. 9, Plrt 1. 910. PP.

2. ¥ao Gregorond and Morris, J. T., "The Klectriocal
Measurement of ¥Wind Velooity' Encinsering, Vol. 9%, No. 26.
DQO. 27' 1912. ppo 892"89 [

2730 Bordoni Uo' nwm, Vol. 70. Y¥ov,. 22. 1912.
P 4, Ferrari, Carlo, "Rlectrioal Equipment for The Experi-

nental tudy of The Dynamiocs of Fluids*, N A.0.A, Teoh Momo,
HO. 1 20

5 xing. L. V., "On The Convection of Heat From Small
Cylinders in a Stream of Fluid: Determination of The Convege
tion constantl 0f Smal} Platinun ¥ires ¥ith Application To
Hot=¥ire Anemometer® s Sso,
A, Vol. 21b, Nov. 1934c pp. 373-h32.







relating the properties of a moving fluid and the heat loss
of & heated wire bears his name, King oarried out an exten-
sive theoretical development from whioh he developed twe
equations}

For small velooities

H=2xg / [1a(v/a)] (1)
For large velocities

H = k6, ¢ 2 /75ad (pv)? 6, (2)
where

R 1: the heat loss per unit time per unit length of the
wire,

Xk 4is the thermal conduotivity of‘tho fluid.

6p is the temperature differenoce between the fluid and the
'iro. s

8 48 the specifio heat of the fluid.
d 1s the dismwetsr of the wire,
P is the density of the fluid,
v is the velooity of the fluid.
Only she second equation is of muoch general interest and of
any interest in this renort, |

King developed this equation on a number of rather lim-
1ting assumptions and the equation, in this form, is only of
passing interest,

8inoce Xing developed his equation there has been exten-
sive development of this type of instrument, Among the other



important articles are reports by H. L. Dryden and Kuethe
(6) in 1929; three reports by J, R. Waske (7, 8 and 9) in
1943 and 1949; and one by Stanley Corrsin (10) in 1949,

The arsicle by Dryden and Kuethe is the bases of mush
of the work using the constant ourrent method of measuring
velooity fluotuations. They did their work on the assumption
that the equation depsnded only on the instantaneous values
of its tarms and not on their rate of change; that is, that
the equation would hold under varying conditions provided the
instrumsnt was oapable of reaoting to these changes, The re-
sults they and others have obtained has shown this assump-
tion to be valid,

J. R. Weske 414 some work on extending the useful range
of the instrument in to tha subsonic range of velooities,
He also expsrimsnted with the effects of different wire ma-
terials and dimensions.

Correin's work was chiefly theoretical, he advanced
theory on the extended use of this Sype of instrument in the

gﬁ Dryden, H. L, and Kuethe, A. M., "The Keasurement of
Fluctuations i Air 8peed by the Hot-Wire Anemometer®,
N.A.0.A, Rep. Fo. 320, 1929,

7. Weske, J. R., "Method of Measurement of High Alr
Velocities by The Hot-Wire Method", N.A.C.A. Teoh Note, No.
880, 1943,

8. Weske, J. R,, "A Hot=Kire Cirduit With Very Small
Time Lag®, N.haQ.A, Tech Fote, No. 881, 1943.

9. Weske, J. R., "leasurement of Arithmetic Vean Velooity
of Pulcatlng Flow of High Velooities gz Hot=Wire Method",

» No. 990. Aprll.
10. Corrsin stanloy‘ "Extonded Avplications Of The HoS-

Wire Anouo-em H.A.Q.A, Tech No%a, No. 1864, April 1949,
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study of turbuleant flow and the mixing of gases,

Many other articles have been written on the direetional
characteristios of the Hot-Wire Anemoxster and on instrumen-
tation for its many varied uses., A list of some of these

articles can be found in "Appendix O' under *Ceneral Refer-

snoes®,

KIRG*S EQUATION

S8ince this report will only ba ooncerned with an in-
strunant for measuring oconatan$, or relatively oonstant,
values, the discussion here will be of that type of instru-
mentg,

The assumptions that King (5) made in developing his
squation are briefly theses; that
1. The temperaturs difference between the wire and the fluid
remain constan$,

2. The properties of the fluid « thermal conduotivity, spée
eifie heat and density - remain conastang,

5. There be laminer flow over the wire,

M, The wirze be normal to the direction of fluid flow,

6. The wire tempsrature bs uniform over the length of the
wire,

€. The losscs of radiation from the wire and viscosity of the
fluid ere negllgibio.

Many of these oconditions either can not be met or it is im=
practical to satisfy them in practices. Also, the equations

-5






given are only approximate forms of the more detailed equa-
tion he developed, The approxirmats forms were necessary %o
eiuplify the equation for this type of application.

The first, second and third asssumptions can be satipe
fied in braotioo, but 4t is impractical to do so as this
would 1imit the usefulness of the instrument, And, within
limits, it is not necessary to satisfy these assumptions if
2 system thats is not sensitive to small fluctuations is used,
This can be accomplished by using a galvanometer with a
period nscessary to damp out small fluctuations or by using
a wire with a heat inertia that will prevent it from reeot-
ing to small changes. 3Since a very small wire is desiradble,
the first method would seem to bde preferadles,

The fourth assumption oan be satisfied within reasonadble
1limits by adjusting the wire in the fluid stream to the po-
sition of greatest heat loss {11). While there will be some
suall variations under even good conditions, these will be
taken up by the inertia used to approximate the first three
assumptions. For conditions which have variations of any
magnitude, it is necessary to use the directional charaster-
1stios of the Hot-"ire. This is covered in sowe of ths ref.

erences listed under "(Ceneral References".

11. Simmons, L. F. G. and Balley, A,, "An inltrunont for
Measuring Speed and Dgzootion of AM>» *lov',‘jhll‘_!gg‘,
v°1. 3. 1927. PP. 81‘ o






The fifth and sixth assumptions are probably the most
diffiocult tomeet in practice. 9ince the wirs must be sup-
ported, there will be end losses and ths wire temperature
will, therefore, not be uniform over its length., Also the
wire must be very szall, the order of thousands of an inch,
and 1ts characteristios will be difficult to determine with
any degree of accuracy. Even if these charaoteristics could
be acourately determined, it is more convenient to handle it
in another way,.

The seventh assuzption may, or may no$, Be approashed
in practice. I did not find any convincing proof either way
in the many articles on this type of instrument. BSinoce this
1088 will be very small, most of those who worked with thie
sypé instrument have assumed that they will be merely addie-
tive. There are saveral noteworthy cases of disagreenent
with this assumption {10 and 12), but results have justified
1% t0 a largs extent, This iiea 1s further broughd ous by
ethers (12) who have compared experizental results with the
expected resulss from King's more exaot form of his equation,
Here it was found that the ourve of experimental data and the
theoretical curve were nearly parallel over a rather large
range,.

It oan be seen, from the faot that sorme of these assump-

tions cannot be eompletely met in practices, that there mush

12. HcAdauu. ¥W. H., Heat Trsngwmiesion, ¥ew York and
London: MoQGraw - Hill Book Co. 1933,
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be some method used to compensate for those conditions that
Rhave not bdeen considered in the development,

In developing the equation relating the properties of a
moving fluid and the heat loss of a heated wire suspended in
1%, King used only a unit length of a wire of infinite
length. He 4id not eonsider the losses by radiation or those
resulting from the viscosity of the fluid. Further, in using
& unit length, he negleoted any losses %o the supporss dy as-
suming & oonstant wire temperaturs over the length used.
These, therefore, are the conditions which make it nesessary
to use a somevhat different form of this equasion.

In consSructing a practical instrument along the lines
of his theory, King ohanged his equation (5) from the theo-
zetiecal form
Hs [xe2/iked (pv)d ] (r-12,), (2)
where G, has been replaced by the difference betwsen the wire
temperature (T) and the fluid temperature (7,) at some dise
tanee from the wire,

%o a form similar $o this

12Re AsBYV (2-19,). (3
In this form the constant$

A= a(Lk/J)

L 4s the length of the wire.

J 48 a oonversion faotor between watt-hours and BTU's.

e is a constant whieh eorxects for errors ocaused dy losses

not taken into acoouns in the theoretiocal developument,
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and

B = (2L/3) V7 kedp (v),

where

D is a oconstan$ similar to a,

King wen$ ahead and showed that, within the limits of hie
work this equation could be used with some degree of ascur-
a0y,

A number of those who have worked on this type of in-
strument have taken the density term (r) out of the *constant®
and made their instruments measure mass-flow. This is a
logioal development as the density term would not be aonstand
over any large range of velocitiss, pressures or temperatures.
This rewritten form of King's equation,
2ne[AeB (fv)i] (= 1,), (4)
has been used with a high degree of success in work with
these instruments,

The end losses are one of the most troudblesome fastors
in calibrasion of the Hot-Wize Anemometer. The wire must de
mounted in such a manner that the mounts will interfere as
11tt1le as possidble with the flow of the fluid over the wire
and therefore must be small, Keeping these mounts small ne-
oessitates using a material which will conduct eleotricity
and such material will also gonduct heas. Although the
mounts can be of suoch size that the current passing through
them will not heat them much, there is the probability that
1t may oconduct heat from the wire and disperse it as a

Y






funotion of the temperature difference beiween it and the
fluid stream. This would then ocause the ocalibration eon~
stants to be a function of the temperature differenee exist-
ing.

This possibility does not seem to have reseived sush
written consideration, The only article that I found which
discussed this possidility or ways of overcoming it was
weitten by Alfred H, Davis (13). Davis was doing some work
on heat transfer by free and foroed conveotion and using &
Hot=Wire Anemometer to study $he conveotion surrsnts. He has
salibrated his instrument for a certain temparature differ.
ence. Then, using the instrumsent as a resistance thermometer,
he determines the temperature of the fluid streap t0 be
studied aud sets the wire temverature the set amount above
the ambient temperature, This offers somewhal of a refine-
ment, bu$ would require that the fluid temperature remain very
nearly constant over the period the fluid was being studied.

In this zeport the calibration constants have been
changed some from those generally used. The terms of thermal
sonductivity and specifioc heat have besn removed in & hope of
getting these sonstants more exact. The revised form used
here will de
128 = [ g% o 570 (pV)] (7 = 7) (5)

13. avll, Alfred H., "An Instrument For Uoo In Keasuy-
ln Conveoted Heat®, .
33. 1920 - 21’ p‘p. 2“1 30
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vhere

A= (L/d)a

and

& & (21/3) /n@ (v)

The proposed instrumant based on this will be somewhat more
compliocated to oalibrate, but it is hoped that this and
other refinements will make frequaent e¢alibration less neces-
sary than with the prosent instrumenis,

The advantage expected to bs gained by this change is
not %00 evidens with the equation as it stands, though i%
can be saen that with any largs ochange in the fluid tempera-
ture, the value given %0 k will have some effeot.

In the usual method of ocalidbration, the temperature
terxa, T and T, are replaced by their values of reliutanco
from the equation (14)

Re Ry [l ot(T = !‘o);] (6)
In doing this, it must be assumed that the axbient fluid
temperature will remain very nearly constant. If a grea$
enough difference can be maintained betwesn the ambient

fluid temperature and the wire temperature, small variations
of the fluld temperature will have little or negligidle ef=-
fect. 8inoe these instruments are used mostly in experiments
with forced fluid flow, it is questionable if any large range

1, yarks, L, 8. (Zdited by), Leahanioal Englnasr:e Hand
]gg§§6gcw York and London, MoGraw « Hill Book Co., 19%1,
Pe °







of velocities ocould be accuratsly investigated. This follows
Decause a change in velocities would necessitate a change ia
the energy input to the moving fluid and a resulting shange
in fluid temperature. This was one of the complications meén~
tioned in one of the artiocles by J. R. Weske (7).

Since 1% is impraotical to have laminar flow in prac-
tical problems, the type of instrument being discussed here
must necessarily have gome limi¥ in the variations to which
it will respond. This limit is best set by the response of
the galvanometer, The galvanomster used in ob$aining data
for this report had a psriod of from 2 to 4 seconds and this
was found to work out quite well. The result here is that an
average value of the heat lose ie 6bta1nod. That is, that
very small changes 1n.velooity. temperature or density did
not effect the amperage reading, thus giving only the average
effact of these, |

There are instruments whioh will reaot %0 very small
changes and many good articles can be found on the many
phases of instrumentation and salibration of these veloocity
fluotuation measuring devices.

¥hile the maethod of handling the oalibration and use of
these instruments which is now used has served well and is
in wide use, 1% seems that it has many short-comings that
might be correoted. It is recogniszed that many of these prac-
tices whioch seem to introduce inaccuracies are used to sim-

plify the instrument and the simplifications have added more

- 12 -



in making the instrument ussful than they have done to make
it inacourats, With a growing need for greater acouracy and
the use of the instruments in new fields, it would seem some
{mprovementa could bs mads, Although this is notV the primary
purpose of thias thesis, it is hopsd that some progress along
these 1ines will be & dyeproduct of it.

8Y3TTUS OF 3TVERAL WIRTS

S8ince the time King developed his mathematiocal analysis
of the HoS=Wire and demonstrated its possibilities, there
han been much work and thought put into making 4% a velooity
measuring device, The Hot=Wire instrument has founds its
greatest field in measuring velocity fluotuations., Froa time
to time attempts have been made to make use of its other pos-
sibilities such as its directional charaoteristios and its
ability to measure other statistical data needed in turbulent
and boundary layer research,

Examination of the equation in the form used in this
repors,
128 «[x +SVET ()] (7 - 1), (5)
shows that the equation has two independent variables, These
are the veloocity and ambient temperature of the fluid., Be-
sides these, 1% also has three other variables -« the thermal
oconductivity, she specific heat and the density of the fluid -
which are, for all practical purposes, independent of the



velocity, but are depsndent on the amblent temperature and
the fluid being studied.

8ince the heat loss is dependant on two independent
varisbles, the determination of one will depend on the aocur-
aoy with whioh the other is known. fince the Hot-Vire ine
struzment has been chiefly used to meraure veloocity, an abile
ity to make an acocurate msasurement of the ambient tempera-
ture is very necessery 1f the resulting veloclity measurements
are to be acourate, At low velocities the normal temperature
measuring devices will serve quite well, but as the velocity
inoreases 1% has been found that the temperature measuremeuts
becoms more and mors inmccurate (7). This brings up the
question of whather or not the dependence on temperature
could be eliminated or mrinimized,

In locking over the terms of King's equation, 4t is
seen that it depends on the tempsrature difference between
the fluid and the properties of the wire. 7The dianmeter en-
ters in only the seccnd term of the ecuction and, therefore,
{f a different diareter were usaed, a differsnt equation would
result, The length enters in each term of the equation and,
therefors, ohanging it would probably only give a constunt
times the same equation. Also the temperature enters the

equation in each term, but sineas 1t 1s the temperature

el

7. Weske, J. R,, "A Method of Measurement of High Alr

Velocities by The Hot-Yire Msthod", J,A.C.,A, T20h Nois,
'O. 880. 19"’30






difference, changing the wire temperature would again resultd
in a constant times the right hand side of the equation; bub
due to the complex relationship between wire temperature and
wire resistance, changing the wire temperature might make a
further difference in the equation that can be used.

These oconsiderations show that it will be possible %o
use a system of two and three equations to evaluate the var-
iables,.

Taking up the thermal oonduotivity first, proper manip-
ulation of three equations, obtained in the manner desoribed,
will give an equation for thermal oonductivity as just a
funotion of the power dissipated through the het-wire and
the constants of the hot.wire., This would be in the form of
a quadratic equation and would take a compliocated electronie
oirouit to solve 1%, but could be a very useful devioe in
sombustion research where there was reasonably eonstant flow,

The ambiens fluid temperaturs is the second quantity
that could be determined with this type of instrument, Again
1t would take three equations to eliminate all the other
variables, bus, as with the thermal eonductivity, they can
all be eliminated and the ambient temperature obsained as &
function of the power dissipated and the equasion oconstants.

The velocity is the third quantity that this type of
instruzent might be used to measure, Although this is the
enly one that the hot-wire instruments are presentily used %o

measure, it is the one that, theoretioally, this arrangement

otS-



of the instrument would be least capable of measuring. As
oan be seen Dy examining the equation, the velocity, unlike
the other two, oannot be found as a funotion of just the
power dissipated and the eonstants of the instrument with

any number of simultaneous equations. By using two equations
the ambient temperature can be eliminated, but the thermal
oonduotivity and specific heat will still remain, The one
consolation is that these quantities do not vary mush over a
fairly large temperature range,

One trouble with the method just desorided is that the
equations dbegome very long and oompliceted. But if elee~
trical oirouits can be made to handle them, they should be
quite useful in many typss of research.

This method depends on the assumption that the terms &
and § of the equations will remain reasonably oonstant over
a large range of velocities and temperature differences.
This is assuming that the loss of radiation to and viscosity
of the fluid will de small and nearly constant, Another
faotor that could affect She values of Sand & is the pos-
sible end losses. In an article by Weske (7) it is suge
gosted that 1f the ratio of the length of the wire to its
diarmeter is kept over 250 that the end losses will de negli-
gidble,

A report through the Bureau of 8tandards by G. B.
gchubauer (15) has shown that changes of humidity have 1ittle

15. Sohubauer, G. B., 'Effoot. of Humidity In Hot-liro
Anemometer®, 8 Arga . | a zna



effeot on these aonstants over a normal range of humidities.
Larlier two other men, A. I. Kennelly and H, 8, Sanborn (16),
investigated this and found a 2 percent change in heat losse
per degree rise in temperature for a change in relative
humidity from 25 to 70O percent for temperatures around 25
degrees centigrade., For most types cf work this would have
1ittle effect.

| The limitations of this instrument would be velooity
1imitations and the same as those of the standard instru-
ments, FPirst, it is assured that the product of velocity and
diarmeter of the wire is over 0.0187 (the velooity in om./ses.
and the diameter in om.) (5). Essentially, this requires
that the velocity be large enough to overcome the effects of
any induced oconvection and to make the effect of any head
film which might form over the wire negligible.

Singe the thermal oconductivity and the specific heat of

a fluid vary very little over a rather large temperature
range and are generally known funoctions of temperature, these
terms ¢an be retained in the equation without seriously come
plicating 1t. This will make it poesible to use a oombinae
tion of two wires to obtaln separate equations for mass-flow

(pv) and ambient fluid temperature (T4) as funotions of the

15. Kennelly, A. . and Sanborn, H. 8., "The Influence
Of Atmospheric Pressure Upon the Foroed Thermal Jonveotion
Prom Srmall Rleotriocally Heated ¥irea®, Prog, Am, Phil, 924.,
Vol. 52, 1914, p. 55.
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wire constants, thermal conductivity and specifioc hert,
These oquations are obtained in this manners

Setting up two equations, one for each of the two wires
to be ueed, and assuming that they are both evaluating the

sames fluid properties under the same coniitions,

12r) [ A% ¢ 5y vET (pr)¥](r, - 1) (7)
137, #[5k 4 8, vET (pr)t ] (1, - 1)) (8)
and putting in

To[R(xTy=1) ¢ R]/ (=R,) (60)

for the value of T in each equation, using the preper sub-
soripts, and solving the two resulting equations simultan-
eously, first for va) and then for T,, these squations are

obtained};

(pv) o (pritc a Dm0 (9)
or

(pv) = [(-a 02 = D) /22, (9")
where

0« (£/x/8) o (/ VE®) [(42R,0 « 157))/(By = Rps)]  (9a)
D= (gx/s) o (n/s) [(13Rpq = 13R))/(Ry = Rps)] , (9b)
and

2erzerso (10)
or

=zt /120, (10")
where

£ = (b/k) (13Rp8 = 1§R)) = §(Ry = Rps) - 2p (10a)

- l8 -



r = (np/x)(13Ry = 13R,4) & (R;Ro3n/k) (198 = 134 o
pI(Ry = Ros) @ TRIR, @ p* (10m)

This gives two equations, the data for whioh can be
taken from the same instrument, Kquation 9 gives the produoct
of gfv) with only siight depsndence oa a knowledge of the
fluid temperaturs. 8ince the value of thermal conduotivity
varies very iittle over temperatures of 15 to 20 degrees,this
would be roughly the acouracy neosssary to obtain reasonably
good results., Equution 10 gives a method of obtaining the
temperature (?.) of a moving fluid that, theoretically at
least, gives promise of being accurats at very high velosities.
Ths small wire used would not present the friotion probles nor
would it distors the fluid flow in obtaining §ts measurements.

"hese equitions are long and complicated and their so-
lution would be troublesome in this form., There are several
ways in which this wight be overcome. One would be to always
opsrate each wire at a set resistance, thus making every term
eonstant, exocept k, s and té a1’ A second method would be
to operate sach wire at the same resistance, The first
method would out down the numbsr of operations needed in 80~
lution, wiiile the only improvement of the second over the
first is that it would simplify the needed operations.
Neither of these simplifications, changes the original eondi-
tions assumed in setting up the twoewire equations as the
wires are still of di<fersnt diameters and operated at diff-

erent tomperatures,






There ie & third poesible simplification which involves
opereting both wiree at the sans temperaturse difference end
relying on juet the differencs in diameters to produce the
two separate equations. This would be to cut two wires of
different dtamcters into lengths havinz equal zero resis-
tances, YNow, it cin be seen from the tewperature-resistance
equation
ReR [1ea(r- 1,)] (6)
that, 1f the two rires are of %he sume material and have
equal gero resistances, these two wirea onerated at squal re-
gistanoes will be at equal tamparstures, The two equaticns

9 and 10 then beconme

(fv)} s wy/x/s [(lgq - 1%)/(1% - lgd)] (9'")
and ‘
To e R [ = (w)12a - 15)] o . (10"")

Any notaticn that has not bean explained oan be found in
Apvendix A,

Both forms of equationa 9 and 10 would depend on the
aocuracy with whioh the oonatants/B and 8§ could be determined
as ratios of eaoh of thess terms for fhe two wir;l appear in
tae equations, Also there could be no varlaflon of these

terms over the range of oparation.
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CONSTRUCTION OF THE INSTRUMENT
ARD DATA TAKING

The Hot-Wire Instrument used for obtaining data for
_this experiment was of the constant resistance type used for
measuring oconstant velocities, It oconsisted of a Wheatstone
Bridge for measuring the resistance of the wire, an amueter
in the wire arm for measuring the amperage flow in the wire,
a voltage divider for varying the voltage on the wire and
two small wires so mounted that they ocould be placed in &
moving alr streanm, |

The resistances of the Wheatstone Bridge, a wiring die-
gram of whioh is shown in Figure 1 of Appendix B, were 0Om-
mercial, wire-wound resistances of 10 peroent acouracies and
rated to be used at ten watts or less., The accuracy of the
resistances had no bearing on the acocuracy of the bridge as
the bridge was calibrated after construction. This was neo-
easary because the resistance of the lead wires and soldered
joints oould not be balanced or controlled,

One arm on the bridgs ocontained a variable resistance of
thres ohms, marked R, on the diegram, which was used %o ob-
tain a balance when 4ifferent values of current were used.

The c¢alibration of the bridge was accomplished by oali-
brating a three ohm variable resistance of approximately line
ear taper, and then placing this in the instrument bridge in
place of the hot-wire and using this to oalibrate the variable
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resistance of the bridge. A current of mbout 0.3 amps was
used %o assure aporoximately the same galvanometer sensi-
tivity as when the bridge was in use,

The variable resistance used for calidrating the bridge
was calidrated from standard resistances in this manner:

First a one ohm standard resistance was plaged in the
ara of a commeroial Wheatstone Bridge and balance was ob-
tained using a sensitive wall-galvanometsr., Then the stan~
dard was replaced by the variable resistanoce and this was
varied until the balanoce was again odbtained. This point was
marked on the face of the variable resistance.

fhis was rspeated with & one-tenth ohm ctandagd. fwo
one-tenth ohm standards, the one ohm standard and a one=-
tenth ohm standard and the one ohm standayd with both one-
tenth ohm standards.

Care was taken %0 use the same leads %o eonnect in the
variable resistance as were ﬁuod for She standard or oombina-
tion of standards. The resistances of the leads, which were
soldered to t h e variadle resistance was inocluded as pars of
the resistance of this rheostat.

The five oalibration marke which were obtained in this
manner showed no deviation from & linear taper. Direot in-
Serpolation besween these points was used to estadblish a
complete set of graduations,

Since it was neoessary to have points beyond the 1.% ohm

mark found in this manner, a box variable-resistance was

- P2 -






adjusted to one-tenth and two-tenths ohms by adjusting it te
balance the bridge set for balance at these points. Thea
this was used in ocombination with the standards to obtain
other combinations on the variable resistance.

Platinun was selected as the wire material beeauss of
tts high resistance, its high temperature coeffioient of re-
sistance and 1%s ease of handling. The wire dimensions and
characteristios weres

Length (approximately) « -« =« ¢ « = = = « « « = 0,5 inches

Dianetors o« c e c e c a v e o o= o o=« 0,002 inches
cec oo naenenee-« 00,0018 inohes
Temperaturs Goefficient of Resistance - « - = 0,00204/°F
The S8igmund Oohn Coxporation supplied the wire and gave its
properties as being approximately 99.999 perocent pure plati-
num with a ocoeffioient of resistanoe of 0.00398/°0
(0 = 100°¢). The wire was supplied unannealed and was an-
nealed by passing a current through 1%, which caused a vis-
idble glow, and keeping it heated for approximately one hour.
8inoe it is not necessary to know the exact length of
the wire, no great eare was taken in adjusting she length ex-
gopt to be sure that the wires were long enough so the ratie
of the length to ths diameter was over 250,

A 4rawing of the mountings of the wires is shown in
Figure 3 of Appendix B, The wires were mounted on Number 7
needles whioch were in turn supported by oarved, hard wood
bases. The wire end was placed in the eye of the needle and

- 27 -






the eye filled with a soft solder., Lead wires going back $o
the instrument were soldered to the lower end of the needles
and supported by the wood mountings. The wood mountings were
held in the alr stream by copper tubeés which were athached tq
a plate that ocould be revolved in a horisontal plane aboud
{ts vertiocal axis. The plate was supported on a 3/% in. di-
aseter pipe, the plate could be rotated about the horisontal
axis of the pipe. 80 arranged, the wires could bs adjusted
in any direcotion to bring it into a position normal to the
alr strean,

A tube 14 inches in diameter, fod from a squirrel-oage
fan, was used for calibration tests on the instrumsnts, Some
approximation of laminer flow was obtained by running the
tests at a point soms 30 ft. down the tube from the fan. Be-
tween this point and the fan, the tube ocontained a eet of
"straighteners® whioh tended to bdrake up the turbulent flow
from the fan,

A statio=pitot tubs was used to measure the velocity in
the wind tube. The wire mounts and the pito$ tube were &0
mounted as to take three positions approximately equal dis-
tance apart and approximately equal distance f{rom the center
of the sube., This was done to have sach measuring as near
equal velocities as possible,

There was a gate arrangement on the wind tube, near the
fan, whioh was used to vary the veloocities in the tube,

The reference resistance of the wire was found firss.

-gl -



To do this, the resistance of each wire was measured at sev-
eral air temperatures and the reference resistanase (R,) com-
puted from equation 6,

The measursble properties of the zir were obtained by
placing a thermometer in the wind tube, near the test section,
to obtain the ambient airy temperature, two manometers 02Ne
neoted %o the pitot tube, one to read statio head and the
othar to read the difference in statioc and total head, and
the barometrio preasure was taken from a bdarometer in the
Toom,

9inoe 1t is necessary to find the variation in the ocon-
stants with variation of both velooity and temperature dife
ference, 1% was neceassary to take two sets of data for each
wire. One set of data was taken with constant velocity and
varying temperature differences, the other with constant
temperature differsnce with varying velocity. 1In the first
set, the velooity was held oonstant, near the maximum for
this experiment, and the temperature difference was varied
by varying the voltage impressed on the instrumen$ bridge,.
In the sesoond sed, the wveloocity was varied by closing the
oontrol gate by degrees and the tempsrature difference was
held constant by varying the voltage impressed on the bridge
%0 keep the bridge in balance at a set resistance, The tem-
perature difference was not kept constant as the alr temper
ature varied a little.

9inoe the variation of the constants with varying



semperature difference was considored llkely to be the most

important, swo sets of data were taken on this for each

wire.

DISCU3SION OF EXPERILZNTAL RESULTS

Although it would seem logical to compute the constants
for each point since the variation in the constants was %o
be checked, for several reasons this was not done. Pirst,
computing these would be a very long and $edious job; second,
1f this were @one, it would involve only average values be-
tween gots of adjaoent pointsg third, 4% would involve ratios
of the differences in numbers which are vary nearly equal and
thus inoreasing the errox many times; fourth, the inatrument
used in obtaining this data was not suffioiently aocurate %o
warrant attempting this methodj and last, there is a simple®

and more direot way.
If equation 5 is rearranged in the following wmanner,

£ = fi%/(an)(x)] - 6 Vaix (poit (')

and 1% is assumed that and are constants, this equation
san be compared to the equation of a straight lirne,
LBeoyabx (52)
where

y » 12R/(a1)(x)

xadfolr (vt

1f, as assumed, ( and S5 are constants, it can be seen thas for

a set value of x there is a set value of y. Further, if the






values of x and y are known, thzse can be plotted and the
curve of squation %' will result. This can be done with no
knowledge of the values of either Sor § . Now, if the as-
sumption made here is not correct, a curved line and net a
straight 1ine will reault when x 1s plotted agalnst y. 7his
does not assuma that any of tha variables of ths equation
have been held sonstant,

This curxve will then serve two purposes, It can serve
as a oheck on the extaent to whioch thess "constants® arxe oon=
stant and also as o calibration curve for the wire. The
equation here is the slope-intercept equation of a siraight
line where @ is the intercep¥ and 6 is the slope.

The first sat of values, the tabulation ard graphs of
which can be found in Appendix G, were taken with a constaansd
wire temperature and varying velocity. The hope, in holding
the wire temperature oconstant, was to get a curve at con-
stant temperature difference, but variation in the ambiens
ailr temperature prevented this. The velocity was varied from
approximately 5 to 27 ft. per seo. The temperature differ=
ence shows a variation of around 6°F., Straight lines cculd
be drawn through most of the pointe for both wires. This had
not been expected and it is quite posrsible that, 4if a greater
range of velocities were used and greator acourancies were ob-~
tained, the ocurves would show some variation from a straight
1ine. Some of the points on these ourves are out of line and

these oan probadly be attriduted to errors in making the tes$
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seadings, This is shown by the fact that in some of the
oases a second reading under the same condition has fallen
on the line.

The seoond two sets of values taken for each wire are
at oconstant velooity and variable temperature differences.
This presents a qlightiy different problem as now the term
x in equation 5' 1s a constant, or reasonadbly so. If x,.8
and 5 are all constants then y also must be oconstant and the
ourve here would be a single point. This would not serve to
show the extent of any variation in the constants,

This has been overcome by observing that if y is & con-
stant, then 1f (x)(AT?) is plotted against 2R, this should
give a straight line, Any deviation from a straight line
would indiocate that the constants varied with the Semperature
differences. This, of course, would no$ give an indication of
which constant varied or, if both varied, the extent of vare
iation of each., But, if a variation were found here, con-
stant temperature difference curves could be run for a num-
ber of differsnt texperature differences and the place and
extent of the variation evaluated.

The tabulation of data and plotted eurves for'thil are
shown in Appendix G, A stralght line could be drawn Shrough
most of the points except those from zero to 60 degress tem-
perature differences, The data taken was not accurate
enough to give this portion of the curve any meaning. Again

a few of the points are out of line of the curve, beyond
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those in this erratic portion of the curve. 7These points
ocan probably be atstributed to errors in data taking as there
is 1ittle uniformity with the way they deviate from the line.
The temperature differsnces used ranged from sero $0 around
100°F, this end point differed with each set of data.

The results from this show that, within the accurasy of
the work and the 1imis of temperature differences used, the
constants did not vary any appreciable amount,

The problem of determining ths valus of a reference,
wire resistance is a very important one, because upon how
well this is determined will depend the accuragy of the
measurements of the fluid properties with the instrument,
This is a problem beocauss of the size of the wire, 8inoe the
resistance is very small, a current of the value used in most
standard resistanoe measuring devices will tend to heat the
wire and the value determined will be too large.

Three ways of determining this will be listed here. The
firat two were used in obtaining the data for this thesis,
the first as a cheok on the second, This instrument was no$
considered accurate enough to use the third method.

1. A piece of the wire about 4 inches long was conneoted
in series with a larger known resistance and an ammeter, the
wire was placed in o4l and heated to HOO°F. The oircuit had
been tested before-=hand under a certain impressed voltage and
the current recorded. The wire was then included and the same

impressed voltage used. The current was kept well below that
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whigh would heat the wire at these temperatures. All the
leads used were inoluded in both tests so they would not add
to the resistance. The Tresistance of this piece of wire was
ocomputed from the difference in amperage reading before and
after adding in the heated wire. Then, from the measured di-
mensions of the wire and this resistance and temperature, the
characteristios of the material were oomputed,

This method was no$ considered muoch of a success as the
resistance of the wire was not large enough to make muoh
shange in the current flow,

2. The wire was placed in the calibrated bridge of the
instrument and a small voltage impressed on the bridge. The
bridge was balanoed and the resistance read from i%, This
was repeated at a numdber of air temperatures as & manner of
cheok. The reference resistance was then computed from equae
tion 6,

The drawback with this method is that a very small vols-
age must be used to keep from heating the wire. The galvano-
meters that are used in this type of instrument cannot be the
type that will measure as small a voltage variation as would
be required here,

The reference resistances obtained by this method are
given on the data sheets in Appendix O,

3. This method requires a very accurately calibrated
instrument bridge and an ammeter that can be read %o as many

places as are required in the resistance acourasy.

-30-



As was stated in the discussion of the terms of equation

5. for sonstant velooity=varying terperature difference, if
A8, x and § are oonstant then 21l the terms of the equation
are constant for each point. Therefore, the y terms of any
two points can be set equal,

AL IR L

or

13ry/(x)(aty) & 12Ro/ (k)(aT,)

Canoelling the k from esch side of the equation and substi-
tuting in
or » (RKRy) [(T, = 1) = 7,]

for eachaT and solving for R, this equation is obtained,

Ry ® [RyRa(sf = 12)] / [(1, = 7,) = 1] (a2Ry = aRy)  (21)
This gives an equation for R, that eliminates the troudbles
found in the other two methods. Also, if the instruments are
construsted for use of the two=wire equations developed in
this thesis, this method will not require any more accureaoy

than is nesded for working with these equations,

DISCU3<ION OF POINT3 OF POSSIBLE ERROR

The mathod of calibrating the instrument left room for
some Orror. Sinoe only one and one=tenth ohm standards were
used, 1t was necessary to assume a linear taper betwesn
these points to mark the variable resistance off in one-

hundredth ohm division., A further error may have been
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insroduced by calibrating a commercial variable resistanoce
snd then using it to calibrate the bridgs, This was neces-
sary as the bridge was changed a nuxber of times and a
method of speedy oalitration was nceded, The resistance
readings used are given to the third place beyond the deoi-
mal poin#, but they are probably not accurate to more than
ﬁ 3 4n this place.

The readings of the ammeter are given to the thimd
place, These are not accurate to more than & 2 in this shird
place.

The ambient air temperature is another place of possible
error. Tue temparature here was continually changing while
the tests were being made. In general, 1t was olimbing, dbut
at times it would drop as much as 2 degrees in a period of &
few minutes, It is possible that the meroury thermometer
used did not alwsys react to these changes as fust as they
ocourred. The temperature readings are given to the third
place with a probable reading accuracy of ﬁ 2 in this third
place,

The velooclity and static pressure were measured with a
statio=pitot tube and it was assumed that the readings of
thias tube were correot over the complete range. The statie
head and difference in statio and total head readings did
not show the fluctuations that the temperature did. It is
bard to believe that the veloocity did not fluctuate while the

temperature did and it is possible that the manometers were
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%00 slow %o reoord these fluctuations. The static head read-
ings were %aken to three places and were accurate to this
place. The 4ifference in heads was read to the third place
with an ascocuraoy of £ 2 in this place,

There is also a possibility of error due to Surbulent
flov wvhioch would affeot the Ho%=Wire, but not She pites fude
readings.

In general, ocontrol was not oconsidered good enough te
attempt to obtain any experimental evidence on the use of the
tvo-wire equations,.

GENERAL CONCLUSBIONS

The graphs of she data taken for each of the two wires,
operated first at constant temperature differenoce and vari-
able velooity and second at constant veloocity and variable |
temperature difference, has been plotted in such a manner as
to show a variation of the constants if the experimental data
does not fall on a straight line. This experimental data, in
each oase, has formed a etraight line within the limits of
this experiment and over the range for which the data was
taken. The experiment was only accurate enough to give an
tndiocation and not within close enough limits to give proof.

8ince the theory of the two-wire equations presented re-
quires that these ®"gonstants" be constant over a rather large

rangs, the data presented gives a definite indication that

A}
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these two-vire instruments are feasible; although, it would
take a2 much more aocurate and hetter controlled experimen$
to prove or disprove this. The indiocation given here 4@
that the variation of the constants over the range investi-
gated is only very slight, if at all, and that there would
be a fairly good range where a etreight 1line would epproxi-
rate the curve very oclosely,

The advantages thess Two-Fire Instruzents seem to offey
aret the eliminating of the nesd to know the ambient fluid
temperature so accurately in measuring velootties, & method
of finding the ambient fluid semperaturse at high veloocities
and more acourate information on the thermal conductivity of
fluids, |

As a velocity measuring device, its disadvantages as
conpared to the One-Wire Instruxents would be: the oconstruc-
tion of a direst reading instrument would be much more costly
and eomplicated and the #ize of the instrument head would de
more than doudbled,

In general, if the instrument is feasidble, it would only
be profitable o use i% where oconsiderable, accurate infore

mation on both temperature and velséoity were needed,
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APPTEDIX A

ROTATIONS

Fluid and Wire Y¥otations

éb < ;i \b ®

3 o
-

J” - B

U’Qoﬂg

is the thermal oonductivity of the fluid.

is the speoifioc heat of the fluia,

is the dennity of the fluid,

is the amhient temperature of the fluid,

s the velooity of the fluid,

or AT is the temperature difference vetween the wire and
the fluid at some dietance from the wire,

is the diameter of the wire,

is the length of the wire,

Tor 11 and T

v 2
is the amperage flow through the wire,

are wire temperastures,

is the reeistance of the wire at some temperature 7T,

1s the resistance of the wire at the referenae tempera-
ture T,.

is the temperature coefficient of resistanoe for the wire,
is the resistance reference temperature for the wire.

is a conversion faotor between watt-sec and BTU's,

is a constant gorrecting the first term of King's equation.
is a constant gorrecting the second term of King's

equation.
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APPENDIX A(continusd)

Conatants of The Two-Wire Equations

AL = (L/J)a
5 = (2L/3) /7@ (v)
4 .81/52

£ = (B1/51) = (Ba/5,)
8 & 5, ﬂg/S. 53

b= 5o/( 8g 5y =0452)
I= 1/(«Ry)

me Ryl y

B e («Ryy Hp)/(6152)
pe (Ty = 1/x)

Q= _5/58,

¥ = 1/(«FRy1Ryp)
us 1/[g,(4 - q)]
va Golés

s® R,/ Ry,
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AFPELDIX

Y

A, Data for oonstant velocity curve for Wire 1 (Set 1)

3
2i0s

0.150

0.179
0.180
0.203
0.232
0.236
0.251
0.261
0.278
0.291
0.300
0.318
0.320
0.337

Diameter

Length {approximately)

ol

R,

Barometrio Pressure

Veloocity

R
20Rd

1.355
1.386
1.386
1,401
1.817
1432
1447
1,463
1.478
1.493
1.509
1.524
1.539
1.555

2
88,2

- 87.4

87.6
€7.0
6.0
87.5
87.0
£7.8
86.5
85.5
85.5
6.5
87.0
87.6

1%r
matta

3.09x10"2
hohl
k. kg
277
7.63
7.98
9.1k
9.97
1.14x10™1
1.26
1.36
1.54
1.58
1.77

0.0015 inch

0.5 inoh
0.00204/°F

1.191 ohm

29.17 in. of Hg.
27.2 ft. per seo.

Ty AT 12R/aT

or oF LEART:T Ak

99.6 11.4 2.71x10~3
112.3  24.9 1.78
112.3 24,7 1.82
118.5 3.5 1.8
125.1 391 1.95
131.3  43.8 1.82
137.5 50.5 1.81
14,1 56,7 1.77
150.2 63.7 1.79
156.%  70.9 1.78
163.0 77.5 1.75%
169.2 82,7 1.%86
175.4  &8.4% 1.79
182.0 9k.b 1,87
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APPENDIX C(continued)

B. Data for constant velooity curve for Wire 1 (Set 2)
Barometric Pressure 29.27 in. of Hg.
Velooity 26.9 ft. per sec.

L R oI 1%r I Ar 12r/ar
_axps_ _ohma. _watts  °F ¢ _ watts/OF:
0.030 1.326 6.6 1.19x10°3  #7.6 1.0 1.19x1073
0.122 1,343 #6.5 2.00x10"2 94,6  &.1 2.h7x10°3

0.150 1.358 &6.5 3.06 100.8 14,3 2.1k
0.168 1,374 8.2 3.88 107.4  21.2 1.83
0.170 1.37% 86.0 3.97 107.4  21.%4 1,86
0.151 1,398 86,6 L.58 117.3 30.7 1.B9
0.191 1.,ko4 86,7 5.12 - 119.8  33.1  1.55
0.219 1,420 8.6 6.78 126.3  39.7 1.71
0.228 '1.435 6.6 7.46 132.5 U5.9 1.62
0.245 1,450 @86.6 8&.70 138.7 52.1 1.62
0.258 1,466 g6.% 9.8 45,3 58.9 1.67
0.261 1,481 86.2 1.01x10"1 151.5 65.3 1.53
0.282 1,496 86,5 1.19 157.7 T71.2 1,66
0.291 1.512 86.5 1.28 64,2  77.7 1.65
0.301 1,527 &6.8 1,38 170.k 83,6 1.65
0.311 1.542 86,8 1.48 176.6 £9.8 1.65
0.320 1.558 &6.&8 1.60 1£3.2  96.4 1,66
0.33% 1,573 86.2 1.80 139.4 103.2  1.74
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APPENDIX O (continued)

C. Data for constant wire temperature for ¥Wire 1

Barometrie Pressure 29.17 in. of Hg.

Wire Temperature 188.1 Oy

Wire Resistance 1.57 ohm
b ot B s ol ot
0.353 2.01x10°%  #5.5 3.892x10°6 7.4 1.40
0.352 1.9% 85.2 3.890 25.3 1.35
0.348 1.90 - 85.4 3.891 23.7 1.30
0.333 1.8 - 86,2 3.896 - 23.1 1.28
0.332 1.73 87.8 3.906 20.5 1.21
0,330 1.7 87.0 3.901 20.6 1.21
0.710 1,51 87.5 3.905 15.4 1.04
0.2%1 1.24 90.5 3.922 10.3% 0.85
0.248 8.18x102 91.0 3.925 4.9 0.58

.Valuo. of thermal conductivity and specific heat are taken,
reference 1%, p 395 and 1909.



A

102.6
102.9
102.7
101.9
100.3
101.1
100.6

97.6

97.1

APFERDIX O (oontinued)

o
~{L8.=000./1b,)7

251.6
251.6
251.6
251.4
251.2
251.3
251.3
251.1
250.9

20 ﬂt‘exl*'

504
L85
475
LT3
bl2
k33
384
32h
215

352
340
327

322
304
304
261

213
146
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APPERDIX 0 (gontinued)

D. Data for constant velooity ourve for Wire 2 (Ses 1)
0.002 inoch

Dianeter

Length (approximately)

o

Ry

Barometrio Pressure
Velooity

 § R T
_aava. _chaa. o

0.030
0.110
0.116
0.172
0.233
0.262
0.326
0.358
0.360
0.ho2

0.4
0.460

0. 94
0.956
0.956
0.971
0.987
1.002
1.018
1.033
1.033
1.064
1.079
1.09%

82.2
82.4%
82.6
8.8
8.8
81.6
82.8
82.4
g2.b
82.8
g2.8
83.2

0.5 inoh

0.0020l/0F

0.850 ohm
29.07 in. of Hg.
27.5 £t. per sec.

18R
~—JANta.
8.50x10~
1.16x10"2
1.29
2.87
5.75
6.88
1.08x10~1
1.32
1.34
1.90
2,00

2.32
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K3
86.2
93.2
93.2
101.8
111.1

119.7

137.6
137.6
155.5
164,1
172.8

4.0
10.8
10.6
19.0
8.2
31
47.1
55.2
55.2
72.7
1.3
89.6

2
aﬁag |

2.12x10~%
1.07x10™3
1.21
1.5
2.08
1.85
2.30
2.40
2.2
261
2.47
2.58
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APPENDIX C (ocontinued)

E. Data for oconstant velooity curve for Wire 2 (Set 2)

Barometrioc Pressure

Yeloeity
i R

~BEpa., _ohna.
0.100 0,950
0.122 0.955
0.150 0.971
0.162 0.971
0.168 0.971
0.220 0.947
0.270 1.002
0.272 1.002

0.310 1.018
0.310 1.018
0.314% 1,018

0.3%9 1,033
0.353 1.042
0.362 1,048
0.371 1.0u8
0.372 1,048
0.42% 1.079
0.430 1.079
0.467 1.110
0.869 1.110
0.500 1.139

S
86.2
86.1
85.2
éh,2
84,0
85.6
5.0
85.6
gs,.2
85.0
85.0
g4.5
£5.0
g6.2
&5.0
85.0
86.1

6.0

86.0
86.0
85.4

12r
~atte
9.50x10™3

1.42x10"2
2.18
2.55
2.7%
.78
7.30
7.4
9.78
9,78
1.00x10"1
1.26
1.30
1.37
1,44
1.45
1.95
2.00
2.43
2.44
2.85
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i
89.6
g2.4
101.6
101.6
101.6
110.8
119.4
119.4
128.6
128.6
128.6
137.2
1424
145,.8
145.8
145.8
163.7
163.7
181.5
181.5
198.2

29.27 in. of Hg.
26.9 f%. per sec.

AT
0

3.4

6.3
161
17.4
17.6
25.2
34.0
33.8
Ly 4
43.6
k3.6
52.7
57.4
59.6
60.8
60.8
77.6
177
95.5
95.5
112.8

12R/AT
A1 (¢

2.80x10~3
2.26
1.33
1.46
1.56
1.90
2.15
2.19
2.20
2.24
2.30
2.39
2,26
2.30
2.37
2.38
2.51
2.57
2.53
2.56
2.52
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APPZNDIX C (ocontinued)

F. Data for constant wire temperaiurs curve for Wire 2

Barometric Pressure 29.17 in. of Hg.

Wire Temperature 363.7 OF

Yire Reasistance 1.C79 ohm
0.366 1.45x107! 85.5  3.892x10~°  27.M 1,40
0.358 1,38 85.5  3.892 25.3 1.34
0.351 1.33 8.5  3.897 23.8 1.30
0.348 1.30 85.9  3.89% 23.3 1.29
0.338 1.23 87.5  3.905 20.5 1.21
0.318 1.09 87,0  3.901 15.4 1.04
0.288 8.9%x10°2 89,5 3.9016 10.3 0.85
0.282 8.58 9.0  3.919 10.3 0.84
0.23 6.11 9.5 3.928 8.8 0.58






APPENDIX C (continued)
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215

303

213
211
146
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