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Abastract

Velocity and temperature distributions have been
measured 1n a steady-state, two-dimensional, turbulent-
ly flowing air stream, These measurements have been
made both in an essentlally isothermal stream and in
one ﬁpon which a temperature gradlent had béen imposed.
The heat flux and shear and the thermbdynamic state of
the fluid were determined at the same positions in the

alr strean,

From these data, the eddy conductivity and eddy
viecoaity distributions were calculated for fifteen

different flow conditions.

The results of the eddy proéerty calculgtiona
have been compared wlth eddy property distributions pre-
dicted by other investigators. Thé data have been
correlated in a manner which appears to simplify pre-

dietion of eddy properties in other similiar situations.
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Section I

Introductions

A complete understanding of the analogy between
the transfer of thermsl energy and the transfér cf mo=
mentum in turbulent fluids eppears to be desirable,

Such en understanding might sesist in improving the
analyels of turbulent processes and certainly would pro-
vide useful assistance in the prediction of heat flux in
engineering situations. This analopy has attracted the
attention of many investigators but a complete undere

standing is still lacking.

An investigation of the reletlicnship between
eddy viscosity and eddy conductivity appears to offer a
‘means of obtalning additiénal understanding of the
mechanism of this analogy. The prihbipal purpese of the
inveatigationa-;eported herein 1s the determinaticn of
the relationship between eddy conductivity snd eddy vis=
cosity in a two-dimensional, turbulently flowing air

stream,

Almost every writing on the analogy between heat
transfer and fluld frictlion pays tribute to Osborne
Reynolds (1) who orliginally reported this phenomenon,
The Prandtl (2) and Taylor (3) theories of turbulent
‘action appear to yisld, aé'a corollary, the proposal

that the eddy conductivity and the eddy viscoslty are



g
identical quantlitiecs. By the use of thils assumption and
of elther experimental or assumed eddy viscesity dise-

tributions, heat transfer relations may be calculated,

Karman (4) tacitly sssumed the identity of the
oddy viscosity and of the eddy conductivity by cone
gldering the existence of only ome quantity, the "turbue
lent diffusivity®, which possessed the properties of
both of the eddy quantities. Using this identlity assump-
tlon he derived expressions whicﬁ approximately indicate
the heat transfer coefficients for circular tubes for a

wide range of fluids and a wide_fenge of flow conditions.

Boelter, et.al.; (5), and Martinelli (6) recognized
that possibly the eddy conductivity and the eddy viscosity
wore not identical, but presumed that their relationship
might be represented as a ratio. This ratio was assumed
. to be single-valued for any one stresm., Using this ratio
. they derived complicated axpressloﬁe for heat transfer
coeflficlents for circular tubes‘and perallel plates, In

their actual numerical computations they used the value

of unity for this ratio.

In any fluid situation for which the eddy conduce
tivity and velocity distributions may be accurately esti-
mated, the heat transfer problem ié cavatle of a comnlete
solution, This approach to the heat transfer problem
has obtained engineering 1mportance only since the de-

velopment of such computational alds as the analog
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computer and high speed digltel computers. The applie
cation of eddy conductivity data to the solution of heat
- tranafer problems 1s not within the realm of the present
writer's investigations., Several other graduate students
in the Chemical Engineering Department of the California
Ingtitute have been demonstrating the use of eddy conduce
tivity data with the analog cowputer for the predlction
of thermal flux and of temperature fields Iin turbulent
streams, One paper (7) reports the use of an arbltrare-
ily assumed eddy conductivity distribution. A later
study utiliged, at leaast in part, eddy conductivity dis-
tributions determined by the present writer and reported

in this thesls.

The use of high speed computational alids makes
unnecessary the simplifying assumptions which have chare
acterized all previocus work in this field. Previous ine
vestigators have been forced to distort their data to
yield expressione which are capable of analytical tne
tegration, Thils capability of analytical 1ntegration is
perhaps stlll desirable for those engineers th do not
yét have access to high speed computetional aids. How-
ever, such equipment is becoming widely avallable and it
aeeﬁa deslirable to sbandon the use of glmplifying assumpd
tions which do not sdequately desceribe the heat trans-
for eituafion.

An apparatus has been constructed in the Chemical
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Enrineering Department at the Talifornis Institute for
the direct and simnltaneocus determination ¢f the eddy\
conductivity and of the eddy viscoslitiy In a turbulently
flowine alr stream., +his apraretng was larrely cone
structed by students who preceded tithe nresent writer,
Thelr preliminary meagurements did nct yield reliable
values of the eddy guantities and the present writer has
had the assignment of accurstely determining these quan-
tities in a turbulently flowing two-dimensional alr stream,
It has been the hope of the present investlgators that
the ratlo of eddy conductivity to eddy viscosity deter-
mined in this investipation micht be used to indicate the
oddy conductivity urnder other flow conditions where the

eddy viscosity might be indernendently determined.

A iarg@ body of dats has tecn collected which shows
the distribvutions of the oddy properties in a two~-dimen-
slonal turbulent alr stream under a varliety of experi-
mental c¢onditions. However, the broblem of predicting
the eddy conductivity distributions is not cempletely
golved. In fact, the oddy viscosity dlstribntions pre-
dicted in the literature (4), (5), (68), do not apres with
the data obtained on our spparatus. 7The ratio of the
eddy vroperties seems to depend upon the position in the

stream and upon the Reynolds number,
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Seotion Il

Equipment Used in this Investigation:

The equipment used in this investipgation hes been
previocusly described, As it le belleved that the pre
vious descriptions are quite adequate, a complete end de-
talled description of this equipm%nt has not been in-
cluded in this thesis. The Chemical Engineering Depart
ment heat transfer apparatus has been described in the
Phe D, theses of W. H, Corcoran (8), OGlenn W, Billman
(9), and David M, Mason (10), and in Chemical Engineer-
Ang Department Manuscript No. 292 (11) which has been
submitted-for publication in Industrial and Engineering

Chemistry.

The present writer has assisted in the redesign
of the calorimetric equipments The 1soclated-wall-ssction
calorimeters designed by.the writer have teen further
modified and are being desoribed in the Ph, D, theals of
fellow student, Stuart D, Cavers (12). The present writer
has assisted in the modification of the anemometry equip~
ment and in the development of operating procedures for
this squipment., The preassntly ua;d anemome tyy equipment

. and methode are described in geotion VI of this thesia.

The heat transfer apparatus conelsts of a wind
tunnel approximetely 0.7 inches in thickness, 13 inches
wide and 14 feet long. Alr is circulated throush this
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channel by means of a aultable blower snd control system.
The air flow rate may be set at any desired value by
adjusting the speed of the blower with a continuously
variable speed controller, The temperature of the enter-
ing alr may he held within approximately C,03°F of any
desnired control setting. The eir flow rate is ponitored
by a suitable venturi meter and the entrance alr tenpera-
ture is monlitored by mesns of a platinum resistance

thermometer,

Tﬁe two 13 inch by 14 foot walls of the chénnel
are heavy copper plates backed by sultable oil baths.
The 01l baths are provided with electric heaters, re-
frigeration colls, circﬁlation pumps snd appropriate con-
ﬁrol oequipment, The o0ll baths may be controlled within
spproximately 0.01°F of a desired setting., The oil bath
temperatures are monitorsd with platinum resistance there
mémeters and the plate temperatures are monitored bﬁ
meansa of popper-constantan thermocouples énd a precislion

potentiometer,

The two plates may be maintéined at two different
temperatures, thus impoaing a temperatufe gradient aocross
the eir streem; or they may be maintained at the same
temperaiure for the study of the transfer of momentum
under essentially isothermsl conditions, 'A‘unlform,
steady-state, flow with transfer of thermel energy and

of momentum or with the transfer of momentum alone may
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thus'be established in the apparatus.

The appératus contains a fine platinum wire which
méy be uaed for~thé measurement of temperature‘and veloc-
1ty at slmost any point within the flow channel. This
ihormanamoﬁeter‘1s'déscr1bad in somé detail in Section VI
of this thesis. _Otheflinstrumanﬁation is proviied which
,enéblcs ﬁne détqrmihation of the}preeaure at any point in
the,épparatua¢and,of the pressure gradient in the direction

of flow,

">The previdusnpaﬁérs, (8), (9), (10), and (11)
have dgéeribed this spparatus in considerable detall,
ﬁéwever, a few 1llustrations are offered to help the
reader visualize 1talgeneral characteristics. Fipure 1
1s an bvérall schematic view of the apparatus, shcwing
the ﬁir circulation circult and the 01l circulation sys-
téma.‘;Figuro 2 shows s cross section through the air
channel éné'the o1l baths. Figure 3 is a view of the
dowﬁstreaﬁﬁend of the spparatus. The working section and
of2 baths and the air return line may te seen. On the
right is the power control panel. Figure 4 1g a closee-up
view of the working section and traversing mechanlsm,
Figﬁre 5 shows the centralized location for.allleleétri—
~cal méésurementa and for contrel of the various saspparatus

temperatures,

“  Figure 6 shows the bank of manometers used in this

work and the apecia1~cathetometer bullt for this apparatuse
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Plgure 7 shows the micromanometer used with thé pitot tube
measurements, Flgure B8 shows one of the two celorimeters
before'mqunting in the avparatus send Pigure © shows the
pame calorimeter in position and connected to the vacuum
pﬁmp;' Pigure 10 shows a sectional view of one of the

cnlorimetérs.
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Section III

Measurements of Tempersture and Veloecity Distributions
In a Two-Dimensional lurbulently FLOWINE ALY CLYream.

Thls thesls records the primary datas for twenty-
four dlfferent traversssg representing fifteen sets of
nomlnal operating conditions. These traverses were
taken at four different distances downstiresm of the en-
trance to the channel. The most important dats are those
at the extreme downstream position. The various nomi-
nal conditions are indlicated dlagrammatically on Figure
11, which indlicates the relationship between the variocus
traversas and serves as a sort of index to the data.

(It should be noted that the nominal values of scme of
the deacriptivé paramoters are sometimes quite different
from the actual values measured during a traverse and

reported in the tables.)

The present author does not wish to repregent

- these data as the result of his exclusive efforts. The
heat transfer project has been a coocperative effort with
as many as five studenta a@d employees assisting in the
operation of the apparatus during s single traverse,
Considerable additional effort was‘requiged to free the
variocous dial readings of the equipment celibraticns and
obtain the primary data recorded in these tables, Howe
ever, the present sauthor has had the ﬁrimary responsi-

bility for the calidbration calculations and is
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responsible for all the primary data recorded in the

accompanying tables.

The test numbers sssigned to the data have no
particuler significance except that they were assigned
conssctutively, In genseral, a new test number le taken
whenever any of the nominal parameters‘ia’changed.
Whenever & asingle test number has been epplied to more
than one traverse, decimal suffixes have been applled
to the basle test numbers to designate the second tra-

verses.

Several of these teats have been identified by
other "test numbers™ in Chemical Engineering Department
Manusocripts Nos. 262 (11) and 5006 (13) which have been
- sulmitted for publication, Several of the figures pre-
pared for these manuscripts end also used in this thesls
have the curves labeled with these extraneous "test nume
berq". In these cases appropriste foot notes have been
attached to the figures to indlcate the corresponding

test numbers as used in this thesis,

The various date which apply to each entire tra-
verse are tabulated in Table I, The data in Table I are
actusl measurements rather than nominal values and ere,
~in general, believed to have the accuracy and precision
indicated by the number of significant figures reported.
In this table are reported the distance between the

plates, the traverse position (in terms of distance
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~downstream of the channel entrance), the incoming air
temperature, the plate temperatures, the bulk veloclity,
the.piezométric pregseure at the traverasing polnt, the
pressure gradient in the diresction of flow, the heat

flux density and the weight fracticn of water in the alr,

For p@fpbses cf convenience, the mecond portion
of Tab;e I lists several derived quantitieé which apply
to each entire traverse. These are’sxpected to be
espoecially useful in comparing one traverse with another
- and 1in cembaring this work with that of other investiga-
~tors, These ars the Reynolds number, the Fanning frictlon

factor, and the "friction velocity".

In Table I, the data given for Yos» the distance

between the plates, represents a direct measurement at
the time of the traﬁefse. This measurement 1s per-

formed with a traversing gesr optical system and catha-
~ tometer, using the reflectlicn method deseribed in
Reference 9, The Yo data seem to divide theméelves into
tﬁo diatin6t sets, This 1s the resvlt of a major ad-
Justment of the-platewsaparation.diatance_between test

34 and teat 37,

TheAenfran¢g air‘tamperaturea reported are those
méasaﬁed wztﬁ‘a‘ﬁreciaion platinum resistance thermometer
mouﬁted'lnvthe’centar4¢r the channel at the entrance of
 the éoﬁﬁ@rgtng’éectiqp. In the case of every traverse

rﬁpoﬁtéﬁ.in-this %hesis,'thia temperature hae been oon-
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trolled within approximately 0.050F of the nominal
settings The plate temneratures reported in Table I

are those indicated by thermocouples buried in the plates
opposite the traverse locations, An attempt was made to
choose o1l bath control temperature aettings which would
result in the nomiral plale temperetures st the tra-
verse loecatlion, A8 may be seen from the data, thls

aeffort was usually auccessful,

The pressure gradient, dP/dx was detormined by
enalysis of data obtained from plezovmeter bars located
upstream of the traversing location and from plezc taps
located on the traversing gear. Upstream of the measur-
ins equipment, tho pressure gradient appeared to Le ine
dependent of the position in the channel. That is, the

pressure decreesed linearly in the downstresm direction,

The heat flux density was measured with the iso~
lated~wall«section type of heat flux calorimeters belng
described in the Fh., D, thesis of fellow gtudent,

S. D, Cavers (12),

The welght fraction of weter was determined by wet

bulb and dry buldb thermometer measurements,

The "bulk velocities®™ reported here are the result
of direct integration of the velocity across the tra-
verse. Other definitions of "bulk velccities™ have

been sugcested for usge in streams whese intenslve thermo-
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dynanmio propertiéa ayre not constant across the :tream,.
Ho universal custom hasg been edopted ard a masgs rate in-
tepration ig rejected as not yielding the units of
velocity. Any other flow rate Cesirnation which is dee
sired may be obtained from the orimary deta presented

in this thesis,

The Reynolde numbser, the friction veloclity, end
the Fanning friction factor have been defined in terms of
the bulk velocity (as described above), the average fluild
ghear at the wall, and the properties of the filuld mide

way between the upper and lower plates, Thess definl-

tiong ares
- ! o
U‘“o/udy (Bqu 1)
o =29 U |
/ﬂ/y (Eq. 3)
9. =0.5
Yo
= /.78 - Jo AP
U = = - &L
/p{‘—;—'-:o.f "4/0/ _ /d" s 3

F b o () ~AETT e
9—0-:0.6

In the cagse of several of the nonsisothermal

traverses, the Reynolds number was also calculated, using
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the alternative Jdefinition é;Agz;y£{9 o The resvlts
were in substantial agreemenéowith those calculated uge
ing the definition in Equation 2.

It shovld be noted that the data obtained in the
experiments reported in thies thesls do nct dlrectly
vield any quantity comparable to a conventlonal heat
transfer coefficient. This is the reason that no heat

transfor coefflcients are renorted in this thesis.

Point values of the temperature and velocity for
each of the traverses are tabulated in Table IX, These
temperatures and velocitles are believed to be the time
averages at the points Iindicated, The point locations
are expressed In terms of y/y,, the fractional distance
from the lower wall, It should be emphasized that the
data In Table II are the directly measured data which
have been freed of apparatus callibrations but which have
not been smoothed in any manner, On some of the tra-
verses, these date are nct as smooth as might be desired,
but they are reported here candldly in the belief that
they are more useful than any smocthed set which would
invarliebly reflect the opinions of the person doing the
smootr:inge Iowever, most of these Gatas need no arology
as the dlrect measurements are adequately smooth Just
ag they are recorded. This 1s the result of very care-
ful experimental work using adequate equipment, BREach

of the various traversos is dlscussed in detall and with
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candor In the paragraphs that follow and these remarks

should he consulted when using any of these data,

Tests 30, 31, 32, 33 and 341

Tests 30, 31, 32, 33 end 34 all represent a GOOF
difference between the two plate temperatures. The nomi-
nal veloclties on these tests range from 7.5 ft./sec,
to 90 ft./sec, These dats were obtalned before the ine
stallation of the plezo taps on the traversing rear.
This difficulty made frequent anemometer calibratipns
impractleal and prevented celibretion checks during a
traverss, The galvénometer damping elements had not yet
been Installed in the thermanemometer circult and pre=
clee balancing was sometimes impossidble. The polnt vel-
cclty data reported for these tests are thus not of the
game high quallity as the later measurements., The tem=
perature data on these tests are of the usual high pree
¢cisione As the temperature gradlents on these tests
werd greater than those on any of the later tests, it
18 bellieved thet the polnt wvalues of the temporature
gradients wera established with high relative preocision.
The pressure gradient data for tests 30, 31, 32, 33 and
34 were mostly established from & frictlon factor plot
for the sppraratus. Direct measurements of the pressure
gradient agreed approximately with the data reported.
However, 1t 1s believed that leaks, which were stopped

before any later measurements, make the direct measuroc-
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ments less reliashle than the frictirn factor values,

The temperature &istribﬁtions for tests 30, 31,
32y 33 and 34 are shown in Flgure 12, It should be noted
that, in spite of a nine fold variation in the btulk
veloclty and in the Reynolds number, the temperature pro-
f1les are quite similiasr. (Two of the curves have been

displaced from the other three curves for clarity.)

Tests 87 and 30

Togsts 37 and 39 represent a nominal velocity of
30 ft./sec. with the air stream essentislly isothermal
at 100°F, The test 390 traverse was performed at the
downstream end of the measuring secticn, 12,7 feet from
the entrance of the apparatus. (This 1s the location of
mogt of the later traverses for which eddy properties
have been caleulated,) The traverse labeled test 37.1
was taken at the furthest upstream position which could
be reached by the traversing gear. The traverse labeled

test 37 was taken at an intermediate polnt,

The peoint velocity distribution determined in
test 39 1s plotted in Flgure 13. (e slight asymmetry
apparenf in this plot 1s due to an approximately cone
stant error in position measurement vhich was eliminated
from all tests after test 40,) As s comparison with
work of other investigstors, the retlo of the velocity
deficlency to the friction velocity has been plotted as
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& function of the position in the stream in Flpure 14,
Por comparison, Karman's (14) universal velocity de-
flcienéy distribution has been shown on the same plot,
In plotting the universal veloclty distribution, the
Karman universal constant "kappa® was taken to be 0,40,
In the notation of thls thesls, the Xarman velocity
deficlency distribution 1s glven bye

it o2 SOl Pt vl ) oo 1of

(P&

(Eq. 5)

- The experimental data are in approximate agreement with
the Farman prediction except for the slight asymmetry
noted above, However, our data do not appesr to yleld
a pointad nose at the center of the channel as 1s prew-

dicted by the universal distribution,

In the eddy property calculations, a residual teche
nigque was used to magnify the veloclty bshavior in the
gentral portion of the stream, (Rarther discussion of
this resldual technique, per se, will be found in Section
IV of ihis thesls.) The szaeme residual techniques are
useful for the comparison of two or more traverses taken
under similiasr conditions, YFor the extreme downstreanm

position, the reference equation,

7] 2
('ﬁ'e/:jjﬂ) ‘38~/3/?;-O'Jj (Eq. 6)



wag used: leading fto the residusl equation
-4 2 ?

:(/Lr‘ef - L

« 33.70-38.13(Z -5 )’; )

The same residual expression was aspplied to the
datas from test 37 and test 37,1 after corrceting thease
data to yileld the same bulk velocity. BEach point vels
oclty was multiplied by the ratio of the test 32 bulk
veloclty to the test 27 (or 37.1) bulk veloeity before
caloulation of the residusl veloeclty., This correction
to the same bulk veloclty 1s necessary when comparing
veloeity distritutiocnsas the operating conditions can

not be reproduced sxactly betwesen traverses.

The three residusl weloclity profiles are plotted
in Plgure 15, These data indlcate that the turbulent
veloclity profile 1ls well developed upstream of the fure
thest upstream location at which the traversing gear may

be used,

Tests 35, 43, 48, 40 and 503

Tests 39, 43, 48, 49 and 50 were all nerformed
with the alr stream essentially lsothermal at 1000F,
The nominal velocitles range from 10 ft./sec, to 90
ft./sec. In the case of tests 43, 48, 49 and SO, two
traverses were taken at sach nominal velocity, one at

the extreme downstream position and one 5,7 feet upstreanm
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of thies posltion. The upstream btraverses have been
riven theo designation 43,1, 48,1, 49.1 and 50,1 and are
reported in detall in thils thesls, though very rfew
derived dats have bheen calculated from these traverses,
Test 37 and 37.1 are upstream traversss with the nominal
conditions the same as those for test 39, Witk the ex-
coption of test 50.1, all of the data reported for these
isothermal tests are completely satisfactorve Almeost all
of them are smooth within the experimentel uncertainty of
the various determinations. The traverse reported as
teat 50,1 has an apparent dlscontinuity in the veloelty
 distridbution data, spparenily due to some sudden change

in one of the operating variables,

Teats 40, 41, 44 and 45:

Tests 40, 41, 44 and 45 represent nominal plate
temperetures of 105 and 95°P, They represent nominal
velocitlies verying from 15 ft./sec. to 90 ft./sec. One
traverse at the extreme downstréam position is reported
for teat 40 (nominal veloclty 30 ft./sec.)s Two tra-
verses, one at the extreme downstream position and one
547 foet upstream of this posltion, were taken for each
of the seta of nominal conditions represented by tests
41, 44 and 45 (nominal velocities 60, 90 and 15 ft./sec.,
respectively). The upstream traverses are identified in

this thesls as tests 41,1, 44.1 snd 45,1,
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The data for tests 40, 41 and 45 (and tests 41,1
and 45.1) are completely satisfactory in every respect.
Almoet all of these date are smooth within ths siorerie-
mental uncertasinties of the various determinaticns, As
examples of thesgs data, the point temperature distri-
butlons for tegts 40 and 485 are shown in Plgures 16 and
17 resnectively. The nolint velocity distributlions for
teste 40 and 45 are shown in Flgures 18 and 19 resrsctive-

1y,

The data for test 44 (and 44.l1) are not as satise
factory and should be used with caution., These data have
a great deel of scatter and are not of the same quallty
as the balance of the data taken subsequent to the ine
stallation of the piazé taps. Both the temperature and
velopltyddata for both bf these traverses have excesasive
and apparently randem deviations from smooth curves, The

cange of these deficlenciles is nct known,
Teat 46:

Teat 46 represents nominal plate temperatures of
115 and 85°F and a nominal velocity of 15 ft./sec. One
traverse was taken at the extreme downstream position,

The date seemed completely satisfactory in every respect,
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Section IV

Caleulation of the Eddy Properties:

In this investigation, the eddy properties have
baen defined by the equationa used by Karman (4), though
he did not; in the cited referencs, distinguish between
these two properties, It should be emphasized that these
are point propertles which vary with position in the
flowing stream, and that the varlous quantities in the
defining equations are thoese quantities at the particu-

lar point in the stream.

LT

e Lt/ dy (Eq. 8)
= = TP _ e (Eqe 9)

In these relatlonships, © 1s considered to be the heat
flux parsllel to the v axls and 7  to be the shear
perpendlcular to the y axls, With these restrioticns on
the meaning of Q@ and 7~ , the use of vestor nota-
tions mey be dispensed with for s uniform two-dimensional

stroam,

These relatlonships are considered by the present
author to be the proper definitions of these properties,

and are entirely analogous to the Fourler law of
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molecular heat conductlon and to the conventional defi-
nition of viscosity. ‘he molecular definitions may be
rearranged to & form similiar to the form in which we

have expressed the definitlons for the eddy propertiess

j%f'= _1&__ = <67j//"‘21
_ 2 _ /e
7/~ P a“"/a’y (Eqs 11)

The above definitions of the molecular quantities (Egs,
10 and 11) are, of course, only applicable in the ab-

sence of turbulsnce.

To calculate the eddy conductivity and the eddy
viscoslty at & point in the stream, 1t 1s necessary to
determine at the same point in the stream all the other
quantities in the above defining equaticns (Eqs, 8 and
9)e It i3 tacltly assumed that Q© is constant across
any traverse, It has beon shown that the temperature and
velocity profiles are‘fully developed upstream of the
traversing posltions used in eddy property determina=-
tions, and that, therefore, the temperature gradient in
the downstream direction is neglipgible. In addition,
the friction in the filuid is negligible compared with
Q0 in the case of the tests used for the determination
of eddy conductivity. Dy aepplication of the principles
of an energy balance, it is evident that Q° must be

substantially constant across a gection of the channel
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and thet the data obtained from the wall calorimeters
_are-applicabie'at each point in the channel,

The point values of the shear, 77 , are deter-

mined by integration of the expressicm,(15):
;AP
d%y e A(x (Eq. 12)

As T  mast have a zeto value at the polnt of maximum
velocity (where dn/ﬁy is zero)_and as the pressure gradi-
ent in the déwnstbéam direction is independent of.the
dlstance from the center of the stream, the shear may be
expressed 1n terme of the fqllowing integreal expressiont

F";’t o/f tinterest

| a{J (Eq. 13)

| ' /'.,9.‘7 ,andéareavailnv
able from widely published data, Samples of the actual
-valuea chosen for use 1n these calculations have been
inéluded in Chemical Englneering Department Manmascript
Noe, 50068 (13) ' ~and 2 were corrected for tempera-
tﬁfe end pressure in accordance with the conventlonal
praoticeslét chemical engineering thermodynamics. 'They,
'wero also correéhed Tor water‘vapor by means of the idesl
’splutidn aaaumption»(la).~'ﬁo correstign of the viscosity
rér‘vatar.Vapoi was made as the various autherities con-

sul ted d14 not yleld satisfactory agrooment and as the
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~effect appears to be negliglibly small for the molsture
concentrations reported in this thesis. The data on

the thermal conductivity of alr are quite unsatisfactory,
However, the vaives of thermal conductivity chosen appear

to be within one percent of the correct values,

2/ ana Kare, of course, obtained from the
defining relationshipst

2= 1/

(Eq. 14)

K = “/fre

(Eqe 15)

The derivatives du/dy and dt/dy are obtained by
graphical differentiation of the e#perimental data. The
temperature and veloclty points for each traverse werse
plotted as ordinates versus the measured location in the
streoam as abscissas. The most probable line was placed
through these data points. Flgures 12, 13, 16, 17, 18
and 19 are typical examples of these plots. The slope
of this most probable line at a point of interest was

teken as the value of the derivatives at this point,.

The graphical treatment was checked by a residusal
plotting technique, Reference veloclity and temperature
distributicnswere obtalned by the assumption of extreme-
ly sinple ansalytical reletionships which £1t the data
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roasonably well in the bulk of the turtulenti core., For
example, for teat 40, the followlng reference sgvations

woere usedsg

”%/. =32.30- 40.625 3% —-0,5“)2 Bq. 16)
t,,p = 9760 + 4 80 % _—
e’Z ?o) (Eqe 17)

Ag will be recognlzed, these eguations sre consistent
with the approximation éf a congtant valus of the eddy
properties across a major portlion ol the bturbulent core.
No claim 1s made for these refersence cequations near the

wall,

The difference between the refsrence value at each
data point and the measured value et thls point was
nlotted se the reslidunel velocity or residual temperaturs.
Ag examples, the residual prorerty plots for test 40 are
shown 1n Figures 20 and 21. This procedurs greatly mage
nifies minor variations in the data taken in the centrel
portlion of the turbulent core btut was unseless elsswherse.
Critleally chosen lines werse drawn through the residual
plots without refereﬂce to the previously made direct
data pléts. Velocity and temperature sradients were de-
termined by graphical differentiaticn of the residusl

plots plus snalytical differentiation of the reference
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cxpregslon,  The r~radliente wore thme determined by two
more or less indopendent trestmenis of ihe data, and
gatlafactory agrecment was obtained In mest cases. The
gradicntes thus obidained were »lotited as Munctiong of the
poaltion in the flow channel, however, 1ittle smocthlng
wag dene ot thise point and the plots were mostly vsed

for purpoges of inspestion and checking,

These gradient plots all had characteristic shapes,
fg examples, the wveloclty pradient dlstributicns for
tests 39 and 40 are shown in Flrures 22 and 23. The tom-
rerature gradient distributlions for tests 30, 71, 22,
35 and 34 sre shown 1n Flmre 24, The temperaturc sral-

ient distributicn for test 40 is shown in Tigure 25,

A1l the guantities in the equatlons defining the
eddy properties are ihue directly avallable from the
experimental data and from the known provertles of the
fluld, The defining equations {(Bqs, 8 and ¢) mav thus
be used direcitly for the calculetlon of the eddy propeérw

tione

An apparent difficulty ls encountered near thoe oene
ter line of the stream where both the shear and the vele
oclty zradient vecome gero., However, Inspection of the
sxpression used for the'determinmtion of shear (Bq. 13)
and of a plot of the velocity gradient sg @ functlon of

vosltion (Gefss Flprures 22 sand 23) reveals thet dYoth of
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these quantities vanish in a regular analytic manner. In
addition, of course, the shear and the velocity rredient
vanish at the éame point, Therefore, at the central axls
of the stream, 4. o, the point where the shear and the
veloclity gradient become gero, the eddy viscosity may be
determined by the use of the derivatives of these quane-

tities with respect to the position in the traverse:s

B Ve 7’/37)4/_,0
(sz‘L/‘aéfi)

The values of the eddy conductivity and the eddy

'6,,1 - ﬂ (Eq. 18)

viscoslty were calculated at twenty-five polints in sach
traverse, These dats wers plotted as a funotion of posle
tion in the stream and emcothed wlth respect to posie
tion but not (at this point) crosseplotted and smoothed
with respect to any other variable. No attempt was made
at this point to eliminate any apparent anjmmetry while
smoothing, The resulting smoothed values of the eddy

propertles are reported in Table III,

The eddy property distributions are 1llustrated
by several plots. The eddy conductivity distributions
for tests 30, 31, 32, 33 and 34 aré ahown in Flgure 26.
The eddy viscosity snd eddy conductivity dlastributions
for test 40 are shown in Figure 27 and corresponding eddy
property distributions for test 45 are shown in Firure
28+ These plots correspond to the data reported in
Table III, '
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It will be noted that the eddy conductivity 1is,
at-every'point,'greater than the eddy viscosity, The
‘two Oddy-ptOportios appear to vary in s more or less
.regular ‘manney with position in the stream, The be=-
havior of tha eddy properties near the center of the
channel 18 perticularly interesting, Both oddy ProOper=
ties deorease somewhat from their maximum values as they
approach the center line and they both decrease by approxie

mafely the same'perdentagé.

There is some auymmetry in the eddy properties
reportad in Table III and shown in Figures 27 and 28, In
ganeral, this asymmetry appears to affect both eddy pro=
perties alike, This a&ymmetry appears to be actually pres-
ent in the experimentsl date and 1s not the result of
erroneoug'mnaauremsnt or of erroneous interpretation of
the data, The direotion snd magnitude of this asymmetry
appear: to be ¢cmp1ot51y random as is illustrated by
, Fig&re 29 which presents the eddy viscosity distributions
for tests 30 and 40,

Therreaeon for this epparent asymmetry 1is not
clearly understood, However, the actual experimentesl work
Quring 8 traverse takes ebout six hours and some of the
flow parﬂméters may drift slightly during thie period.
-Perhapu the moat tmportant drift s in the mass flow rate
vhich dependa, ncmevhat, upon the line voltage supply to
the blower motors .The mass flow rate 1s the only im-
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portant parameter rnot controlled by some sort of an suto-

matic control device.

It does not sesm likely that any actual asymmetry
in the eddy properties existes at any one time, If 1t
were posslble to measure the entire temperature and
velocity distributions at one instant, 1t 1s belleved
that no asymmetry would be foungd, .

It heas seemed desirable to eliminate this asymmetry
from the eddy property distridutions to obtaln more value
able comparison between traverses and to improve sny
extension of theselreaults to the prediction of eddy pro-

perty dlstributions in other streams,

The eddy property distributions have been adjusted
to a symmetrical basis about the horizontal axis of the
flow channel, In most instances, this las been accompllshed
by simply sveraging the dats reported in Teble III for
points equidistant from the horizontal axls. However,
in a few cases, grester welght has been glven to the data

on one side of the axis, as the result of a review of
the record of minor changes in the operating conditions
wlth time, These critlieally chosen syﬁm@trical values
of the eddy propertles are reported in Table IV, For
the purpose of further analysis of the date, the symmete-

rical pattern reported in Table IV will ve employed.

The dlstributionsof these smoothed and syumetrical
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eddy properties are presented in Figures 30, 31, 32 and

33

Figure 30 presents the edly viscosities for iso-
thermal flow conditions. The increase iIn the eddy vis-
cosity with inéreasing Reynolds number is apparent. The
highest magnitude shown in Figure 30 1s spprbximately
elghty~three times the megnitude of the corresponding

molecular viscosity,

The eddy viscosity snd eddy conductivity dlstrie
butions obtained with nominal plate temperatures of 108CF
and 95°F are shown in Fig&re Si.b The data for test 44
heve been omitted from this plot as the lack of smoothness

of the primary data makes the sddy velues quite uncertain,

The eddy conductivity and eddy viscosity distri-
butions obtained with nominal plste temperatures of 1159F
and 85°P are shown in FPigure 32,

The eddy conductlvity distributions obtained with
nominal plate temperatures of 130°F and 7O°F are shown
in Flgure 33. As these data were obtalned before the
perfection of the veloclty messuring techniques, point
values of the eddy viscosity are not available for these

teats,

The Ratio of the Eddy Conductivity to the Eddy Viscosgity:

The polnt values of the ratlio of the eddy con=-



31

ductivity'to the eddy viscosity have Ueen calculated
ffém tﬁg émoothed symnaetricael distributions of the eddy
_propefties.i These ratios are reported in Table IV along
Qith thé sorresponding distributions of the eddy proper-
ties themselves, The disfributioh of the ratios for

test 40, 41, 45 and 46 are plotted in Fipure S4. It will
| be noted that these curves all eihibit a marked minimum
and that'tho iocation of this ﬁinimum moves towards the

wall with incressing Reynolds number,

. Plgure 35 presents a plot.of the ratio of the eddy
pro@erties as a function of the dimenslionless parameter
vt.+. The four dotted lines are the experimentally de-
terminéd distributions, The solld 1ine is a welghted
mean of the experimental data. It is suggested that the
solid_iine Ea used in extending these data to other sltu-

ations.
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cecetion V

Predlction of the Eddy Conductivity For Other Flow
@bnditicng:

The ultimate purpose of the investigaticns dese
eribed in this thesis 1s to enable the prediction of eddy
conductivity distributions for other flow sltuatlons,

It 18 of primary interest to inveatigate the exteﬁt to
which other authors may have predicted the eddy properties

in our stream,

Evaluatlon of Predietions by Other Authors:

Eddy viscoslty dlistributions may be cbtained by
the differentlietion of any of ths analytical veloclty
distribution expressions. Thus ﬁe may assume the applie
cability of Karman's velocity expressionsg

wt ==305 + I 00 byt (5. 19)

for the "buffer layer" between 5y +( 30, and

u+=5‘.50+2.5'ja(7+ (Eq. 20)

for the "turbulent core", 30yt ., These quantities may
be dlfferentiated and solved for the veloclty gradients.
The sheer may be calculeted from pressure drop mossure-

ments or may be assumed from & "friction fasctor®
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generalization. The eddy viscosity distribution may

now be obtained from Equation 9.

For the "buffer layer", this procedure lesds to
the eddy viscosity distribution sugsested by XKarman (4)
and Nartinelll (6);

L Yo
<, ‘-;o‘z/y )/—_1 7/ (Eq, 21)

In the case of the "turbulent core"™ the subtracted
term 2//' ie usually ignored, (4), (6)¢ This simplifi-
‘ecation eppears to be Justified es 1t simplifies analytical
integration and the eddy viscosity distributions given by
these expressions are, at best, approximaticns., The eddy
viscoglty distribution expressicn used by’Karman and by

Martinelll for the turbuvlent core is}

<, = cza;go/ )// _1) (Eq. 22)

The eddy viscosity distributions predicted by

‘Equations 21 and 22 have been compared with thoss obtained
by aatual measurement. In applying these rredictions,

the actually measured ?ressure gradient data were used

as the source of the friction velocity terms in the ex-
pressionss The comparison between the predieted and
measured eddy viscoaity distributions in an isothermal

stream is shown in PFigure 36, representing test 43,
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The comparison between the predicted eddy viscoslity dise
tributlion and the measured edldy viscosity snd eddy cone
ductivity distributions for a non-isothermal stream is
ghown 1h Fieure 37 which presents data for test 40,
These'plots are quite typlesl of the relationship found
between the experimental and predicted quantities. Ag
shown in these flgures, the Farman distributicn prediction
does fit our dsta falrly well for aspproximately two-thirds

of the crcss sectleon of the chennel.

The deviations found between the predlcted and
measured eddy property dietributionazue not surprising.
Kerman's velocity distribution 1ls the result of an attempt
to desoribe wlth two extremely simple equations a very
complex natural phenomenon., These equations seem to have
been obtained by plotting, on "semi-logarithmic® paper,
~the veloclity dlstribution date of a lerpe mumber of ine-
vestigators and chocsing two straicht lines which des-
eribe thege data rather well., The sddy pronerties, are,
of course, dependent upon the derlvatives of the veloclty
distribution, and a possible severe miaflt in the derlvaw
tive distributicn might not be at ell obvious in the in-
spection of the velocity data, per se., This is in keepw
ing with the general princlple of applled mathematlcs
that the arbitrary selection ¢f the distribution of a
functicn does not eritlcally determine the distrlbution

of the derivatlive of the functilon,
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The discontimalty in the pfadiete& eddy property
dietribution at the onter edge of the tuffer lsyer is a
gerious deficiency in Equatians 21 snd 22 ag this region
_ia of "econtrolling® importance in mahy enrineering situa-
finna.. The extreme misfit near the center of the chammel
is fhe moat aericug dericlenoy of the eddy property dise
tributioné predicted by Karman and by Mariinelli. This
ﬁiefit 1slof lesser lmportance when both walls are at the
sanaitemparature, and there is no net heat flux across
the central axls of flow, However, the Karman dlstri-
bution does not give any basis for the prediction of the
net heat flui when.the wall temperatures are not symmete-

rical with respect to the central axie of the stream,

It ha&-been the purpose of the present writer to
obtein values of the ratioc of the eddy pronertles which
:could”pefhaps be applied to othsr engineering situations
to predict heat transfer relationships. It has been
naively aasumed that the eddy viséoaity distributions
which must nacaasarily-ba‘multlﬁlied by this ratio to obteln
sddy conductivity dlstributlions would be available when they
wore needed. It had been hoped that this ratlo might be
some sort of a single valued number, which, at least for
onelrluid, could be applied to a very wide range of
.cénduit,canfigurationa'and,to almost any Reynolds number,
Tbe‘hape that'thiévratio might be e unique function of
' the fluid identity has been shared by others and is
implied by the term "Turbulent Prandtl Number" which has
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been applied to its reciprocal, (17).

Bfforts to.deécribe extremely complex phenomena by
simple siﬁgla valued numbers are rarely successful, As
“was shown in Flgﬁre 34, the eddy property retio for air
wasg found to‘vary with the Heynolds number and with posie
tion in the'chahﬁel._ However, for cur channel the ratio
of the eddy prépeﬁties seems to have a single valued
distribution when expraésed as a function of the dimen-
sionless parameter y'*. The effect of changes ih the
channel configuratioﬁ or of changes in the fluld could not

be readily investigated with cur apparatus.

It wuﬁ also determined that the popular predlctions
of the eddy viscoslty distribution dé not accurately des-
voribe the eddy viscoeslty distributions found in our apparae-
tus. |

The eddy viscosity dletribution predlction of -
Karman and of_Martlnelli 15 a generalized predistion appli-
cable to all tuibulent Reynolds nmumbers, t¢ a range of
condult shepes and, spperently, to all fluids, The
distribution prediction of Karmen and of Mertinelli is amaze
ingly versatiie. in viei of tgo versatility of thelr pre-
dietion, 1t is believed that their error in the ﬁredlce_
tion of the Qday”viseosity dlstribution for tbq outer.
tﬁo-thiida of our stresm 1s perhaps tolerable. It}voéid

be 1nteres£ing to see this prediction cheeked by the
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actual measurcment of eddy viscosity distributions in

other fiuids.

Reduced Eddy Properties:

An examination of the eddy viscoslty prediction
equation (Eguation 22) for the turbulent core revesls
that the division of this equatlion by the product u¥y,
vieldsas

gﬁéfj;;==A§i§z;k/éf§/4/7- é;é, (Bqs 23)

The right hand side of this equation is now @
universsal distributibn, applicable to any turbulent
Roynolds number and to any fluld. The same distribution
law 18 also applicable to a cireular conduits ZExpressed

in the notation of the cirocular ecnduit, we havet

2 G- g) e
The dimensionless ratlo €m /usy, has been called
the "reduced eddy viscosity" by the present author and
has a compénion property, the "reduced eddy conductlivity®,
€. futy,e It would be very useful to have some form
. of the eddy propertles which would heve the same distrie
bution for all turbulent flow conditions, with all fluids
and with a wide range of condult shapes. The Karmane
Martinelll distribution 1n.the turbulent core, if ex-

pressed as the reduced eddy viscosity, has this universal
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applicability to all flulds and all flow conditioms.

The present eddy property data has been further
examined by plotting the distributions of the "reduced
eddy properties”, <_ /u¥yo and &, Juwyoe It 18 obe-
served that there 1s reasonably good agreement between‘
the reduced eddy property distributions determined at
any one nominal veloclity. This agreewment is shown by
plotting the reduced eddy propertles for each nominal
bulk veloclty on & separate plote Flgures 38, 59,'40,

41 and 42 present the reduced eddy property distributions
detormined for nominal velocitles of 60, 60, 30, 15

and 10 ft,/sec. respectively.

The direct plots of the eddy property distributlons
(Ficures 30, 31, 32 and 33) showed that the eddy proper-
tiles were greatly increased by an inercese in the Reynolds
number . (Aetuslly the eddy properties are approximately
proportional to the 0.9 power of the Reynolds number in
our channel,) Thile snread is greatly reduced by plotting
the reduced eddy propertiés instead of the direct eddy
properties. In sddition, at esch nominal veloclity, the
reduced eddy property distributions seem rather clossly
bunched. At each nominal veloclty, a mean value of the
dietribution of esch of the reduced eddy prorerties may
be selected which apnproxlimately represents all of the
data obtained at orfﬁeér the Reynolds number represented

by this nominal velocity. The dlstribution of these
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averages of the reduced eddy nroperties for each nominal
bulk veloeslty have teen plotted together in Iirures 43

and 44,

Examination of Fipures 43 and 44 revesls that the
portion of the reduoed 0ddy property distribution lying
nearest the wall 1s shifted toward the center of the
stream Ly a dscrease In the Feynolds number or » de-
crease in the noninal bulk velocity. This shift of the
residual eddy proverties toward the center line of the
gstream extends much further than the inner edge of the
Earman "buffer layer”, In plot 45, the moan distribu-
tions of the reduced eddy properties for a nominal veloc-
ityof 15 fte./sec. are compared with the rsfereonce dise

tributiong

cc*yo /250)/70 //— (Eq. 23)

Also included on this plot les the reducsd eddy property

dleatribution obtained by rigorous differentiation of
the Karman veloclty dlstributions, not neglecting the

molecular viscosity term. This disgtributicn lsg

u_*go /?—0'5)/ )// l} u.*;;o (Eq. 25)

for the "buffer layer", 54y < 30; and



f:yo:/z./fo)/i )/I"%) -'42_7;/}1 (Eqe 25)

for the "turbulent core®, 30 < yt. It will be noted
that the distribution obtained by rirorous differentla-
~tion treatment of the Karman velocity distribution ime-
proves somewhat upon the simplified reference expreszion
(Equation 23)s Fowever, Equations 25 and 26 do not

accurately prediot the eddy viscosity distribution.

Regicdual Reduced Eddy Properties?

Examination of Flpures 38 through 45 reveals that
the eddy properties are apﬁroximated,for about two-thirds
of the channel, by the very slmple expresslion repre-
sented in Equation 23. The devistions from the distri-
butlion predicted by thils expresslon are orderly and appem
to increase with desreasing Beynolds number. It appears
possitle that the eddy property distribution behavior may
be represented gquite simply by a residual plotting tech-
nigue, The "residual reduced eddy vproperties™ have been
defined ss the dAifference betwesen the reduced eddy proe-
perties predleted by Egquation 23 and those calculated
from the data. hus the "resldual reduced eddy visccsity"‘

ie defined as:
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The“resi&ualre&uced'eddy conduectivity® 1s defined as:

o) RN 2)- )

The residusl reduced sddy viscoslty distributions deter-

mined from our dats are shown 1In Figure 46 and appear to
be well snough established to e nged fér the prediction
of eddy viscosltlies in other sltuations or englnesring
interests The residual reduced edldy conductivity dls-
tributions shown in Figure 47 ars baged on only four

tests and are not ags wsell egtabl ished,

Predlction of the Bddy Propertlies for Other Situations:

These Investigations have been limited to the
tﬁo-dimensional flow of turbulent alir in & channel
approximetely three-gquarters of an inch thick. Any attempt
to usae these results as the basis for the prediction of
eddy properties for the flow of other flulds in channels
of other geometry is certalinly presumptive. Howevser,
there arse mahy englneering situations for whioch the
‘resulta of this study may be more useful than any pre=
tviously published procedure for the predictlon of the

heat transfer relationships.
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Bxranination of Flgsures 34 and 30 iudicates that

a slnsle mmber might be seleeted as an apnroxinately
mean value of the ratlic of the eddy condustivity to the
elidy viscoslty., However, it sogms nreferable to use the
dlstribution of the point valucs of ithils ratio which is
predlcted by Plgure 38, If the oddy viscosity distri~
bution were separately known, the eddy condunctivity dise
tribution could be obtalined by sluple multiplication,
This procedure would permit the predietion of heat flux
and of temperature 1s8lds in situsitiocns similisr to oup
chanrel with a greater accuracy than has been previously

nosaltlo.

It ia helieved that the dlstridution cf the ratlo
of the eddy properties vredicted by Fipgure 35 may prob-
ably bo arplied without great error to the {low of alp
in e elrcular condult as well as the flow in a twow
dimensionasl chennel. It seooms probable that this dige
tribution 1s also armlicable to other flulds with
Prandtl mumbers simillar to that of alrg €. g« any of

the common Ja863.

The predietion of eddy viscoslty in englneering
sltuations 1s likely to introduce a groeater error than
that introduced by the multiplleatlon of this predictlion
by en assumed ratlo of the eddy properties., The rigorous
anpplication of Equationsg 25 and 26 will gilve hetter re-

sults than are obtalned by ignoring the moleenlar
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viscoslity in the turbulont core. IHowever, any enalyticsd
expression baged upon the differentiation of a lorarithe-
mic veloclity dlstribuvilion law will predioct a zero value
for the cddy viscosity et the coenter of the flow streanm,
in addition tc the error of the zero value prediction,
the Kerman«Uartinelll dlstridutions {(Bquaticns 21 and 22)
prediet too high a value in the reglon where y/y, 1is

anproximatoly 0.85,

In the absence of more conclusive data, the eddyw
vigconlty distribntiocns for other enginesring situatlions
may be predleted using thq resldual reduced eddy vise
coglty plots shown in Pirure 46, The ¢ffeet of a change
in the ehannel thicknesgs or in the channel share or in
the identity of the ?luid upon the resldnal reduced
eddy viscosity distribution has, of course, not been ine
vestirated, The distribuilion shown in Fimre 46 mey be
greatly changed by any change in these #ariables. Howe
ever, it i1s believed that the use of thig imperfect
plot 1s preferable to irnoring the residual correction
altogether, For other fluids, for other channel widﬁha?
and for othéer chamnel shapes, thévchoice of residual
curve mey be quite difficult. Tentatively it is
suggested that the value of the parameter, uwvy,/z/ ,
be estimated and that thls parameter bYe used ss the baais

for the selection of the proper curve in Flyure 46,

The procedure tentatively sugrested for the



estlnmation of the eddr conduetivity for eituaticns of

1 ey G re a .
enzineerins intorest lsg

le Determine the shear elther by a diresel mezstroe
nent of thoe pressure gradicnt or by estimation
naine g frletion factor rvlot, Caiculate u¥,
uty, and z:_=31sy0/z/ e (For a cirerlar condult,
uty, uky and m@/z/ ghould rerloce iheosne

S 42 .
quantities,)

Ze Determine the distributlon of the reduced
residval eddy visecosity from Plpure 4C. Use
a 1ine labeled with approximately the same
valug of ‘:3‘?531'0/7/ oy inte:molaize between two
such lines,  Petermine th‘i.s diastribution in

the reslon 04 7/95 € Qede

3¢ Destormine the digtribution of the reduvced eddy
viscosity in the regzion 04 ¥/y, {0.4 b7 nolinte
wiae arpllcation of the anpronriate one of the

following formilast

2',15-'5/9%)//" ) (@*So)(ﬁq. 20a)
/:9:-"0) =2_’50/g)p~£02)_é§'_:%’2 (Eq, 29b)

4e Calculote the distribution of the eddiy viscogw

L.
i

Ity by tho solutlon of the distributlen deter-
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mined in Step 3. dsgume that the valne of the
eddy viscosity obtained at y/yy,= Os¢ 1s also
applicable between 0«4 ¥/¥,< OeBe

Determine dlatribution of the ratic of the eddy

properties from Flrure 35,

Determine the eddy conductivity distribution
by multiplying the results obtelned in Sta?a

4 and 5 above,



Volcelty Moaguremont Techniguesgs

Deserinbion of the Thermanomometers

The point temperatures and the point velocitles re-
rorted in this thesls were messured with a fine platinum
wire which, bocause of its duwal umage, hag been called a
"thermanemometer®, The physicel sypearance of this ine
strument is shown in Plrure 48. A 0,0005" dlameter pure
rlatinus wire threg-eighthas of an ineh lony is mounted
under glicht tension between platinum extenslions at the
ends of the two steel needles. The »latinum necdle
extensions are apnroximately 0,010" in diametor. The
wire is mounted hetwesn the topes of the needle exton-
sions, allowing the genter line of the wire to apnproach

within approximetely 0,0028% of the upper wall,

The needle mountings sre sdjustable in every dire
action so ag to enable the sllgmment of the wire exactly
paralicl to the copper pnlates and exactly nerpsndiculsr
to thoe flow of the slr., These adjustments also nlace @
glight tension ir the wire to prevent its defleection due

to the drag of the alir siream,

The temperature messursements were rerformed using
the thermanemometer wire ag the sensing cloment of a four

lead registance thermometer. The use of the Yueller (18)
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technigae with a "Leeds and Forthrup Presision Maeller
Bridge™ presumebly cencelled out all of the lead resiste
ence offeeis. Platimuw losds were carried from tho sens-
ing element to an 1naul§t9ﬁ jungtion box outgide the
channel, minirwizing pogsible errors dus to thermoelcciric

effects.,

For velocity measurements, the ® sonstant resist-
ance® (18) teshniqueo was used, The constant resistance
technique 4s rartioulaerly sulted to the measurement of
time-average velocitise rather than of instantaneouns vel-
ocities, In addition, the wide range of velocities
measured appears to make the use of the "econstant eurrent®

tecknique impractical.

In the conatant reslstance snemcmetric teshnique
the sensin; element is made, in effect, one leg of a
VWheatstone bridre., The other legs of the bridge are set
80 as to balsnece the bridge at some previously chosen
anemome ter resistance. In the work deseribed in this
thesis the znemometer resistance was ususlly chosen so

as to yield s wire temperature of 250°F,

The other bridge elements are 2ll made of Henganin
wire and their resistances remain aﬁproximgtely consgtant
once they are sot. The actnal resistance of the anémo-
metric sensing element was checked as part of each

mogsurenont,



The eircult used In the snenomeitrlc mwasuroronts
is shewn in Plzure 49, The varicble resistors Rl and
82 are actually eommlex reslistor networks allowine nregis
gettinge of itheir effectivo valunes. They are sldequalely
represented on a schematie diagram by a2 ginrle variable
roslstor of the same effective velue. Heslstor Rl is
adluated to obtain the degired bhalsncoe-point-registancs

in the ahe?wanemomat@r pensing element, K3 and H4 ave

carefnlly made fixed-valne HMenganin resisitors.

When & wveloclty measurement iz beling made switch
2

81 i3 closed in the "dowm® nosition, The bridee is then

balanesd by adlgiine the toiel current with raslstor

y-\-a

B2 This emases the wire to obiuin tho orevicounsly selected

operating reslgdance and htevperoture. The currsnt in
the wire lg determined by measuring ithe vpotential across
the "shunt® reslistor, RBe The notential ascrose lhe

?

thermanorometer itsell ils also messured at the BEhy tore

minals allowing egleulation of the thoermanomomster re-
sistance.

Vhen tewperainreg are helng messured, switeh S}
s "up?, comrecting the thermanemometer to the ¥aellep
bridre. 4n "exereise™ vesistor, 186, renlaces the there
ranemometer in the bridee clrenlt, meintaining an ernroxle
tely conegtant battery lond and ellwinsgtin~. Jiffieuliitlios

othervige Lfntroduced by drifting batiery vwolarizeiiche
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Resistors R7 and RE allow selection of the ;8le
vanometer sensitivity. Reslstor RO provides annroxie
mately eritical damping at all sconsltiviity selecticns,
Reglstors R8 and R® are wade of copprer to eliminate
rosslble thermoeleoctric effects in the ralvanometer clire
oulte The galvanomoter has & tlve constant many times
the turbulent fluetuation perlod and is eritically damped,
Thus tho anemometer indisates time-averape veloclties

rather than Instantaneous velocitiles,

tholge of Velocity Memsuring Instrument:

The use of a platinum wire s the velocity-sensing
element allows thé measuroment of temperature with the
game element, This has the advantage thet the velocity
and tampéiature are measured at tﬁa same location, As
a result derived eddy viscoslty and eddy conéuctivity
data are calenlated at the same point end valid polint
values of their ratio may be obteined, If velocity and
temperature were senged with two dlfferent elements, any
displacement error wonld significantly affect the cale
culated eddy-property-ratios in the region where the
change of‘these properties with positlion is very rapid.
Ag this region 18 of "oontrolling®™ importance in many
heat transfer situaticns, such a displacement error is

not tolerable,

Perhaps the outstanding sdvantage of the hot wire

anomomotry method im studles such ss those reported In
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this thesis is tioc votenticn of vreclsion at low velocities.
This 1s in marked oontrast with the pitot tube which loses
1ts preecision at ﬁﬁese same low veloeities, This cone
- traet is indicated clearly in rigures 80 and 81, whiaca
show tho abasolute precision end the percentaye pre-
¢lsion of the hot wire sncmometer and of the pitot tabe

at low veloclties,

In the comstruction of Figures 50 and 51, it was
assumed that the pitot tube precision was limited by a
posaible erfor of one thoussndth of an inch (of kercsenc)
in the ﬁicramanometer measurement, The hot-wire ane-
’momotry‘preéihion was presumod to be limited by a possie
ble error of one microvolt in the messurement of the po=

tential-aowoas the "shunt” resistor.R5, (Figure 48).

~ The hot wire anemcmeter ia sensitive to the velocity
of the air flowing eround it. When used in the region
 of:a_h1gh velooity gradient, 1t coertainly must indicate
.eoméAaort of an "average" of the velocities within the
reglon which 1t739naea,. If 1t is near a wall of the
channel, the wire 1tself must distort the gas flow and
thereby chenge the ?aloclty patterns The hot wire date
<8 assumed to rapresent the veloeity of the undisturbed
1§traam at the anﬁo3po1nt.gs that oscupied by the wire at
the time of the measurement. The uncertainty due to this
assumption is velieved o be rach less than the correse
ponaihg’uncertainty introduced by similiar use of &
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pitol tulte of gny prsciicel diusmeter,

The hot wire procedure is dependent upon the teme
perature of the air atream at the point whers the measurse
ment is made, In the case of many of the measurements
reported in this thssls, termreratnre gradlents were
present, To minimigze the effect of these gradients, the
operating termerature of the hot wire was mads as hirh as

gooned nractical.

In the case of several of the traverses, it wes
poanible to determine the veloolty gradient in the laminar
layer from the hot wire data, This gradient was compared
with the laminer layer veloclity sradient caleulated from
the shear measurements. In each case the velocity grade
ients determined from the hot wire data was in spproximate
agresment with that calculsted from the shear datas This
agreement which»iﬁ reported in more detail in the thesis
of fellow student, Stuart D. Cavers, (12), is considered
to indicate that the hot wire techniques emploved in
this work are valid in rsgions of high tempersture grade

lents and bhigh veloelty gradients.

Calibration Procedure?

Vhen the hot wire ls bsing calibrated.ss an anee-
mometer, the tilt mechanism is adjusted until the pitot

tube 1s level and the anemometer and pltot tube are both



ct the senter of the streame A8 2ll veloslly doriva-
tives are zero at the center of the sitrean, any rosale
ble error due to misalirrment lg minimlged, The %toh
tute 1s connected to one side ¢of tho micromanometor and
a statlicenressure-reading "piezo tute® 18 connected to

the other slde of the nloromanometer,

The "piezo tube® is not shown in Firure 48 s is
vory similisr in apnearancs to the pitot tube which is
showr there. When the "plezo tube® was constructed, it
wag carefMlly checked by comperison with one of the
niozometer bars, It was “traversed®™ to all loeations ip
lire with thie nlezometor bar while aiyr was flowing
throurh the anparsine at a nominel veloclty of 30 fi./fsece
The pressure indiecated by the "rieso tube® agresd with
the pregsure indlested by the plezometer bar within one
thovsandth of an inch of kerosene at all nointe in ihe
ghannel. This ncet only proved thoe "pleso tube® desimm
to be salisfactory, but also demcnsirated the absence of
progsure gradients In any other direction then the downe

gtream direcilon,

Before and after each iraverse, the thermanemometer
is calibrated by edlusting the alir flow to obtaln seversl
different veloeities. The velocity 1s determined with
the pitot tube using ths kerogene~filled micromanometer
shown in PFigure 7 The hot wire ourrent and potential

are mogpured at the same time, For analysis of the hot
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wire dats, we bove Jdefined a guantliiy, é‘ s 283

j?5= T | (Eqs 30)
R‘.w. ——Ra. sije <

’I'hé mnmerator ofi is nrorortional to the power
sxvended In the hot wire wh@n it operates at a éom«
stant rosisgtance., The Jdenominator of éﬁ is proportional
to the difference in temerature between the hot wire
and the amblent alr. King {20) oredicted a linear

relationshlp between j? and Ve

The calibration data on a fresbly cleansd hot wire
is presented in Firure 5Z. The radius of the circles
aprroximately indicater the wneertainty due to s rosule
ble error of one thousandth of an ineh in the microman-
ometer reading. It will be ncotod that the calibration
‘1ine in Pigere 58 ghows a 8li-hit ecurvature, This cur-
vabture is tvplecal of 2ll the calibdraticn dats fron the
‘heat transier antaratus and its exlstence has been gquite

woll establishod.

" Beoause of the pitot tube uncartasnties at low
veloeliles, it 1s impossible to obtain a callbraticn
point at @ 1&minar-flow veloclitye. However, a callbraw
tion point at zero veloclty is avallsble, Az shown in
Pirure 52 the zero velocity point 1s in satisfactory
arreonent with an extrapolation of the hisher wvelocity

calibration datas



5

In the nomual operation of the bot wire ancmometeor,
calibrations are mede st or near gseveral standard veloew
itiess, At least three aaiibratiﬁn noints ars oiotained
before and after each traverse, £s 2 given hot wire may
be uased for several traverses belween clezninrs, the
resuvlting statisticel trestment of tho pitot tube deta
improves considorably upon & ons-point calibration, |
The valuss of the funection 55 for each of these calibra-
tion points is adjusted (1f necessary) to a standard
veloclty and then plotted as a funection of time. This
is done for at least three atendard veloecities., Such a

plot is shown in Fipure 53,

Ag indicated in Figuré 58 the §§ ggsoclated wlith
any siven velocity changzes slowly wilth time. This
"gp17t" was found to be due to the collection of dirt on
the wire. Removal of the dirt a-»roximately restores
the original ecalibration, WHWechanieal removal of the dirt
was not practical because of the fregllity of the fine
platimum wire, The wire was cleancd periodieslly by
heating electrically to s temperature between 600 and
1000°F, When this cleaning procedure was observed through
2 microscope, the dirt could be seen to char snd to spalle
- ofL from the wire, This hesting sometimes resulted in a
glight changs in the thermometric calibraticn end thus
could not be applied during s traverse but only when it

was pracstical to repeat the thermometric calibratiocn.
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A oroga-plot of the sevoral tlois of‘j%; veraug

he appuratus operating time way be consiructed o repe
resent any desired instant, Fﬁﬁﬁre 54 is an oxample of
such a cross-plot of jﬁ‘versuﬁ Jue It indicates the
instantaneocus cel lbraticn of the bhote-wirs anemometer and
covld be used for the conversion of thermenemometer data
to the corresponding veloclties, However, the use of an
inetantaneous @rosa-plbt such as Figurs 54 for the troste
ment of hote-wire dats weuld reguire the construoction of
guch an 1ndiviﬁuallcross~plot for the time represented by

such hot-wirs reading.

A procedure has besn developed which slnplifles the
trestment of the data, Thla procedure reprosents merely
the anvlication of canventional “graphic-arté" methods for
‘the treatment of data and is not deseribed in detsll in
this Ehesi&. Briefly the calibretion datasare epproximated
by a stralizsht line throuph the cslibraeticn pointes at two
of the standard cslibration velocitlies, The sleope and
intercept for this 1ine are plotted ss functions of time
and these plets ere used in the treatment of the traverse
dete. A small residusl correcticn is weds for the curvature

of the cecalidbration lins,
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Nomemela ture

Bn~ileh Letter ,yﬁbolss

8p Specific heat at constant pressure, EIU/1b,CF,

d Differentlal operator,

Enw Time-averago rotentlal aoross the thermanemometer
element, volts.

£ Panning friction factor, defined by Equation 4,
p 13, dimensionless,

3 Time-averape current, thermanemometer element,
BMpPSe

k Thermal conductivity {of fluld im channel),
BTU/ftesec. OF,

P Plezometric pressure st the traversing point,
1bge/ft.<

Qo Beat flux density, BIU/Irt.2 sec.

Ry Thermanemometer resistance at the point teome

nerature of the alr strean, olms,

Rpw Thermenemometer reslstance ag determined when
morguring veloclity, ohma,.

.

Ra - Reynolds nmambsyr, defined by Equation 2, p 13,

dimenaicnleam.
t Temporature, °F,
tfaf. Reference temperature, OF,
L Regldual tempersture, ©OF,
u Point velocity, ft./sec,

Ugax, Maximum point veloclty for a glven traverse,
L. /80C,

U.,p, Reference velocity, ft./sec.
u Regiduel velocity, ft./seé.

.

-u% "Priction veloelty®, defined by Equaticn &, p 13,

ft./&@@o
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Homenelature, contii,

at u/faw, dlmensionless.

U Bulk veiocity, defined by Equation 1, p 13,
ft./SGCo

3 Distarce in downstrean dirsction, ft.

¥y Distenee from the lower plate, ft.

Yo - Distence bvetwsen upper and lower rlates, Ct.

vt yu*ﬁi/, dimengionless,

Graeeok Letter Svmbolas

< Edﬁg conductivity, defined by Bguestion 8, p 81,
fto"’/SGCO

Bddy viscosity, defined by Equetlon @, p 21,
fte®/ucc,

Absolute viscosity, lbesece/It.d
Thermometric conduetivity, Tt./sece
Finenatlic viscosity, fte.2/sece
Specific mess, 1bessces/flo
Spoclfic wolsht, 1b./ft.S

Shear stress at eny point, 1b./fi.-

BN QY U

Thermanomomoe ter calibration funetion, defined by
Bgualtion 30, » 53, amps®/ohm,

Important Comblnationss

/%o ¥ractional distance Trom the lower wall,
dimensiondess.
4P /dx Pressure gradlent in the downstrean dlrecilon,

1be /ft,3



Homenelaburo, vontid.

"‘Jo)? need oddy conductivity, dimensionless.

=M ) Feduced edly viscosity, dimensionless,
d*_‘jo

Reduced eddy viacssitg in a ciromlasr condult,
u_-x—D um.enslonla

€y Pesidual reduced sddy viscosity, defined by
Q*J‘, Equation 27, p 41, dimensionless.
S L

/ Reglidual reduced eddy viscosity in & ciroular
*D conduit, dimencionless.

nemdual redussd oddy conductlvity, defined
u.*d‘, by Bguation 28, p 41, dimwensionloss.
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‘Ceneral Arrangement of Equipment.

Sectional View of Flow Channel,.

Downstream Bnd of the Apparatus.

View of the Wérkiny fection snd The Traversings Jear,

The "Temperature Bench®, Centrzliged Location for
all Electriocal Measurements,

Manometer Bank end Cathetometer.

%iéremanometer nsed with pitot tnbe msesurements,
Heat lux Cslorimeter.

Heat #lux Celorimetsr mounted In Lpparatus.

Sectionael View‘of Heat Flux Cslorimeter .

Index to Mominal Experimémtal Conditions.

Tempera ture Distributions, Tests 30, 31, 32, 33 & o4,
Velocity Distribution, Test 3G.

Distribution of the Ratio of tho Velooity Deflciency
to the Friction Veloelity, Test 38,

Residual Velocity Profiles, Tostis 37, 37.1 & 39,
Tempersture Distributlon, Test 40.

Temperature Distributicn, Test 45,

Velocity Distribution, Test 40,

Velocity Distribution, Test 45

Residual Tempersture Distributicn, Test 4C,.
Residusl Velocity Distribution, Test 40.
Velocity Cradient Distribution, Test 32,
Velocity Cradlient Distribution, Test 4C,

Temperature Cradient Distributions, Tests 3G, 31, 32,
33 & 34,
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List of Mlsuares, contld,

Temporciure Tradlient Distribution, Tsst 40,

2ddy Conductivity Distributione, Tests 30, 31, 32,
33 & B4,

Eddy Property Uistributions, Test 40.
Eddy Property Distributiona, Test 45.
Bddy Viseosity Distributions, Tests 39 and 40,

BEdiy Viecosity Distributions, Alr Stream Isothermal
at IOOOF.

g Property Listributions, Plate Temneratures
105 P and 95%F,

g Proﬁert Distribuvticna, Plate Temperatures
118°F and @%\?

E&dy Conductivity Distributlons, Plste Temperatures

- 1300F and TOOP,

Ratios of the Eddy Properties,
Ratlos of the Eddy Propertles,

Comperison of t%a Karmen Prediction with the Actually
Heasured Eddy Vissosity Distrihution, Test 43,

Compariscn of the Kerman Prediction with the Acitually
Meanured Eddy Property Distributions, Test 435,

Reduced Eddy Viecosity Distribution, Hominsl Veloclty,
80 ft./soc,.

Reduced Eddy Property Distributions, Homingl Velocity,
80 fto/BoCe

Reduced Eddy Pronewtv Distributions, Nominal Velocity,
30 fto/sec,

Reduced Eddy Property Diatribvt*ons, Nominal Veloclity,
15 fto/ﬂﬁﬂ.

Reduced Eddy Prenerty Distributions, NHominsl Veloclty,
10 ft./sec,

Distributions of the Mean Vslues of the Heduosd idy
Viacosity Distributions.
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Distributions of the Nean Velines of the Hodueced Bliy
fonduetivity Dilastrilmiions,.

Distributions of the ¥Mean Values of the Reduced BEddy
Properties at 15 fte/scc., comvarsed with the LRaforonce
Dlistribution and with the Hesults of Rirorons Treate
mont of the Kesrman Equations,

Regldunl Relduced Eddy Viscosity Diatributionse
Heogldual Reduecsed Eddy Conduetlivity Distributions.
Pitot Tube and Thermanemomster.

Circult Diagram, Thermanemomoter.

Limits of Precision, Pitot Tube and flot Wire Anemomsler,

Limits of Precisiony Percentage, Pltot Tube and Hot
Wire Anemomcter.

Célibration, Hot Wire Anemometer with Freshly Cleszned
Wirm. '

Hot Wire Ansmometer Calibration "Drifth,

Instantareocus falibrstion Plot, Hot VWire Anemometers
 J
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Upper Copper Plate
Lower Copper Plate
Blower
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Pigare 2
Sectional View of Flow Channel
Logonds
A & B, 011 Baths.

C, D & B, 01l Bath Seal and Chennel Closure {See
Referance 11 for detailed description.)

H & K, Supports for upper oll bath and upper
platee

Jd &0, Waye for traversing goar,.
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Pirure 6

Manometeor Bank and Cathetometer



70

Ploure 7

¥icromanometer used with pitot
tube measurements






Heat Flux Calorimeter mounted in Apparatuas,



oOmmMoeO I -

OlL BATHS

SN

,\X@&W\M\
B
/L \\
s

sl

ol

Pioure 10

Sectional View of Heat Fiuxz Calorineteory

Legends B Uppor Conper Plate.
C & D, 041 Bath Dom and mounting.
Be Calorineter Block.
P - Pancake healoPe
Ge Coolinz Coll, {mot used in -
gtudics veported in this shesise )
He& o Vacuwa Jaciote
Je Radiation Shields.
Le pifforential Thermocouples.

M, ¥ & R, 041 Bath Dam Seals.
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Plgure 48

Pitot Tube and Thermanemome ter
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Table I

Traverse Conditiong'

‘uantity Repcried Symbol Unita Togt 30 Test 3

Measured Quantitles

Distence Between ¥, £t, 040616 040616
Copper Plates

Traverse Location{a) . fte 10,3 10,3
Incoming Alr Tempe op 10040 100.0

, arat ure : _
Tpper Plate Tenpw op 130,0 13040

erature
Lower Plate Tempe - Oop 7040 7040
erature \
Bulk Velocity {(b) U rt/sec 16,3 20,8
Prescurs (c) P 1ve/rel 144352 14,368
Pressure Oradient(d)dP/8x lbafftd 0,071 (d) «~0,195(a)
3 BTU
Heat ux Dens? QO 040585
eat Flux Donsity Q0 =i 0,0353 «0555
Wolrcht Fraction of
Wator 1b/1b ' 00,0072 00088

Porived Quantities
Reynolds Mumber (») Re ' 10850, 19900,
Parming Factor (b) f (a) (a)
"Friction Velocity"(b)us  ft/sec (a) - (a)

(a)All traverses reported were ecnducted on the long=
1tudinal centerline of the apparatua, The distance re-
ported adbove 1z downstream of the converging section,

(b)Bee page 13 for definitions of U, Re, £ and u¥,
{c)Piezométric pressure at the traversing point,

(3)T™he preassure gradient and shear for Tests 30, 31, 32,
33 and 34 wore dstermined from a fricticn factor plote

™o Fanning factor and "friction veloeity" were thus
not independently available,.



Suantity Leported

Keasured gganiiﬁiig

Distance Betweeh
Copper Plates

Traverse Location

Incoming Alr Tompe
oerature

Upper Plate Tempe
ora ture

Lower Plate Tempe
erature

Bulk Veloclty
Pregssure

Pressure Gradlent
Heat Flux Density

Velght Fraction of
Water

Derived Qnantltiég :

Reynoldis Fumber
Fanning Factor
"Friction Veloelty"
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Table I, cont'd

Test 328 Tegt 33
| 10,0626 " 00618
71048 11048
10040 100,0
120.0 1300
70,0 70,0
Bdel 792
14,381 14,338
w0659 (d) w1,18 (d)
060865 0,116
0.,0088 040088
36400, 52900,
(a) (@)
(a) {a)

Traverse Condltions

Tegt 34

~0.0625

210,83
100.0

130,0
70,0

BB
144446
-C,023 (d)

Ges0173

000862

50804
{a)
(a)
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Table I, cont'd.

Traverss Conditiong

Snentity Reported Toat 37 Test 37.1

Heasurevauantitiag

Dlstanoehﬂetwe@n

Copper Flates ' 0.0567 040578
Traverse Loeationk - 840 - 3.0
Incoming Aly Temp- 100,0 100,0

erature a -
Upper Plate Temp=  100.0 . 10040
erature
- Lower Plate Tempe- 100,0 100,40
v crature .
Bulk Velocity £9 .94 99,58
Proasure 140335 14,426
Pressure Oradient - #0233 «04¢220
Heat Flux Density 0 0
Vielght Fraction of - 0,0088 C.0084
Wa ter

Derived wuantities

Reynolds Mumber 17500, 18400,
Fanning Factor 0400689 040068
®Friction Veloecity” 1678 1,72

Toat 39

00554
127
10G 0

1004,0
100,0

3C « 02
14.252
04238
0
0,014

177004 «
00069
177



panti bty Reported

Measured wuantities

biatance Botween
Copper Plates

Traverse Location

Incoming Alr Tempe
erature

Upper Plate Temp-
erature

Lower Plate Tempe
eraiture

Bulk Veloclty
Pressure
Pressure Cradlent
Heat Mux Density

Yieleht Iraction of
Water

Derived wuantltles

Reynolds Mumber
Fanning Factor

Sppletion Velocity™

foed

22

Table I, cont'd,

Traverse Conditiono

Togt 40 Tost 41
00,0671 0.0568
1247 12.7
100,40 10040
10448 ~ 10561
850 54,8
28413 60496
144282 14,20%
-0 227 «0 835
0400732 00,0126
0«01l4 0,0081
17100, 7300,
00,0077 060059
1,758 Se 32

Tost 41.1

0.05€8

8,0

- 10060

105,11

94,6

14,885

«0s841
00,0128
C.0083



tmantity Reported

Measured Quantitiss

Distance Between
Coprer Plates

Traverse Location

- Incoming Alr Temp-
sratures

Upper Plate Temp- -
erature

Lower Plate Tempw
orature

Bulk Veloclity

- Pressure ,
Preséuré Gradient
Heat Flux Density

Welght Fraction of
Water

Derived Quantitles
Reynolds Numbewr
Panning Facior

"Friction Velocity"

123

Table I, cont'd.

Traverse Conditions

Toat 43 Test 43,1
0.,0570 040561
12,7 8.0
1000 100,0
0049 200 )
10060 10060
83,68 20,21
14,073 14,121
"'1 06558 "1 .686
_O 0
040128 040104
532090
040057
4075

Test 44

0,0664
12,7
100,40

108.1
G4.4

€8.43

14,108

~14629
0.0156
Go,0138

52500,
(0400586
4,68



Quantity Reported

Heasured antities

- Distance Betweon

Copper Plates
Traverse Locatlion

lncoming Alr Tempe
erature

Upper Plate Tempe
srature

Lower Plate Tempe
era ture

Bulk Velocity
Pregsure

Pressure Cradient
Hoat Flux Densilty

Welpght Fraetion of
Vater

Derived Guantities

Reynolds Number
Fanning Faotor

"7rietion Veloelty

124

Table I; cont'd.

Traverse Condltions

Test 44,1 Tost 45
04,0566 0,0574
840 12,7

10040 100,0

108,0 105,0

9445 9467
88,85 14,77
14,185 144156
«le870 040742
Ce0156 040045
040143 0.,0154
52000, 8080,
0.0008
1,008

Test 45,1

040871

- 8.0
10040

10840
4.7

18,56

‘14.232
=0 40768
040045
Ce0174



nantity Reported

¥oasured tnantltles

RSN

o

o)

Table I, cont'd,

28 A

Traverse Conditions

Distence Detweon
Copper Plates

Traverse Location

Incaming 3ir Tomp=
erature

Uppoer Plaete Temp
erature ‘

Lower Plate Tempe
erature

Pulk Veloelty
Pregsure

Pressure Oradlend
Heat flux Denslty

Welsht Fraction cof
Water

Terived «“usntitics

Leynolds Mumber
Fanning Factor

®"Friction Velocity®

Post 406 Toat 48
0,0578 0.0574
12,7 12.7
10060 100,40
115.3 10C.0
£4¢6 100,06
15,89 14,84
#0, 0755 «0 0870
030139 0
0,0114 00,0118
9370e 9110,
0.,0088 040082
1.013 04950

C«0874

840
100,.,0

100.0
100.0

£.30

040124
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Table I, cont'd,

Traverse Conditlons

Suantity Reported Test 49 Tost 4951 tost 50

Measured Guantitles

Distance Petween " 0,0573 00575 00,0380
Copner Plates ’

Traverse Location 12,7 8.0 12.7

Incoming Alr Temp- 10C.0 100,0 10040

erature :

Upper Plate ?bmbn 100,0 10040 100.0
orature

Lowsr Plate Tempw 100,0 10040 100,0
erature

Bulk Veloocity 11,32 12,29 58,72

Pressure 14,277 14,303 14,2656

Pressure Cradient «0,0343 «0,0371 «0,785

Heat Flux Density 0 0 0

Welsht Fraction of 040149 040118 0,0156

‘ water

Derived Quantlitles

Reynolds Rumber 8960, 36400¢

Fanning Factor 0.0072 040062

"Friction Veloclty" 0,681 3.28



tmantity Reported

Yeagured ‘uantities

Pistance DBotween
Copper Plates

Traverse Location

Incoming Alr Tempe
erature

Upper Plate Tempe
era ture

Lower Plete Tompe
erature

Bulk Velccity
Pressure

Pressure Cradlent
Heat Tlux Denaity

Velght Iraction cf
¥ater

Derived Quantities
Reynolds Number
Fanninz Fector

"Priectlcon Velocity

127

Table I, cont'd.

Traverse Conditions

Test 0.1

04,0575

240
10040

10040

10060

61,96
14,300
«(¢788

0
C.0122
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Table 1l

Temperature and Velocity Data

7/5,'%) ¢ u | /%o t u

°p £t./see. oF fte/sec,

Teat 30 Test 30,cont'd.
1,000 130.0 0 0,785 17467
0.969 119,38 0,704 18,53
0.946 114,92 04622 18,98
0.919 111,61 , 0.543 19.10
0.892 110,28 0,462 19,06
0.865 109,25 0.382 18,73
04838 108,09 0.301 18,21
0.811 107,08 0,220 ' 17,41
0,783 106.25 04140 © 16.99
04756 105,36 0,086 14,06
0.729 104,82 04052 13.37

047028 104416 04000 7060 0
0,675  102.87 :
0.648. 102,16
- 0,594 100,51

- 06540 98,76 Test 31
0.486 96,89 :
0,432 95429 1,000 130.,0 0
0,378 93.84 0,969 117,26
0,350 93,07 0.946 114,59
0,919 112,77
0,328 92433 0,891 111.61
0,296 91,73 »
0.269 ©0.91 ‘ 0.864 110,57
0.241 90.34 . _ 0,837 109.83
0.215 89.98 ' 0.810 109,07
0.783 108,33
0.188 88,98 0.756 107,61
0.161 87,90 )
0,134 87.17 0,729 106,91
0,107 85,02 0,674 105.41
0,073 84,19 - 0,620 103,39
0,566 101.62
0.054 82,04 06512 99.78
06964 6018
0.919 14,49
0,866 16.30

(a); y/yo 18 the fractional distance from the lower plate.
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Table IX,cont'd,

Temperature and Veloclty Data

0,257 , 31.76

/Yo t u v/¥o t u
op ft,/Bec, Op ft/sec.
Test 31,cont'd. Test 31, cont'd.
0457 97.87 ' , 0,231 31.59
0,403 96.24 ' ‘ 0,204 30,56
0,347 94.64 o 0.178 29,84
0,321 93,91 ‘0,151 28,44
0,294 93,22 0.125 27 +64
04267 92, 56 _ 0,098 26,94
0.240 91,89 | 0,072 24,94
06213 9121 04,045 19.82
0.186 90,58 0,028 12.69
04159 89,68 0,000 70.0 0
0.130 88,88
0.104 87,94
0,077 86.49
0.052 84,52 - Tost 32
' 1,000 13C,0 0
0.983 6,60 0,968 116,43
0,968 16,67 0.947 114,58
0.947 ' 22,81 0920 113.25
0,920 26,15 0.803 112,24
0.804 27 .89 .
- | 0.867 111,50
0.867 . 28,99 0.840 110,73
0,841 20,33 . 0,814 110,01
0.814 30« 36 0.787 109,40
0,788 31,29 0,760 108,62
0,781 31.78
0,734 108,06
Q0,735 32.16 0680 106,48
0,682 3250 0,627 104,85
- 0,629 33,47 0.574 103.42
0,576 » 34,02 0,812 101 .48
0,523 : 34,09
0,467 00,57
0,469 ' 34,06 0,414 97 . 67
0.416 g 33,21 06361 96,01
0,363 33.93 0,308 94,61
0,310 32 .99 0+281 93,78



130
Table II, cont'd,

Temperature and Velocity Dats

v/%o ¢ u v/¥o t
op ft,/sec. _ op

- Test 32, cont'd. | Test 33
' 0.254 93,05 1.000 130,0
0,288 92,42 0.969 115,35
0,201 91,62 0.946 113,49
0.174 90,76 0,919 112,50
0,148 90,10 0.892 111.62
0,121  89.28 | 0.865 110,90
0,095 88,26 0,838 110,11
0,082 87,15 4 0.818 100,43
. e e e oW ow o= 0,784 108,71
0,985 “ 22,59 0757 108,05
04989 ' 30,33 04730 107,30
04947 45,56 0.676 105,83
0920 _ 48,30 0.622 ' 104.25
0,898 o 49.48 0.568 102,74
0,887 50454 0.514 100,73
0,840 - Bl.49 0.460 98,95
0,813 52 469 0,406 97 .22
04787 52,74 0352 95,62
04780 52,75 0,326 94,98
04733 | 5357 04298 94,31
0,680 : 54,72 04271 93,66
0,627 . 54,73 Oe244 92,93
0.573 54,79 04217 92,24
0,520 53,85 04190 91,66
0.487 : - 54,17 0,183 90,99
0.413 _— 54,41 0,136 90,34
0,000 70,0 o) 0,109 89,37
0.049 86.81

0.984

0.968

0,946

0.920

0.893

0.866

u
ft./sec.

0

2663

41.6
503
60,0
63.8
Tl.2
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Table II, cont'd,

Temperature and Velocity Data

/Yo g u /e o ® u
op ft./sec, op ft./sec.
Teat 33, cont'd Test 34, cont'd

0,829 720 0.920 117.13
0,812 T6eS 0,893 115,02
0,788 78,9 0.86%7 113.14
C.759 83,3 0,840 112,30
0732 84,8 0,813 111,03
0,678 88,9 0.787 110,31
0,625 923 0758 109,34
0,971 97 .0 0,734 108,20
0¢517 98,0 0.880 106,90
0,464 95,7 0,627 105,18
0,410 97.4 0.57% 103.64
0,357 93.8 0.820 101.32
0+303 91,3 0,467 908457
Ce249 86,8 0.413 98,70
0223 84,3 0,333 06,87
0.196 81.5 00307 96007
0,169 782 0,280 95,38
06142 759 0,253 94,47
0,118 - 708 0.227 93,98
0.088 6546 0,200 OR¢47
0,068 56,8 0,173  91.26
0,035 45,6 0,147 89,68
0,000 7040 0 0,120 87,84

0,093 85.66
0,067 82.60

0,045  79.98

Test 34 0,027 7713

1,000 130.,0 . 0 0.984 Ous54

0,983 125,15 0,966 2,13

0.968 122,80

0,956 120,87 0.947 4,14

0,939 118,33 0,916 673

' 0.864 755
0,868 - B.45

0,841 . 8.89
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Table II, cont'd,

Temperature and Veloeity Data

/Yo t v ¥/%o t

op fto/ﬂ@@n op fto/&@@o
- Test 34, cont'd, Tost 37, cont'd.
04815 P47 0,986 29,65 © 22,23
0,788 D04 0941 9P .65 24.23
0,762 10,22 0.926 99,61 24,82
0.735 ' 10.41 0,912 99,61 25.74
0,682 104,57 0.807 99,57 26,11
0641 10,46 0.882 99,59 26,81
0,571 1l.24 0.868 99,87 27 .28
0536 11,11 0.853 90459 27 .97
0,470 11,08 C.838 09.50 28,39
00417 10,98 0,824 99,60 28.80
0.364 11,17 0794 99.60 29,51
0,338 10,91 0,768 99.60 30,32
0.311 10,06 0735 09,60 30,886
0.285 9486 0,708 99,60 30,36
0258 2¢54 0.8786 00,88 31,72
04232 2,60 0,647 0956 3223
0,205 9.3 0,647 32,484
0,179 0,89 0,618 00+54 32,63
0,152 8,86 0,618 32,78%
0.126 8,57 - 0,588 99,60 33,01
0,088 7,58 0,588 33.083%
0,073 6,36 - 0,589 99.56 32,95
0,046 5,23 06559 33.31%
04020 0,88 0.500 DB+54 = 33,39
0,000 70,0 0 04500 0 33, 36%
0,412 99,49 33,014
0,412 32,04%
0,324 99,53 32.00
JTQEt 37 0,324 326 DB
0.238 99.42 30449
1,000 100,0 0 '
0,998 99,75 8,58 0.235 306493
0.987 99,70 11,02 0,178 90.44 20+21
0,079 99,83 17.88 Q6178 20,19%
0,971 00,68 20,96 0,076 99,43 24,13
0,022 00,857 11,980

#3 Throughout this table, an asterisk indicates pnitot
tube dstaj all other data determined with the
thermanemometer,
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Table 1I, cont'd.

Temperature and Veloelity Data

v/%0 t u v/y0 =t u
oF f£t./sec. | op ft./sec.
Test 37, cont'd., Test 37,1, cont'd.
0,000  100.0 ° 0,026 99469 15,09

0,000 100.,0 0

R o o

Test é”ol

 Test
1,000  100.0 0 o Jeat 39
0,996 99.51 9243 1,000 100,0 0
0991 09.51 9.73 . 0,997 100,1 10,52
0.986 90,49 16,08 0,994 99,93 12,31
0,978 99.45 17.91 0,091 99,99 15,40
0,985 100,01 17.88
0,971 99,46 20,40
0.957 99,490 22,92 0.977 100,05 20,21
0.942 99,43 24.45 0,970 100410 22,41
0,913 09.41 26,32 0.962- 100,09 25,63
04885 99,38 27,70 0,985 100,18 24,90
0,040 100,17 26,36
0,856 09,37 28,56 ki
0.827 © 99,38 29.46 0.825 100,12 = 26,97
0,798 09.37 30,09 0,610 100,11 27.67
0,769 99,40 30,74 0.8858 100,04 28,14
0.711 099,41 31.85 0.880 100,00 28,64
0.865 100,14 20,09
0.653 00,43 32,71
0.586 90.45 33,22 0.850 100,12 29,52
0538 99,47 33,63 0.835 100,11 29,86
0.481 99447 33,57 0.820 100,11 30.18
0.481 33.78% 0,790 100,10 30 .84
' : | ' 0,729 100,07 31.83
04423 99.46 53,58
0,423 534 44% 0,669 100,11 32,79
0,365 99,47 32,06 0,609 100,02 33,30
0.307 99,51 3¥2,02% 0548 100,07 33,63
0.250 99,89 31,23 0.489 100,14 23,62
2
8’?32 | A 0,429 100,13 33,24
. 09,68 29,77 20,74
0,134 99,64 27,98 8:322 ;00'13 32.87%
0,076 09,88 8BRS 0.308 100,13 32,04
0:048 99+66 21,93 0,308 232,15

0.248 100,12 31,23
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Table II, cont'd,

Temperature eand Velocily Dats

v/¥6 t u /Y6 17 u
op ft./sec. op ft./sac.
- Test 39, cont'd. Test 40, cont'd
G248 31 ¢ 343 O.ED54 101.65 27 .83
0.248 100,13 3137 C.832 101,60 28,24
0.218 100411 30,67 0.825 101 .52 28,61
0.218 30, 673 . 0,796 101,41 20.26
0.188 100,10 30.20 Qo731 101.14 30,81
0.188 30, 282% 0,672 100,94 31l.21
0,158 100,11 20439 0620 100,68 . 31,70
0.128 100613 28,39 Co.562 1CC ., 39 32617
0,098 100,08 27.20 0.303 100,08 32630
0.0€8 100,08 25.12 0,445 09.74 32.18
0,053 - 100,07 23.88 0,387 099,46 31.56
0,038 100,08  21.84 0,387 31 ¢ 36#
0,030 100,07 19.92 - 0,329 - 99.18 30,97
0,023 100,06 18,20 0,270 28,88 29.86
0,000 100,01 0 Q270 29.94%
0,241 S8,77 29,51
0,205 98,60 28,65
0,183 G8.51 27,99
Test 40 0.147 P8, 33 27,02
: : 0,124 P8.19 26,21
1,000 104,.,2 0
0.997 . 103.68 8.96 Te0C85 97,98 24,93
0,924 = 103.54 960 0.080 97.82 23.81
0.921 103,35 11,25 0,086 87.71 22.81
0.985 103,03 15,43 0.051 97 .46 20,68
| 0,044 97.30  10.41
0,975 =~ 102.78. 18,47
0,971 102,68 15,55 _ 0,037 97,13 17.80
0.964 102,52 21,21 0.029 96,55 11,65
0,956 102.41 22430 0,022 96,29 8,87
0,942 102,20 23,82 C.000 95,0 0

0,927 102,14 24.85
0,908 101,84 26,05
0,898 101,90 26445
0,883 101,81 27.20
0.869 101.75 27.48
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Table II, cont'd.

Temperature and Velocity Data

7/30 t  u /%0 t u
OF ft./sec. o ft./s6c.
Test 41 Teat 41, cont'd,
1.000 105,1 o ‘ 0,038 g7.23 45,44
0.988 102,89 30,71 0,031 27 13 43473
0,985 102,89 31,92 0,023 06,89 38.989
0.981 102,56 37.87 0,016 96,53 31.19
00976 102,43 40,64 0,000 94.6 o

0,968 102,26  44.13
0.962 - 102417 45.63
0954 102,09  47.53 ~
0.947 102,02 48,62 Test 41,1
0,932 101.86 50.91

1,000 105.1 0
0,918 101,75 52.69 0.982 102,84 34425
0,903 101.67 54,15 0,875 102,60 40,41
0.888 101.57 55,59 0,969 102,54 43.89
0.874 101,50 56,61 0.960 102,44 47.24

0.859  101.39  57.79 |
0.954 102.38 48,80

0.845 101,33 O8.84 0.939 101,98 S5l.54
0.830 101,29 58.81 0,825 101,89 53.51
0,815 101.21 60,82 : 0,903 101,74 56.80
04799 101,16 81,53 0,873 101.64 5835

- 0,786 101.09 62.39
- 0¢844 101,49 60,31

0,724 100,83 64.93 0.81¢4 101,38 61,70
0,669 100.58 66,93 0.755 101,18 64,38
0,610 100,34 68.39 . 0,696 100,91 66434
0,581 100,02 69,67 0.637 100.66 67495
0,493 99472 69,39 :
: ' 04878 100,39 68472
0.434 99.42 69.06 0.519 100,10 69+24
0,375 00.18 67.91 0,519 69.16%
04375 _ 67 480% - 0,460 99,79 68,92
0,317 99,86 66,18 0,401 99.47 67.98
0.258 98.568 63.87

‘ - 0,401 68,07+
0.199 98.32  61.23 Ou342 99.16 66,34
0.136 98,02  S7.37 0,283 68,89 64,42
0.111 97.82  55.64 0.224 98,60 61.81
0.081 97.60 52,33 0165 98,34 58,58

0,050 97.40 48,30
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Table II, cont'd,

Temperature and Velocity Date

¥/¥ t u 7/%6 t u
Op ft./sec. op fte/s00c,
Test 41.1, contfd, Test 43, cont'd,
0.108 98,04 54,32 - 04401 98480 101,18
- Ox07T 07,82 51,12 0432 89.75 100,56
0,040 97 + 45 45,16 0:374 99.80 98,02
0,015 96,60 £8.83 0.374 \ 99,18«
0.000 94,6 0 0,318 99.78 96,6885
04287 99.76 03.68
0,197 99,75 89,87
o g¢%36 99.73 84,94
Tost 43 «103 99,7 80,91
0,088 0977 T7 4687
1,000 99.9 0
. 0,988 98,80 50,10 0,064 99,78 74,88
C.984 99,80 51,38 0,082 09.78 72.40
0,979 99,76 58,08 0,048 99.80 69,97
0,976 09,76 60,30 0,035 - ©9.80 - 66,80
- 0.030 09.79 64.87
0.973 99,76 G251
0+080 90,77 €%.12 0,016 99 .67 48,78
0,651 2977 71.67 0.000 10040 0

0,943 99,75 73,26

04928 99,75 75,97
0,913 99,75 78,59

0,900 92475 80417 Tost 43,1
0,888 99.81 62414
0.86" 99,82 84.40 1,000 0949 0
- 0.981 99.89 58,02
0.856 96,85 85451 0,873 99,89 84,84
0.842 99,74 86,86 0,966 89,88 67,39
0.827 09,73 88,08 04957 99,69 70,36
0,813 99,80 £9.48 _
0.796 99,76 280,31 0.930 99,88 744,80
0,929 99,90 76467
0.782 99.77 01.24 0,914 99.90 79448
0.725 99.77 94,73 0.89¢ 99,91 81,58
0.668 99497 07.6% 0,884 99,92 83.50

0,608 98,78 99,86
04541 96,80 101,12
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Table II, cont'd.

Temperature and Velocity Data

/5% 0t u 7/%o t u
op f£t./sec. oF ft./s0c,
- Temt 43,1, cont'd. Test 44, cont'd,.
0,868 09,91 85,15 0,932 102,73  75.26
0,854 99,91 86,47 0.917 102,64 77,37
0.833 99,94  88.38  0.8028  102.57 79,10
0.810 994,94  90.46 0,886 102,49 81,11
0.780 99,95 92454 0.870 102,44 82,54
04721 99,95 96,02 0.860 102,37 83,28
0.661 99,98 99,02 0,843 102,33 84,77
0.602 99,98 100.90 0.829 102,24 86,17
0.542 100,00 102,13 0,808 102,18  87.82
0.483 99,99 102,54 0,795 102,13 88,50
0.483 102 ,48% 0777  102.05 89,93
0.423 99,99 101,95 0.724  101.87 92,76
0,362 99,98  99.84 0,666  101.81. 95,65
0.304 99,94  97.28 0,607  101.31 97,30
0.245 99,93 93,85 0.548 101,11 98,88
0.181 69,94 89,26 0.480° 100,78  99.18
0.128 99,92 84,27 0.421 100,37  99.68
04059 99,91 74,87 04421 - 99,7 3%
0,037 ©9.89 6952 0.37% 100,11 98,37
0,022 99,88  61.20 0,312 99,82 96,36
0,007 ©$9.86 43,10 0.252 99.5¢  93.39
0,000 100,0 0 0,193 99,26 89,10
0,134 98,95  B3,39
0,075 98450  T7.16
0,060 08,49 74,65
Test 44 0,046 98,31 70459
- 0,028 98,05 64,56
1,000 105,1 0 0,021 97.85  59.78
0,989 103,37  49.22 0,012 07,42  47.62
0.988 103,03 51,11 0,000 94,4 o

0,984 103,43 55441
0,979 103,28 60,13

0,976 103,18 62,73
0,967 103,04 67454
0,964 103,00 67.95
0.954 102,88 70,80
0.947 102,82 7259
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Table II, cont'd,

Temnerature and Veloclilty Data

/%0 & u v/¥o t u
o ft./sec. op ftisec,
Tost 44,1 Test 44,1, ocont'de
1,000 105.0 ) 0.020 07441 50434
0.985 103,14 5229 0.013 06,82 35,60
0.976 102.85 62,27 0,000 9445 0

0,870 102,75 65.90
0,961 102,63 68,44

0955 102,57 70621

0,948 102,51 71.98 Test 45
0.933 102,42 75.98
0,920 102,37 76,34 1,000 105.,0 0
0.904 102,25 78,73 0,886 104,15 Se 39
0.988 103,95 4,04
0.889 102,18 81,05 0,580 103,71 4,98
0,874 102,18 82,26 0.877 103,80 S.11
0.845 102,09 85,08
04815 101,96 87444 - 0,974 103,32 6422
Ce756 101,7¢ 91.60 0.867 103.24 6,91
: 0.9260 102,92 B+ 44
0,727 101.72 94,09 0,360 102,87 8,48
0,668 101,50 97 ¢ 38 0,933 102.72 9.76
0,609 101,21 99.10
0,609 101,23 98,96 0,945 102,59 10,45
04550 100487 100,56 0,931 102,32 11.76
0,916 102.12 12.62
0,421 100,68 101,02 C.0028 102497 13432
0,432 100.34 100,20 0.887 101,88 13,68
06373 100,086 98,82
0,373 P8.02% CeB73 101.83 14,11
0,315 99476 07,02 0.858  101.72 14,49
0.844 101,62 14.72
0,256 99449 93,94 0,829 101.53 15,02
04187 99296 88,96 0,315 101,47 15,19
0.138 98,97 84,05
0.108 08,73 80,82 0.80C 101,39 1539
0004 098,60 7917 0,783 101,28 15,63
0,728  101.05 16427
0.079 98443 77«26 0.670 101,79 16,80
0,064 08,436 74,91 0.,612 101,52 17,15
0,049 08,13 70.98
0.035 97.94 65,82

0.027 0779 62419
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Table II, contt?d,

Tomperature and Velosity Data

%
Op

v

ft. /800,

Test 45, cont'd.

06554 100,29 17444
0,481 99.93 17,56
0.481 , 17.61%
06437 $9.67 17 448
06379 90,38 17.28
Oe317 90601 16,684
04263 98,82 18,33
06205 98.55 15,73
04147 58,23 14,85
0,118 98,03 14,27
0,089 8771 13,09
0,060 G7 426 11,22
0,046 96,68 0,36
0,038 98,66 8,08
0,031 96440 8,70
0,024 96,11 S428
0,017 0375 3458
0,009 05431 24,90
0.000 9447 0
Tast 45,1

1.000 105,0 0
0.981 103.89 4,72
0,973 103,66 64 46
06968 103,40 Bes04
0,959  103.21 9,29
0.852 102,99 10,41
0,944 102,85 11.28
0.9230 102,58 12.52
06915 102,48 13,40
0,900 102.34 14,08

y/?o t u
OF fto/ﬂGCO

Test 45,1, cont'd,
0871 102,00 15,02
0.842 101,94 18,86
0.784 101,68 16,586
0,728 101,46 17 .40
0,667 101,08 17.78
0,608 100,80 18,23
06550 100468 18,56
0,402 100,28 18,48
0,492 18,52%
0433 100,01 18,40
0.316 00,42 17.62
04258 00.18 17:27
0,200 084,86 16,34
0.141 08,490 15.18
04112 98,18 14,30
0,083 07,78 12,93
0,054 07 .31 10,63
0,039 00,76 8,00
0,032 0647 6.74
0.024 06,25 5,32
0,017 95,78 3446
04000 94,7 0

Test 46

1,000 115.3 0
0820 112,928 288
0.986 112.86 Be 5%
0,277 111,36 4,97
C.971 110,60 Bod3
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Table II, cont'd.

Tomporature and Velocity Data

¥/¥o t u /Y6 t w
oF ft./sec. oF fte/sec.
Test 46, cont'd, Teat 48
0.961 109,56 B.20 1.000 10040 o
04854 109,082 9430 0,993 99,71 3462
0,949 108,51 10,48 0.991 99,78 3.73
0,935 107,58  11.75 0.968 09,78 3,78
0.908 106.39 13,62 0.984 ©9,.78 5,03
04877 105,71 14,54 0.982 99,78 5«51
0848 105,13 15,28 0975 99479 6474
04786 104,13 16,22 0,968 99476 8.04
0,733 103,39 16,83 0,961 99,68 9425
0675 102,62 17.46 0,958 99,71 9445
0.614 101,76 17.83 0,053 99.68 9,92
04559 101,05 18,00 0,939 99,67 11,37
04501 100,18 18,20 0,91C 99,68 12,96
0.443 99,30 18,01 0.881 99,68 13,91
0,443 17 .88% 0.852 99,70 14,62
0.385 08,41 17.80 0,823 99,68 15,04
0.327 9762 17444 0765 99,70 15,82
00267 96.80 16,92 0,707 99,65 16,31
0.212 06,06 16,32 0.649 890.65 16,80
0e154 95,12 15,37 0,591 99.62 17,186
0,123 04442 14,61 - 04533 99,62 17,37
0,096 93.63 13, 60 0.533 17.80%
0,081 923,12  12.94 0.475 99.71  17.31
04058 92,07 11.34 0416 99,70  17.27
0,048 91,48 10,17 0.358 99.71 16,97
Ce 035 90,27 €34 04293 99,74 16445
0.029 89 .56 6480 0.242 99.74 16,01
0,022 88,48 4,93 0184 99,72 15,34
0,015 87,14 2497 0.126 99,71  14.28
0,000 8446 0 0.097 09,72 13,38
0,083 99,71 2.64
= 0,068 99,71 11.75
0.051 99,72 10.38
0,029 99,73  7.52

0.000 100.C 0
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Table IX, contid.

Termorature and Velocity Data

¥/70 t @ ¥/%0 t u
OF fto/seﬂo OF ft./sec.
Tost 458.1 ' Teat 49
1.000 100.0 ) 1,000 100,0 0
0,994 95,81 3,61 0,990 99,69 2,21
0990 99,85 3,54 10,990 90469 2,25
0,983 96,90 5,438 0,987 990,71 1.87
0.968 99,91 7.71 0.984 90,75 2,04
0.954 99,84 10,13 0,979 99,72 2,75
0.939 99,82 11,73 0,970 99,81 4,03
0.910 00,79 13.84 0.963 99,82 4,85
0,881 99.80 14.28 0.954 99,87 610
0.823 99,80 15.52 0.949 90,73 6.77
0.765 99,76 16.22 0,935 99,70 8,33
04716 00,74 106,79 0,921 99,70 B.99
0.649 00,77 17.41 0,906 99,70 9495
04620 99.78  17.59 0.874 99,75 10.89
04562 99,76 17.80 0.847 89,78 11.38
0,563 00.66 17.82 0,819 99,82 12,01
0.563 18,80% 0.787 99,78  12.20
0e507 99¢77  17.93 0,737 $0.76 12.62
0.404 99,73 1777 0.674 99,81 13,04
04446 90,76  17.88 0,616 90,77 13,26
0.368 99,74 17,58 0.561 99,76 13.48
0.330 99.67 17425 04561 . 13,55%
04272 00,65 16,70 0,492 09,81 13,46
0.214 99464 16,10 0432 99,81 13,40
0.156 08.72 15.25 0,381 99,81 13.24
0,008 00,72 13,92 0,326 99,76 12,91
0.084 90,72 13.40 0.2786 99,78 2,65
0.089 $59.70 12,28 04210 99,74 12,11
0.055 99.69 11.21 06152 99,74 11,30
0,040 99,72 9.21 0,090 99,72 9,63
0,026 = 99,73 7 .04 0,085 99,78 8.41
0,000 100,0 0 0,050 99,78 7,05
0,036 99,82 5.44
0,018 09.78 3,14
0,C00 100,0 o}
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Table II, cont’d.

Temporature and Veloeliy Data

/Y0 t u /%0 £ u
- Op ft./sec. OF ft./sec.
Togt 49,1 Test 50
1,000 100,0 0 1.000 100,0 O
0.894 g9.72 2¢59 0.989 80,84 19.14
0,990 99,72 2e41 0.988 0088 28,79
0,983 99,66 3.61 0,983 99.83 20,27
0.068 9971 5653 0,978 9,75 3704
0.954 99,73 7.84 0.966 876 42,94
0839 99,68 8.89 0,963 o8.78 4378
0,906 98,70 10,91 06939 90,80 45654
0.881 90,68 11.74 06948 99,81 47, 32
0.856 29.64 12.22 0,933 Q9,87 49,48
0,798 00456 12.89 0,920 99,90 51,28
0,736 00,52 13,56 0,806 90,67 52452
048678 0030 13,51 0,877 20.63 54,92
0620 99,38 14,12 0,848 90063 5%.72
0.585 99.12 14,35 0.820 09.61 58.20
0,555 14,65% 0,71 290,64 60,28
0500 96,30 14,43 0733 9C.70 62,20
0.439 9940 14,33 0.676 8072 63.74
0,384 29,40 14.20 Go.618 90672 65,38
0,330 99«57 13,91 G581 9870 66,21
0,272 89.69 13,62 04561 86,154
0,214 00,84 1%.24 0.499 99,72 66,83
C.156 99.91 1245 Ce446 90.74 66, 02
0,098 P0.54 11,30 04389 00.74 685,69
0,069 99,81 Sed7 0,331 50,73 83,84
0,040 98460 8,92 0.874 99.68 61,78
0,026 90,63 4440 0.216 29,66 5048
0,000  100,0 0 0e159 909,67 56, 44
0,101 09 .68 52.82
0.072 05,68 50,00
0,058 96,68 47,87
0.044 08,70 523
0. 029 P65 42,60
0.022 99,61 40,03

0.016 90.54  38.42
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Table II, cont'd.

Tomperature and Velocity Data

¥/ve t u /%o t u
op ft./sec, op ft./sec.
Teat 50, cont'd, Test 50,1, cont'd,
0.000 100,0 0 0.3225 99,59 67,04
0,267 99,85 64,85
0,209 99,76 61490
0.151 90,72 58, 52
Tost 50.1 0,083 99,72 54,14
1,000 100.0 0 0,064 99,76 50,98
0.988 99.64 16,32 0,035 00,75 45479
0.985 99459 25439 0.021 99,75 40,79
0,978 99,51 35,50 0,000 100,0 0

0,978 99,50 35,50

0,063 . 99443 44,74
0,948 90,34 40,04
0,834 9927 51677
0,601 98454 56,01
0.876 09.58 58,97

0.8786 98456 58432
0,847 99452 60,00
0,789 90,49 63,73
0,789 00,47 63,73
0,731 90447 6699

0,672 99,39 60 452
0,612 99.28 71,32
0,563 0917 72,05
0,563 66 50%
04537 99.27 70,46

04587 96422 70,14
Q4557 90«36 69,46
0,499 9840 70409
Oe441 99,41 69,64
0,383 09,46 68, 52
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Table IIT

Eddy Property Distributions in a Two-Dimensional,
Turbulent Air Stream.

Tost 30 Test 31 Test 32 Test 353 Test 34

€:.x108 €x10® €x10°% «x10% <ga105
Y/y, £t2/80c. t3/soc. ft3/sec. ft%/sec. ft5/sec.

0.08 -vas W 0.4’7 108‘7 - e 0.0‘7
0404 e 1.18 4,05 e 0,17
C.06 0.84 2413 5,07 731 . 0.2

0.08 1,08 3.086 7.89 105 0,37
0,10 2450 4,30 8,99 1245 0448
0eld 3031 6445 10,1 14.8 0.73
0.20 3¢ 87 7.69 11l.2 17.2 l1.19
Q.25 44 50 8,08 12,6 16.7 1.67
0.30 4.85 7.61 11,5 16.2 2,10
0.35 4,49 7.08 11.0 15.1 2,31
0.40 4033 6469 0,63 1346 2 24
0.45 3.94 6,08 8454 "12.8 1.96
0,50 3.84 5677 P23 12,3 1,76
0,55 3675 5.78 960 12,5 1.75
0,60 3476 D.72 10.1 13.2 1.86
0.685 & 96 6.64 10.4 14.4 2,02
0,70 4,02 750 10,9 15.4 1,91
0.75 4,17 7.64 14,4 15.9 1.75
0.80 Pyl 740 12,1 16,2 1,81
0.85 Je 41 6.84 11,5 15,2 1.21
0.%0 3.24 4,87 9.02 13,6 0.78
0,92 1,49 3464 753 12.5 0. 87
0,94 .82 273 5,53 9.63 0,34
0.96 0,46 1.47 2689 5447 0.20
0,98 Y === 0,71 1,56 1.21 0.08



Y/yc

0,02
C.04
- 0.08
0,08
0,10

0.15
0.20
0425
0.30
0,35

0.40
0445
0.50
0.55
0.60

@.65
0070
0.75
0.80
0,858

0.90
0,92
0.94
0,96
0,98
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1=

cont'd.

Table III,

Digtributions in & Two-Cimensional,

Thulent ALY CLreamn.

Test 39 Test 40 Test 40

Smxl0° €.x10° € x109

rt% /sec. £t9/soc. fte/sec.

- 0.3 0.95
0.84 0.03 0.56
1.60 1.48 1.00
2,22 2431 1.94
2.88 2.99 2.75
4,38 4,45 3.74
5432 5.50 4,12
5479 5.56 4,02
5471 5430 4,14
537 4,96 5.97
4,97 4,62 3,77
4,40 4,37 3,71
3.82 4,29 4.
3.60 4,49 4,2
3,52 5,04 3.94
371 572 4,75
3.99 6415 4,68
4.26 8,15 4,80
4.39 5‘90 4.57
4,20 5,06 4,00
Ze 39 3056 3,19
2,70 2,92 2,49
1.91 2.34 1,74
0,79 1.55 0.84
0.533 0,84 0.48

Test 41 Teat 41
€. x10° € x10°
£t%/s0c. f£t%/sec.
C.68 0.38
2,41 2.10
308 3¢ 02
5,80 4,40
C.78 5,14
8,38 6.64
0.03 7 .32
020 7.18
8,94 B85
B8.55 . 6,30
8,36 6425
8.32 .46
8,36 6,84
8,51 708
8,78 7.12
P20 7.04
8,61 7.92
9,80 6.88
O.64 6.82
3,05 6447
7032 5,36
5.92 4,60
4448 3,60
3 06 2426
Yudl 0,80
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Table III, eccnt'd.

Eddy Properﬁx_Distributicns in a Two-Dimenslonal,
Tarbulent Alpy Stream.

Test 43 Test 44 Togt 44% Tegt 45 Test 45

€, x105 & x10% €,x103 €, x10% €,x105
v/ 2 2 = ¥ -2 2/
v/ve Tt%/sec. ft%/sec, f£t%/sec. ft%/sec. ft%/sec.

.02 1.08 1,18 0.92 0.04 0,03
O.C«'l 3010 314{3 3.16 0023 O.lé
0,06 5.00 6.14 4,94 0.49 C.31
0,08 Go42 7490 G430 0,83 0.56
0,10 7,61 8,74 7417 1.22 0,96
0,15 D07 098 Bad 224 - 2,04
0.20 10,62 10.84 Be79 - 24,83 Ce 41
0.25 10,77 11,25 Fe15 311 2,40
0,30 10,50 11.24 Gede 3.18 2630
0.35 10,11 10,87 PB4 2.98 2.22
0,40 D77 10.48 0.83 2,75  Bedb
0.45 9,58 10,18 10,03 2467 2,11
0,20 Gedd 10,07 10,32 2.82 2,08
0,55 9,48 10,18 10,77 35.18 2,07
0,60 9,63 1C.50 11,40 3427 2+09
0,65 .86 11.24 11,92 3635 2,21
0.70 10,15 13529 12.02 Je B3 2441
0,75 10,48 14,09 11,75 3.20 2,52
0.80 10.82 14,00 11.15 2.92 2643
0,85 2.066 13.11 10,45 2,46 2,06
0,90 7+ 60 1C.82 0496 1,65 1,195
0.92 6,38 e 57 784 1,10 0.73
0,04 1.86 788 6,02 0,64 0,40
0,96 3e12 5.24 372 0439 0,17
0.98 1.20 1.88 1,32 0,02 0.01

% Eddy Properties for Test 44 are of doubtful velidilty
because of unsmoothnoss of original data.



/70

0,02
0.04
0.086
0,08
0,10

0.15
0.20
0.25
0.30
0,395

0.40
0.45

O 55
0.60

0.65
0,70
0,75
0.80
0.85

0.90
0.92
0.94
0.96
0.98
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Table 11X, cont'd.

Eddy Proverty Distributicns in a Two-Dimenexonal

Tarbulent Alpr Ctream,

Teat 46 Test 48 Test 48 Test 49 Test 50
< x10° -€,x10% €,2..x103 €,x108  €,x105
£t% /asc. ft?/sec. fts/sec. £t</sec. ft</sec.
0.02 0.03 0,02 0.00 0.86
0.25 0.12 017 0.05 2.00
0.55 0,31 0,37 0.17 3640
0,92 0.863 0,59 0,31 4,87
1.34 0,92 0.886 0,47 .81
237 1.82 1,70 0.87 6,97
3.Q5 2,36 2,23 1,22 716
3.28 2.54 2.30 1l.44 6,91
B0 34 2.50 2.16 1.49 6463
3.26‘ 2.23 2,00 1.43 6,49
3,00 .12 1,94 1,42 68,54
2.90 2,15 1.94 1.45 6,74
2.98 2.&«&) 1.97 1.50 7006
3+18 235 . 2.03 1.57 748
3.29 2.39 2,13 1.62 7.98
3632 2,40 226 1,63 8,44
3627 2049 2,40 1.58 8,66
3410 2.40 2445 1,45 Be36
2.76 224 2930 1,18 7665
2425 1,88 1,85 0.83 6461
- 1l.42 1.09 1,10 0.43 5.24
0.97 0.687 0,73 024 4,52
0.57 0.33 0.44 0,08 3462
0.29 0,14 0.21 0,00 2,38
0.10 - 0,04 0.04 0,00 0,80
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Table IV

Smoothed and Symmetrical Distributions of the
Bddy Properties ard of their Ratlo.

Test 30 Test 31 Tegt 32 - Test 33 Tegt 34
€, x103  <x108 -<.x10° <.x10% < %103
¥/¥, £t%/sec. ft</sec. ft2/sec. ft2/sec. ft3/sec.

0,02 0.00 0.55 1,60 2.22 0.08
0,04 0.38 1,38 3.70 5.46 0,18
0,086 0.82 2,86 5.84 Be04 0a33
0,08 1,52 3.28 7.72 11,40 Q.48
010 2.26 4,47 8.93 13. CO 0,60
0.15 3635 6.68 10650 15.27 0,98
0,20 3.89 7458 11,67 16,60 1,34
04295 4,23 778 12,65 16.28 l.69
0,30 4,32 7450 11.53 15,66 2,00
0.40 4,08 6e33 9.76 13,35 2,01
0e45 390 5.94 Q22 12.63 1.88

0.50 3.84 5.78 8,98 12,33 - 1,80



/90

0,02
0,04
0,08
0,10

0el5
0,20
0,25
0,30
0635

0040

0.45

0.50
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Table IV, cont'd.

Smoothed and Symmetrical Distributions of the

kddy Properties and of thelir Ratio.

Test 39 Test 40 Teat 40

G108 & x108 €, x103

£t2/sec. rt2/sec. f£t2/sec.
0016 0042 0050
0.89 1,13 0,87
1,70 1.87 1,58
2e47 259 2.35
3410 3.25 2.98
4,23 4,73 3487
4,82 5061 4,32
5400 5.81 4450
4,89 5.64 4,42
4459 523 4,18
4,27 4,76 4,00
4,06 4.44 3e94
395 4,32 3692

Test 41

Test 40
Q/ém —%3103
£t$/sec.
1,40 0,88
1,30 2672
1,18 4430
1,10 5466
1,09 6,87
1,22 8,79
T.30 Ped2
1.29 0SB
1,28 9.28
1.258 8,80
1.19 8657
1e13 8041
l1.10 8437



Tegt 41 Tesht 41 Togt 43 Test 44% Tesht 4d

En x103 /e G108 €x108 5103
7/ve  Tt%/ssc. fti/sec.  ft5/sec. % /sec,
O.Cf C.80 1447 O.V* 3 .50 1."”
o o'( ” :’;czﬂ _,Lnl(ﬁ" e lxh :’Bgﬁg v ur)‘(a:
‘u‘cQ (9] 3“69 1 lt? .OO 6.90 C‘-F"&
0.08 4,60 1.28 6. 40 83468 &.82
0.10 5.32 1.29 ‘7.{};0 9.83 \.,.(.40
0,15 662 1,33 066 1l.54 11.78
Q20 7.18 1,32 . 10.60 12,46 12, 48
0.25 714 1,34 10,58 12,68 12.60
Ce30 6.90 1,35 10.28 13,38 2613
0.35 676 le.32 D402 11.66 11.21
0,40 6,77 1.8 9468 10.86 10,34
0o 48 6.E4 1423 o2 10.40 10480

0,50 €.88 1.22 9446 10,20 10.16

# Eddy Property Data for Test 44 are of doubtful velidity
because of unsmoothness of original dets.
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Table IV, cont'd,

Smoothed and Symmetrical Distributlons of the
Baay Froperties and of thelr Ratloe

Test 444+ Test 45 Test 45 Tegt 45 Test 46
<oy £, x10%5  Eax108 f§7/ € x103
= ”~

¥/¥o £t%/sec. ft%/sec, £t%/sec.
0.02 1.03 0.00 0,06 ——— 0.02
0004 0099 0027 0013 bkl 0025
0,06 1,01 0.58 0,35 1.66 0e87
0.08 0.98 0,96 0.68 l.41 - 0«97
0,10 0.96 1,36 1,08 1.28 1,38
0.15 .98 2,27 2.03 1,12 2.24
0420 1.00 2.87 24406 1.17 2.84
0.25 1,01 3.17 2,46 1.29 - 3,16
04 30 o 1.02 3423 2.,34. 1,38 3 27
0.38 1,04 2,10 2% 20 l.41 3.23
0.40 1.08 2,96 2. 14 1,38 3. 16
0445 . 1.01 2,87 2.11 1,36 3.10
0,50 1,00 2.84 2,09 1,36 .06

# Eddy property data for Test 44 are of doubtful validity
becasuse of unsmoothness of original data,



¥/%o

0.02
0,04
0,06
G, 08
0.10

0,15
0.20
0e25
0e30
Ce35

0440
0,45

00501

Table IV,

R o
PR

cont'd.

Smoothed and Svmmetrical Distributions of the

hady Properties and oi thelr NKatiO.

Taest 46 Teal 46 Tent 48 Test 49 Tagt S50
€ x103 éc—éh €,x108  Gax103  €,x103
£t5/s6c, £t2 /sec. ft2/sec. 1T1%/sec.
- 0,06 - - 0,00 0.00 C.81
0.14 - 0u17 0,00 2,30
G728 1,35 0,71 0+30 4484
1,07 1629 1,03 0,46 5,68
1.87 1,20 1.78 0«85 6.81
230 l1.24 2423 1.20 7.5
2.43 1-050 2.38 1.43 ?ng
2430 137 Ce 30 1.54 7 .60
2.30 1.40 2o 14 1,54 7+ 46
2,25 1040 2004 1.50 7.27
2,22 1640 1,89 1.48 7e12
220 1,39 1.97 1.48 704
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Proposltions

Chemieal Enzineerings

1e

Se

3o

4,

The thermal reslstance of a metal-to-metal
Joint, when "controlled® by roughness and noib
by waviness, may be anproxlimated by the followe
ing formmlast

V2 P
:=-7;;l?k"’(2?ﬁ) + é?lﬁ;l]
Nomenclatures (see slso 1,58 )@

h = Q°/A%, the reci rocgl of the thermal
resistance, BT/(ft,<)(sec,)(OF),

ky, = the thermal conductivity of the amhil-
ent fluild, BT/(ft,){=ec, ) (°F),
kpyw = the thermal condustivity of the metal,

BTG/(ft,)(soc. ) {°F),

P = the load per unit area perpendiculay
to the plane of the Joint, 1hs./ t.~.

3
1

a eonstant, a property of the mecial,
of epproximately the same marnitude
as the yield atrength,-lbs./ft.g.

r = the rmes8, roughness of the metsl
surfacoes, fte

Butane, pronane, and other lirht hydrocarbons are
pultable "foamino® agents for vinyl plastisols,

The walleto=fluid heat transfeor coefficient for

any situvation net involving appreciable fluld
acceleration 1s given by tho generalliszed ex-
presasiont

7 = %/jlipjfpr)—o.s

In the analyseis of gas mixtures by the thermal
conductivity method, it 1s suggested that the
reference pas consist of the gemple gas from
which the ecompound of interest hasg been re=-
moved by a sneciflec absorbent, For example,




-

5 A ;
Tivseryiysnim b w oy art sk e .
‘f“é\};)\:iﬁ_. trd (de e boe lras s e

goanustian axmlusd
ik WUl nd ayied

e - )

9 0f the wunlyzer; pn
2

iRy treated with ecdn ;ixu nag dplec nd
admitted bo legs £ ond ¢, The galvaaunetey
rending Lo expected 1o Le o gincle vilued
funciion of the casnusitioca mzxiu;u.

S0 wtainless sieel shim stock is suggesied fow uos
28 wn ehectricenld rwnloey in the stug
tentind field problews sugh 25 the Lo of Fiuius
taroush porous medin,

G The eudy viscosity is finite sud dug o red necps
ing ot fhe gunter of » fluld sireon,

1. The pequir wwer*s i & given maximws working de-
fiesgtion ond the mechanicl properiiss ol aville
2ble miderinle upproximetely fiz the pogoasnnt
f?eguancv'az # helieal spring. Tuls linits tie
perforinnee of mouy ki h speed deviges wiloh wannot
Le zllowed ¥o 9perwt@ at speeds winleh y eause
their syrinﬁs 0 suxge., 7Thie liniting G?”ﬁu
1r*gaeucw Yy be fmerensed LY soprol ;'ﬁ 3%
Yaotor 1/*'by the use of aollovw virs

A« it 1s su_costed that giumildoded climte .ud hle
titude cucumbsrs be Insul tted by telng thelr
walls in the Jorm of a stiinlens siesl Dewnyp
Tiask and that alr-syele zefrigeraiic

n puch chambers.

W Le used

€
L]

Gobrlt is suggested as o pussible nllioying elc
uwent Loy high~strengti weldabls sicels,

e

. The cifferences iu corrvesl.y beievior betveen
veldoments of tithoiug stabilizes and cvlumbluag
sthulliized custenitie L*Lclﬁ 3re rencily exe
ploined by comsldering the diiferences iuo the
teupers %urﬁw s whicd Zse gorrespuneing ¢¥bices
became soluble in the sustenite,



Titanium is an effective addltlion Tor decreas-
V"

? the nitroron gontent of a steel mel i,

Lonrechaln polyeater resinsg with a mimimum
amount of unsaturation end of styrene croas»
linking have optimm proverties for the "pottin’
of minfaturi-ed electronie o omponents, exbe»t
pcgslibly for use iIn the microwave ranges,

The removal of scale from stainless stesl by
plcokling aclds is an eleotrolytlic nrocess, the
basls metal golng Into soluticn at the anocde,
Apperently the scale serves as the cathode,

In the analysis for nltrogen of titaniumecon=
taining metals and alloys, correct results wmay
be obtained 1f the alloy is dlssolved in TCL
contalning a 11ttle HF and if the residue is
dilgested with a HpfC4«NaHSO4 mixbure containing
a little ocopper sulphate or sa;en;um. The
solutions are combined smd made alkalline and
the nitrogen 1s "dlatilled over® aend determined
in the usual manner,





