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Abstract 

Velocity and temperature distributions have been 

measured 1n a steady-state, two-d1mene1onal, turbulent­

ly r1ow1ng air stream. '.these meeeurements have been 

made both 1n an essentially isothermal stream and in 

one upon which a temperature gradient had been imposed. 

The heat flux and ehear and the thermodynamic state of 

the tlu1d were determined at the same pos1 t1ons in the 

air stream. 

From these .data, the eddy conductivity and eddy 

v1sooe1ty die~ribut1one were calculated for fifteen 

different flow conditions. 

'lbe results of the eddy property caloulatlons 

have been compared w1th eddy property d1etr1but1ons pre­

dicted by other 1nvest1gators. 'lhe data have been 

oorrela ted in a manner wh1 cll appears to simplify' pre­

d1etion of eddy properties in other a1m111ar si tua t1ona. 
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Introduction: 

1 

Section I 

A complete understanding of the analogy between 

the transfer of thermal energy and the transfer cf mo­

mentu.m 1n turbulent fiuids appears to be desirable. 

Such an understanding m1gnt assist in improving the 

analysis of turbulent processes and certainly would pro­

vide useful assistance 1n the prediction or heat flux 1n 

ene1neer1ng a1tuat1one. This analogy has attracted the 

attention ot many investigators but a complete under­

a-tand1ng 11 still laelr1ng. 

An 1nvest1ga tion of the rela t1cnsh1p between 

edd7 v1scos1 ty and eddy oonduct'1v1 ty appeare to offer a 

.Mana ot obtaining e.dd1t1onal understanding of the 

mechanism of this analogy. 'lhe principal purpose of. the 

1nvest1gat1one reported herein ia the determination or 

the relationship between eddy conduotlv1ty and eddy vis­

cosity 1n a two-dimensional, turbulently nowing air 

stream. 

Almost every wr1t1ng on the analogy between heat 

transfer and fluid fr1otion pays tribute to Osborne 

Reynolds (l) who originally reported this phenomenon, 

1lbe P:randtl (2) and Taylor (3) theories of turbulent 

aet1on appear to yield, as a corollary, the proposal 

that the eddy conductivity and the eddy viscosity are 
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identlc~l quantl ties o By the uee of th is assumption and 

of either experimental or assumed eddy vLscosi.ty dis­

tributions, heat transfer relatione may be calculated. 

Karman (4) tac1 tly assumed the 1dentl ty of' the 

eddy vlscoelty and of the eddy oonduct1v1ty by con­

slder1ne the existence of" only one quantity, the "turbu­

lent diffusivity", which poseeseed the properties of 

both of the eddy quantities. Using tb1s 1dent1ty assump­

tion he derived expressions which lilpproximately indicate 

the heat transfer coeff1c1ents for circular tubes for a 

wtd.t range of flu1crs and a wide range of flow conditions. 

Boelter, et.al., (5), and Mart1nel11 (6) reoognlzed 

that possibly the eddy conductivity and the eddy viscosity 

were not identical, but presumed that their relationship 

might be represented as a ratio. 'lb.le ratio was e.ssumed 

, to be eingle-valued for ar1y one stream. Using this ratio 

they derived complicated expressions for heat transfer 

coefficients for circular tubes and parallel plates. In 

their actual numerical computations they used the value 

ot unity for this ratio. 

In any nutd s1 tuat1on for which the eddy condt;o­

t1v1 ty and velocity d1str1but1ons may be accure~ely esti­

mated, the heat transfer problem 1a eapat le of a complete 

solution. , • 'Ih1a approach to the heat transfer problem 

has obtained engineering importance only since the de­

velopment of such computational aids as the analog 
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computer and high speed digi tel compu tars. 'Ihe appli• 

cation of eddy conductivity data to the solution of heat 

transfer problems 1s not within the realm of the present 

writer's investigations, Several other graduate students 

in the Chemical Engineering Department of the Cal 1.f'ornia 

Institute have been demonstrating the use of eddy conduc­

tivity data with tho analog computer tor the prediction 

of thermal nux and of temperature t1eld1 in turbulent 

streams. One paper :{7) reports the use of an arbitrar­

ily assumed eddy conduct1v1ty d1etr1oot1on, A later 

study utilized, at least 1n part, eddy conduct1v1 ty d1s­

tr1but1cms determtnad by the present wrt ter and reported 

in this thesie, 

'lbe use o:r. high speed computational aids makes 

unnecessary the s1mp11fying assumptions which have ehar• 

acter1zed all previous work in this fleld. Previous 1n­

vest1gatore have been forced to distort their data to 

yield expressions which are capable of analytical in­

tegration. Thie capab111 ty of analyt1cal integration 11 

perhaps still desirable for those engineers who do not 

yet have access to bl[:.h speed compu ta t1onal aids. How­

ever, euch equipment is becoming w1d~ly available. and it 

seems desirable to abandon the use of s1mp11fy1ng aeeump4 

t1one which do not adequately describe the heat trans-

fer e1 tua t1on. 

An apparatus hae been conetruoted in the Chemical 
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F::n c ineex•lnc Department i::1t the CalLforn ta Institute for 

the direct and simultaneous d0ter1:d.nr:1 tlon c f the eddy 

conduct1vi ty snd of the eddy v:i.scos:t ty l:n a turbulently 

flowin t: alr s tJ:•eam .. 

structed l~ students who preceded the nresent writer. 

1l,el:r prel im1na1?y meeHrnremen ts did not yield rel in. ble 

value8 of the edcly quantl t.tes :rnd tbe present / writer has 

had the asslgnment of accurately determin!ne theee quan-

t:1 t1es in a turbulentl~r flowinc two-di:mens:tonal air stream. 

It has been the hope of the present investlgatora that 

the ratio of eddy conductivity to eddy viscoait-y deter­

mined ln thls imres tiga U.c,n m:tc-h t be used to 1nd1 ca te the 

eddy conductivity under other flow condit:!.ons where the 

eddy viscosity mir:ht be inder endently ueterrnlned. 

A large body of data has been collected wblch shows 

the d:1mtr1but1ons of the eddy properties :in a two-dimen­

sional turbulent air stream nnder a varl0t:7 of' experi­

mental conditions. However, the problem of predicting 

the eddy condu.ctiv.tty distribu tions 1s not completely 

solved., In fract; the eddy vlscoe1.ty distrib,,tions pre­

dicted in the literature (4), (5), {6), do not sp:rea with 

the data obtained on our a:ppara tus. 1he :ra tlo of the 

eddy properties seems to depend upon the pos1tlon in the 

stream and upon the Reynolds · number. 
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Seot1on II 

Equipment Ueed 1n this Investigations 

The equipment used in this 1nvestieat1on hes been 

previously described. Aa it 1s believed that the pre­

vious descriptions are quite adequate, a complete and de-
i 

tailed description of this equipment has not been in-

cluded 1n th1s thesis. '!he Chemical Eng1neer1ng Depart­

ment heat transfer apparatus has been described 1n the 

Ph.D. theses of w. H. Corcoran (8), Glenn w. Billman 

(9), and David M. Mason (10), and 1n Chemical Eng1neer-

,1ng Department Manuscript Ho. 292 (11) which has been 

submitted for publication 1n Industrial and Engineering 

Chemistry. 

11be present writer has aaa1sted in the redesign 

or the oolor1metr1c equipment. 'lhe 1solated-wall-eect1on 

calorimeters designed by the w:r1 ter have been further 

modified and are be1.nr.: descr1 bed in the Ph. n. thesis of 

fellow student, Stuart D. Cavers (12). The present writer 

has assisted 1n the mod1f1cet1on of the anemometry equip­

ment and 1n the development of operating procedures for 

th1e equipment. lb.a presently used anemometll'f' equipment 

. and methods are described 1n section VI of this th~s1s. 

The heat transfer apparatus consists of a wind 

· tunnel approx1matel7 o.7 inchee in thickness, 13 inches 

wide and 14 feet long. Air 1a o1rcula ted through this 
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channel by means of D suitable blower and control system. 

'lhe air flow rate may be set at any desired value by 

adjusting the speed of the blower with a cont1nuouely 

variable speed controller. 'lhe temperature of the enter-

1ne air may be held w1th1n approximately o.03op or any 

deB1red control setting, 'lhe air flow rate ls ~onttored 

by a .suitable venturi meter end the entrance air tempera­

ture 1s mon1tored ey means of a platinum res1etence 

thermometer. 

'lhe two 13 1noh by 14 toot walls of the channel 

are heavy copper plates backed by suitable oil bathe. 

The oil bathe are provided with electric heaters, re­

tr!gera t1on coils, circula t1on pumps imd appropriate con­

trol equipment, 'lbe 011 baths may be controlled within 

approximately 0.010:, of a dee1red eett1ng. 'lbe 011 bath 

temperatures are mon1 tored w1 th pla t1num rests tance ther­

mometere and the plate temperatures are monitored by 

means ot oopper-oonetantan thermocouples end a precision 

potentiometer. 

'n'J.e two plates rnay be maintained at two different 

temperatures, thus imposing a temperature gradient aoroea 

the air etreem; or they may be maintained at the eame 

temperature for the study or the trans fer ot momttn tum 

under eaaent1ally isothermal cond1t1ona. A uniform, 

steady-state, now with transfer or thermal energy and 

of momentum or w1 th the tranef'er or momentum alone ma7 
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thus be established in the apparatus. 

'!he apparatus contains a .t'ine pla t1num wire which 

may be. used tor the measurement of temperature and veloc­

ity at almost any point within the flow channel. 'lh1s 

therm.anemometer 1s described !n some detail 1n Section VI 

of this tbes1s. Other instrumentation 1e provided which 
•. ' 

enables the dfltterm1nat1on of the premsure at any point in 

tl:le apparatua-_and. of the pressure gradient 1n the d1rect1on 

of flow. 

1be previous papers, (8), (9), (10), and (11) 

have deeor1bed this apparatus 1n oons1derable detail. 

B.owever, a tew 11luetratlone are offered to help the 

read.~r v1eual1ze 1 ta general oharacter1st1os. F1e;ure l 

1s an overall echemat1c view of the apparatus, shewing 

the a 1r o1rcula t1on c1rcui t and the 011 circulation sys­

tems. . Figure 2 shows a cross section through the air 
• 

channel and the oil baths. Figure 3 1s a· view of the 

downstream end of the apparatus. The working seot1on end 

• oil baths and tbe air return line may be seen. On the 

right 1e the power control panel. Figure 4 1a a · close-up 

vie-. Qf the working section and traversing mechanism. 

Figure 5 ahows the centra11zed location for all electri­

cal measurements and for control of the variotis apparatus 

tempers turea. 

Figure 6 shows the bank of manometers used 1n this 

work and . the special , cathetometer bull t for this appara tus,o 
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F1gu~e 7 shows the micro:manometer used with the p1tot tube 

measurements. F19Ure 8 shows one of the two calorimeters .., 

before mounting in the apparatus end Figure g shows the 

same cal<:>r1meter 1n posi ttl.on and connected to the vac1,1um 

pw:np~ Figure 10 ■hows a sectional view ot one of the 

calorimeters. 
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Section III 

utione 
ream. 

This thesis records the primary data for twenty­

four dlfferent traverees representing fifteen sets of 

nominal opera ting condi t1ona. 'lheee traverses were 

taken at four different distances downstream of the en­

trance to the channel. 'Ihe most important de ta are those 

at the extreme downstream position. The various nomi-

nal conditions are 1nd1ceted diagrammatically on F~gure 

11, which indicates the relat1oneh1p between the various 

traverses and serves as a sort or index to the data. 

(It should be noted that the nominal values of some or 

the deaeriptlve parameters are sometimes quite different 

from the actual values measured durlng a traverse and 

reported in the tables.) 

'Ihe present author does not wish to represent 

these dnta as tbe reeult of b1a exclusive efforts. 'Ihe 

heat transfer project has been a cooperative effort tilth 

,i's ::many ae five studenta a~d employees assisting 1n the 

operation of the apparatus dur1ne a single traverse. 

Considerable additional effort was required to free the 

various dial readings of the equipment cal1brat1ons end 

obtain the ·pr1mary data recorded 1n these tablee. How­

ever, the present author has had the primary respcns1-

b111ty for the calibration caleulationa and is 
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responsible for all the primary data recorded 1n the 

accompanying tables. 

The test numbers assigned to the data have no 

particular significance except ths t they were assigned 

consectutively. In general, a new test number 1e taken 

whenever any of the nominal paremotere ·1s changed. 

Whenever a single test number hae been applied to more 

than one traverse, decimal suft1xee have been applied 

to the basic test numbers to deeignate the second tra-

verses. 

Several ot these tests hav• been 1dent1f1ed by 

other "test numbers" in• Chem1oal Engineering Department 

Manu1or1pts Noe. 292 (11) and 5006 (13) which have been 

submitted tor publication. Several or the figures pre­

pared tor these manuscripts and aleo used 1n th1e thesis 

have the curves labeled with these extraneoua 11 test num­

ber•"• In these caeea appropriate foot notes have been 

attached to the ffgurea to 1nd1 ea te the corresponding 

teat numbers as used in this thes1~. 

'lhe various data which appl7 to each entire tra­

verse are tabulated 1n Table I. «ihe data 1n Table I are 

actual measurements rather than nominal values and are, 

1n gener~l, believed to have the accuracy and preo1a1on 

• indicated by the number or m1gn1f1cant t1gures reported. 

In this table ., are reported the distance between the 

plates, the traverse position (1n terms of d1etanoe 



11 

. downstream of the channel entrance), the incoming air 

temperature, the plate t&mpertatures, the bulk velocity, 

the. p1ezometr1c preseure at the traversing point, the 

pressure _gradient in the direction of f"low; tbe heat 

flux deneity and the weight fraction of water in the air, 

For purposes of convam1enee, the second portion 

of Table I lists several derived quantlt1es whtch apply 

to each entire traverse. These are expected to be 

especially useful in comparing one traverse with another 

and 1ri compat"'1ng this work w1 th that of other investiga­

tors. These are the Reynolds number, the Fanning friction 

faotor• and the 11 frict1on velocity" • 

. ' 
In Table I, the data given for 70 , the distance 

between the plates, represents a direct measurement at 

the time of the traverse. 'l'bis measurement is per­

formed w1 th a travere1ng gear optical eystem a.nd cathe­

tometer, using the reneoticn method deser1bed 1n 

Reference 9. lbe 70 data seem to divide themselves into 

two d1et1not sets. • '1h11 le the result of a major ad­

juetnient ot the plate eeparat1on distance between test 

34 and. tent 37. 

The entrance a1r temperatures reported are those 

measured w1 th a ·precls~on platinum resistance thermometer 

mounted 1n th~· center of the channel at the entrance of 

the conv•rging section. In the case of evel"'J' traverse 

reported 1~ th1a thesis, this temperature bas been oon-
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trolled w:i. thln appi-•oxlma toly o.o5°F of the nominal 

setting. The plate temperatures rep~rted in Table I 

are those indicated by thermocouples buried in the plates 

opposite the traverse locations. An attempt was made to 

choose oil bath control temperature settings which would 

resvl t 1n the nominal pln te ter\'lpel"e. tur•es at the tra-

verse looa tion. As may be seen fl"om the data, th1s 

effort was usually eucceasfo.J .• 

The pressure gradient, dP/dx was detorm!ned by 

analysis of data obtained from piezometor bars located 

upstren.."11 of the traversing location and from piezo tape 

located on the traversing gear. Upstream of tha measur­

ing eqn1pment, the pressure gradient appeared to bo in­

dependent of the position 1n the channel. 'Ihst ts, the 

pressure decreased linearly 1n the downstream direction. 

The heat flux density was measured with the iso­

lated-wall-section type of heat .flnx calorimeters being 

described in the Ph.D. thesis of fellow student, 

s. D. Cavers (12). 

'Iha weight fraction of water was determined by wet 

bulb end dry bulb thermometer measurements. 

The "bulk veloc1t1os" reported here are the result 

of direct 1ntegre.t1on of the velocity across the tra­

verse. Other dofin1t1one: of "bulk veloeitles" have 

been suggested for use in streanzs whose intensive thermo-
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dynamic properties are not constsnt across the ztream. 

No un1,,ersa1 custom has been adopted end a mass rate 1n­

ter;ration is rejected as not y1eld1.n?; the units of' 

velocity. Any othor now rate J.esi .[?ne t ion which is de­

sired may be obtained fi-•om the prir11a17 de.ta presented 

in thie thesis, 

'lhe Reynolds number• the friction velocity, and 

tha Fanning friction factor have been defined in torma of 

the bulk velocity (as described above), the average fluid 

shear At tlle wall, and the properties of the fluid mid­

way between tho upper and lower plates. ThE,ae defini­

tions a.rel 

(Eq. l) 

(Eq. 2) 

(Eq. 3) 

/~ k{o 2·(-E) ==2(!T}z 
IP)!:! - u c:L X 

::Jo =0-~ 

(Eq. 4) 

In the case of several or the non-isothermal 

traverses, the Reynold's number was also calculated; using 
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the alternative definition 2_/-~cf"y 
0 

• The resul ta 

were 1n substantial ~gl'•eement with t boee calculated 1,a­

ine the definition in Equation 2. 

It sh ·:rn ld be noted tha t the data ob tained in the 

experiments reported in thio tb asis do not directly 

yield any quantity comparable to a conventional heat 

transfer coefficient. 1h1s ie the reason that no heat 

transfer coefficients are reported in this thesis. 

Point values of the temperature and velocity for 

each of the tra.verses are tabulated in Table II. 'lhese 

temperatures anJ veloc1 ties are believed to be the time 

averages at the points indicated. The point locations 

are expressed in terms of y/y0 , the fractional distance 

from the lower wall. It should be emphasized that th0 

data 1n Table II are the directly measured dattl. wh i ch 

have been freed of apparatus oalibrst!ons but wl'.1 1ch have 

not been smoothed 1n any manner. On some of the tra­

verses, these data nre not as smooth as might be desired, 

but they are reported here oand.idly in the beliot that 

they are more usefnl than any smoothed set which would 

invariably refleot the opinions of the person doing tho 

smooth ing. However, most of these data need no apology 

as the d1reot measurements a.re adequately smooth juat 

as they are recorded. 'll:. 1s 1e the result of very care­

ful experimental work using adequate equipment. Each 

of' the various traverse~ 1s discussed 1n detail ar1d with 
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candor in the paragraphs tha t follow and these remarks 

should be consul tad when using ~my of these data. 

Tests 301 31 1 32 1 33 and 34t 

Tests 30, 31, 32 1 33 and 34 a.11 represent a 600F 

d1fterenee between the two plate temperatures. '.the nomi­

nal velocities on these tests range fi' om 7 .5 rt./sec. 

to 90 ft./eac, IJ:hese data were obtained before the in­

etalla tion of the p:1ezo taps on the trave:t'e lng r ear, 

This difficulty made frequent anemometer ca11brnt1ons 

1mpraot1cal and prevented celibrat1on cheeks during a 

traverse. 'lhe galvs.nometer damping elements had not yet 

been 1netalled in the thermanemometer eireu1t and pre­

c1ee balancine was sometimes impossible. 'lhe po1nt vel­

ocity data reported for theee tests are thus not of the 

same hieµ qnal1ty as the later measurements. 'lhe tem­

perature data on these testa are of the usual high pre­

cision. As the temperature gradients on these tests 

we1"(! greater than those on any of the later testa; it 

1a believed thet the point values of the temperature 

gradients were estab11ahed with high relative precision. 

The pressure gradient data tor tests 30, 31, 321 33 and 

34 were mostly established from a friction faotor plot 

for the apparatus. Direct measurements of the pressure 

g_l"adient agreed npproxima tely w1 th the dll ta reported. 

However, it is believed that leaks, which were stopped 

before any later measurements, make the direct measure-
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monts less relia1'.lle than the frictir,n f'actor va1 ucs. 

'lhe temperature distributions for tests 30, 31, 

32, ~3 and 34 are shown 1n Figure 12. It should be noted 

that, 1n spite of a nine fold variation 1n the bulk 

velocity and in the Reynolds number, the temperature pro­

files a.re qui ta s1m111e.r. {Two of the curves have been 

displaced from the other three curves for olar1 ty.) 

Toe ta 37 and :,o s 

Teets '9/ and 39 represent a nominal velocity of 

30 ft./seo. with the air stream essentially isothermal 

at lOOOF. 'lbe test 39 traverse wae performed at the 

downstream end of the measuring eect1cn, 12.7 feet from 

the entrance of the apparatus. (This is the location of 

moet or the later traverses tor which eddy properties 
-

have been calculated.) The traverse labeled test 3?.l 

was taken at the turthest upstream position whloh could 

be reached by the traversing gear. 'lhe traverse labeled 

test 37 was taken at an intermediate point. 

The point velocity distribution determined in 

test 39 1s plotted 1n Figure 13. (The slight asynni.etry 

apparent 1n this plot 1s due to an approximately con• 

etant error 1n position measurement which was eliminated 

b-om all teats after test 40.) As a comparison with 

work or other investigators, the ratio of the velocity 

def1c1enoy to the friction velocity has been plotted as 
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a function of the position 1n the stream 1n Fleure 14. 

For comparison, Karman 1 s (14) itn1versa1 velocity de­

ficiency distribution has been shown on the same plot. 

In plotting the universal velocity distribution, the 

Karman universal constant "kappa" was taken to be 0.40. 

In the notation of this thes1a, the Karman velocity 

deticieney d1str1but1on 1s given by-1 

(Eq. 5) 

Th.e experimental data are in approximate agreement with 

the Karman prediction except tor the slight asymmetry 

noted above. However, our data do not appear to yield 

a pointed nose at the oenter ot the channel as le pre­

dicted by the universal distribution. 

In the eddy property oelcula tione• a reeidual tech­

nique wae ueed to magnify' the velocity l)ehevior in the 

cent:x,al portion of the stream. ( further discussion of 

this residual teohnique, per se, will be found 1n Sootion 

IV or th1s thesis.) 'Ihe same residual teehn1quee are 

useful tor the comparison of two or more travernes taken 

under a1m111ar conditions. For the extreme downstream 

poe1t1on, the re!'erence equation, 

(Eq. · 6) 



was used; leading to the res:idual oqua tion, 

u 

(Eq. 7) 

The sama ~esidual expression was a pplied to the 

data from test 37 and test 37 .1 after cox•reotlng these 

data to yield the same bulk velocity. Each point vel­

ocity was multiplied by the ratio of tho test 39 bulk 

velocity to the test 37 (or 37.1) bulk velocity before 

oaloula tion of the residual velooi ty. This correction 

to the same bulk velocity 1s necetisary when comparing 

velocity d1stribu.tionsas the opere.t1ng conditions can 

not b0 reproduced exactly between traverses. 

The three ~esidual velocity profiles are plotted 

in Figure 15. These data indicate that the turbulent 

veloci L"'Y profile is well developed upstream of the fur­

thest upst:ream location t;1t which tbe traversing gear may 

be used. 

Teats 391 43, 48 1 49 and 5p: 

Tests 39, 431 48 1 49 and 50 were all performed 

with the air stream essentially isothermal at l00°F. 

The nominal velocities range from 10 ft./aee. to 90 

ft./eec. In the case of tests 43, 48, 49 and 50, two 

traverses ware taken at each nor11inal velocity, one at 

the extreme downstream position and one 5.7 feet upstream 
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of thie posi tlon. The upstream tnaverses hsvo beC:m 

given tho dealgnation 43,11 48,1, 49.1 and 50,1 and are 

reported in detail in this thesis, thou 2:h very f ew 

derived data have been calculated .from these traverses. 

Test 37 and 37 .1 are upstream tre:verses wt th the no!"'l inal 

cond1t1one t he same ae those for test 39. With the ex­

ception of test 50.1, all of the data reported for these 

isothermal tee te are completely satis.faetorJ• Almost all 

of them are ari'looth within the experimental uncorta:tnty of 

the various determinations. 'lhe traverse reported as 

test 50.l has an apparent discontinuity in the velocity 

d1str1but1on data, apparently due to ' some sudden change 

1n one of the operating variables. 

Testa 40a 41a 44 and i51 

Tests 40, 411 44 and 45 represent nominal plate 

temper&turee of 105 and 95°F. They represent nomtns.1 

velocities varylne from 15 ft./sec. to 90 ft./sec. One 

traverse at the extreme downstream position is reported 

tor test 40 (nominal velocl ty 30 ft./eec.), Two tra­

verses, one at the extreme downstream position and one 

5. 7 feet upstream or this pos1 tion, were taken for each 

of the sets or nominal conditions represented by tests 

41 1 44 and 45 (nom1ne.l veloo! ties 60, 90 and 15 ft. /sec., 

respectively). The upstream traverses are 1dentlf1ed in 

this theaie as tests 41.l, 44.l end · 45,l. 
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'Ihe data for tests 40, •1:1 :;ind 45 (and tests 41.1 

and 45.1) are completely satisfactory ln every :r•csr1ect. 

Al:r10s t all of these data are emooth within th c ox-:,er1-

:me:nta1 uncertainties of the vsr1ous determine t inns • As 

exn~nplos of these data, the :point t e:nperature dlstri­

bnt:!.ons for test~ 40 and 45 are ah ovm in Figures 16 and 

l '7 reeneeti vely. 'l'he point veloci. ty distr1bu.t1one for 

tests 40 and 45 are shown 1n Figures 18 and. 19 resr,octive­

ly. 

'lbe data for test 44 (and 44.l) are not as satis­

factory and should be used w1th caution. These dats have 

a great deal of sea tter and are not of the same qne.11 ty 

ae the balance of the data taken subsequent to the in­

stella t1on of the p1ezo taps. Both the temperature and 

vel_o_q1 ty: }lata for both <:>f these trav-er-aee-, h~ve ex-~oeaive 

and apparently random deviatlona from mnooth curves. The 

oauee of these deflcienciea ia not 'known. 

Teat 46: 

Teat 46 represents nominal plate temperatures of 

115 and 85°F and a nominsl velocity of 15 ft./sec. One 

traverse was taken at the extreme downatream position. 

'Ihe dote seemed completely eatisfoctory 1n every respect. 
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Section IV 
T 

Cal9Blat1on of the F.ddy Propert1oe: 

In this 1nveet1gst1on, the eddy properties have 

been defined by the equat1one used by Karman (4), though 

he did not, 1n the cited reference, d1st1ngu1sh between 

these two properties. It should be emphasized that these 

are point properties which vary with position 1n the 

flowing stream, and that the various quant1 ties 1n the 

defining equations are those que.n ti ties at the particu­

lar point 1n the stream. 

-K (Eq. 8) 

(Eq. 9) 

In these relationships, QO 1e considered to be the heat 

nux parallel to the y ax1e and r to be the shear 

perpendicular to they ax1e. With these restriot1cne on 

the meaning or QO and , , the use or vector nota­

tions may be dispensed with for a uniform two-dimensional 

stream. 

These relat1oneh1pe are considered by the present 

author to be the proper def1n1t1ons of these properties, 

and are entirely analogous to the Fourier law of 



22 

molecular heat conduction and to the conventional defi­

nition of v1scoa1 ty. '1he molecular def1n1 tions may be 

rearranged to a form s1rn111nr to the form in lVhich we 

have expressed the def1n1t1ons for the eddy properties: 

(Eq. 10) 

(Eq. 11) 

'Ihe abo,,e def1n1 t1ons of tha molecular quantities • (Eqa. 

10 and 11) are, of course, only applicable in the ab­

sence of turbtllence. 

To calculate the eddy conductivity and the eddy 

viscosity at a point in the stream, it is necessary to 

determine at the same point in the stream all the other 

quantities in the above definine equations {Eqs. 8 and 

9) • It 1s tao1 tly assumed that Q.O is constant ac.ross 

any traverse. It has been shown that the temperature and 

velocity profiles are fully developed upstream of the 

traversing positions used in eddy property determina­

tions, and that, tllerefore, the temperature gradient in 

the downstream direction 1e negl1g1ble. In addition, 

the fr1ot1on 1n the fluid ia negligible compared w1 th 

Q0 in the case of the tests used for the determination 

of eddy conductivity. By application of the principles 

of an energy balance, 1t 1a evident that Q0 must be 

substantially constant across a eect1on of the channel 
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and tba t the data obtained from the wall calorimeters 

. are· applicable at each point in the channel. 

'lt.te point values of t..'1.e shear, r 

mined by integration of the expreseion,(15): 

, are deter-

(Eq. 12) 

Ai 7 must have a zero value at the point .of maximum 

velocity (where du/dy 1a zero) and as the pressure gradi­

ent in the downstream d1reet1on ie independent of tho 

<11etanca from the oenter or the etroam, the shear may be 

e,xpreeaed .1n terms of the tollow1ng integral expreeeion: 

(Eq. 13) 

, and k are avail-

able from widely publ1ehed data. Samples of the actual 

valucts ohoaen tor use 1n these cal cula t1one ho.v& been 

included in Qlem1cal Engineering Department Manuscript 

Bo. 5006 (13) • <f'"' and I' were corrected for tempera­

tui-o and pressure 1n acoordanee with the conventional 

practices. or chemical englneer1ne thermod:ynamics. 'lhey 

were nleo corrected ror water vapor by means of the 1deal 

• eo1ut1on aasumpt1on (i6) • ·No correet1on of the viscosity 

for water- ~per was made ee 'the various author1t1ee con• - .. , . . . -

sul ted d14 not yield sat1stactor:, a~ement and as the 
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. effect appears to be negligibly small for the moisture 

concentretiona reported 1n thie thesis. 'Ihe data on 

the thermal conductivity of air are quite unsatisfactory. 

However, the values of thermal conductivity chosen appear 

to be within one percent of the correct values. 

z/ and Kare, of course, obtained from the 

def1n1n6 relat1oneh1psl 

(Eq. 14) 

(Eq. 15) 

'lhe derivatives du/dy and dt/dy ere obtained by 

graphical d1fferentlat1on of the experimental data. 'lhe 

teMpera ture and velocl ty points for each traverse were 

plotted as ordinates versus the measured location in the 

stream ae abscissae. 'lbe moet probable line was plaoed 

through these data points. Figures 12_, 13, 16, 17, 18 

and 19 ~re typical examples of these plots. '.Ihe slope 

of this most probable line at a point of interest wae 

taken as the value of the derivatives . at this point. 

'l'he graphical treatment was checked bys residual 

plotting technique. Reference velocity and temperature 

d1str1but1onswere obtained by the assumption of extreme­

ly simple analytical relationships wh1ch f1 t the data 
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reasonably well 1n the hu.lk of tho turbulen t c.orc. For 

e:xainple, for test 40, the followin g :referer.ce equations 

were ueed1 

(Eq. 16) 

(Eq. 17) 

As will be recof.Ilized, these equations ere consistent 

with the approxim.a ticn of a constant value of the eddy 

properties across a major portion o.f the turbulent core. 

No claim 1a made for these reference Gqua t1ons near the 

'lhe difference between the reference value at each 

data point and the r.1eaaured value at this point wae 

rlotted as the residual velocity or residual temperature. 

As examples, the residual property plots for teat 40 are 

shown in Figures 20 and 21. 'Ihis procedure g:rea tly mag­

nifies minor• variat1pns ln the data taken in the central 

portion of the turbulent core but was useless elsewhere. 

Cr1 t1oolly chosen lines were drawn throup)1 the residual 
I 

plots w1 thou t reference to the previously rnade direct 

data plots. Velocity and tem.pereture p:rs.dlents were de­

termlned by graphtcal dlfferentiat1on of the residual 

plots plus analytical differentiation of tbe reference 



was done e.t this poin t t:tnd t:r:e plots -woro m0stl:r t·sed 

for pu:rppsee of inspection snd c}'-;ack :lnc . 

These gradient plots nll ht:H1 charac toristic shapes. 

As examples, the voloc1ty crad.ient d1otributlons for 

tests 39 and 40 tu•e sbovm in p.1 ,_~ures 88 and 22,. The tem­

p~rature gradient d1stribu t'.!.ons for tests 30., Zl, 32, 

ien t distributi on fer test 40 is sh own in !?10_;1.1re 25. 

All the q~.un-1 t:l tios in the equ111 t:tons dofln5.1:w the 

eddy properties t1:re t hus d lrectly availf!blt1 f'ron the 

oxpe:r:Lmen tal data srU .from tbe known properties of the 

fluid . T"ne def:tnlnz equat:i.ona (Eqe. 8 tmd fi ) may thne 

be used d 1rect1y for the calcula t:tcn cf the eddy proper .... 

ties. 

An 1t1ppa1~ent dif'f1cu1 ty ls encmm·tared ne~r the cen­

ter line of the st:remm wt1eN~ both the shea1"' ::md the vel- . 

oclty g.,r~dient become ;er,..,. However, inspection of the 

expression used. for the determin~tion of shear (Eq. 13) 

and of a plot of the velocity [1l'Sdiant as a function of 

pos1 t1on Ce. f.•, Fie;ures 2n a:nd 23) rev(-Hlls that both of 
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these quant1t1es vanish 1n a regular analytic manner. In 

addition, of course, the shear and the volocity vrad1ent 

vanish at the same point. Therefore, st the central axis 

of the stream,'• e. the point where the shoar snd the 

velocity gradient become zero, the eddy viscosity may be 

determined b1 the use of the derivatives of thees quan­

tities with respect to the pos1t1on 1n the travereet 

_ (a r/a?) /;0 

- {'a'-u_ /c>:12.) 
(Eq. 18) 

The values ot the edd7 conduct1v1ty and the eddy 

Viscosity were csleula ted at twenty-five points 1n eaeh 

traverse. These data were plotted as a funetion of posi­

tion 1n the stream and amoothed with respect to posi-

tion but not (at this po1nt) oross•plotted and smoothed 

with respect to any other variable. No attempt was made 

at th1s point to el1m1nate any apparent asymmetry while 

smoothing. The reault1ng smoothed values of the eddy 

propert1ee are reported in Table III. 

'l'he eddy property d1atr1butlone are illustrated 

by several plots. 'Ihe eddy conductivity distributions 

for tests 301 31 1 32 1 33 and 34 are shown in Figure 26. 

'l'be eddy v1soos1ty and eddy conduotivity d1atr1but1ona 

tor test 40 are shown in Figure 27 and correspondine eddy 

property distributions for test 46 are shown in F1.v.1re 

28. 'Iheee plots correspond to the data 1 .. eported 1n 

Table III. 
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It will be noted that tho eddy conductivity is, 

atevel'J' po1n.t1 greater than the eddy viscosity. 'lhe 

-two eddy ptoperties appear to vary 1n a more or lees 

. regular . manner . w1 th pos 1 t1 on 1n the a tream. 'lhe b•• 

hav1or ot 'the eddy properties neax, the center of the 

channel 11 particularly interesting. Both eddy proper-

ties decrease somewhat from their maxi.mum valuea ae they 

approach the center line and they both decrease by approx1-

mat&17 the · same percentage:. 

. '!here 1a eome aeynmetrr in the eddy pr.opert1es 

report•d in Table III and shown in Figures 27 and 28. In 

general, thle aeymnetry appears to affect both eddy pro­

pertiea alike. Thls aaymnetry appears to be actually prea­

ent in the experimental data and 1• not the result of 

e~roneous measurement or of erroneous interpretation of 

the data. The direction and magnitude of th11 aaynmetry 

appearr to be completely random aa 1e illustrated by 

Figure 29 wh1oh p:resents . the eddy viscosity d1etr1but1ona 

for teets 39 and 40. 

'!be reason for this apparent aeymnetry le not 

clearly undel:'st~od. However, the actual experimental work 

dur1ng a traverse takes about 11x hours and some of the 

now parameters ma7 dr1tt el1ghtl:, during th1a period. 

Perhaps the most important drlt~ is in the maaa flow rate 

which depel'lde, eomewha t, .upon the ·11ne voltage supply to 

the blo•r ,1110tdl'• 'lbe mass now rate ,1e the only 1m-
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portant parameter not controlled by some sort of an auto­

matic control device. 

It does not seam likely- that any actual asymmetry 

1n the eddy properties exiats at any one time. If it 

were poee1bla to measure the entire temperature and 

velocity distributions at one instant, 1t 1s believed 

that no asym:netry would be foun~. 

It bas seemed desirable to e1Lm1nate this asymmetry 

from the eddy property d1str1but1ons to obtain more valu­

able comparison between traverses and to improve e.ny 

extension ot these reeul ts to the predict'1on of eddy pro­

perty d1st~1but1ona in other etreema. 

'lhe eddy property d1etr1but1ons have been adjusted 

to a symmetr1oal basis about the horizontal axis or the 

now channel. In :most instances, this l·;as been acccrnpl1shed 

by simply averaging the date reported 1n Table III for 

points equidistant from the horizontal axis. However, 

in a few cases, e,Tea tor weieht has been elven to the data 

on one aide of the axis, as the result of a review of 

the record of minor changes in the opera t1.ng cond1 tions 

with time. These crlt1oally chosen eymmetr1cal values 

of the eddy properties are reported tn Table IV. For 

the purpose of further analyeie of the data, the symmet­

rical pattern reported 1n Table IV will be employed. 

The d1stribut1onsof these smoothed and sy:mmetrioal 
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eddy properties are p:resen ted 1n Fir.ures 30, 31, 32 and 

Figure 30 presents the edJy viscosities for iso­

thermal flow cond1 t1ons. 1'he increase 1n the eddy v1s­

ooa1 ty with increasing Reynolds number is apparent. 'lhe 

highest 
1

magn1tude shown in Figure 30 1s approximately 

e1g):lty-three times the magnitude of the correBpond1ng 

molecular viscosity. 

The eddy viscosity end eddy conduet1v1ty distri­

butions obts1ned with nominal plate temperatures of 105°F 

and 95°F are ehown in Figure 31. 'lhe date for test 44 

have been omitted from this plot aa the laok of smoothness 

of the primary data makes the eddy values quite uncertain. 

The eddy conductivity and eddy viscosity distri­

butions obtained w1 th nominal plate tempera turee of 115op 

and 85°F are shown 1n Figure 32. 

The eddy conductivity d1str1but1one obtained with 

nominal plate temperatures or l300F and 700F are shown 

1n Figure 33. As these date were obtained before the 

perfection of the velocity mesaur1ng techniques, point 

values of the eddy viscosity are not available for these 

tee ts. 

The Ratio of the Eddy Conductivity to the Eddy Viscosity: 

The point values of the ratio of the eddy con-
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duct1v1 ty to the eddy v1seoe1 ty have been calcula. tcd 

from th~ smoottied aymm~tr1eal distributions of the eddy 

.· properties. 'lhese rat1.os are reported 1n Table IV along 

with the oorreaponding distributions or the eddy proper­

tiee themselves. 'l'he distribution or the ratios for 

teet 40, 41, 45 and 46 are plotted 1n Figure 34. It will 

be n-0ted that thee~ curves all exh1b1t a marked minimum 
I 

and that the location of this m1n1mum moves towards the 

wall ~1th inoreemlng Reynolde number. 

Figure 35 presents a plot of the ratio of the eddy 

properties as a function of the dimensionless parameter 

y+. '!he four dotted 11nee are the experimentally de­

termined dietr1but1ons. 'Ihe solid line tee weighted 

mean of the exper1men tal data• It 1s sugees ted tho t the 

solid line be used 1n extending these data to other al tu­

e.t1one. 
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Section V 

Pred1ct:ton of the F..dd:y Conduct1 v1ty For Other Flow 
eondl t!on.!'a 

The ultimate purpose of the 1nvestiga ti ens des­

cribed 1n th1e thesis is to ensbJ e the prediction of eddy 

conductivity d1str1but1ons for other flow s1tuetlons. 

It is of primary interest to investigate the extent to 

which other authors rnay have predicted the eddy properties 

in our stream. 

Evaluation of Predictions by Other Authors: 

Eddy viscosity distributions may be obts1ned by 

the differentiation of any of the analytical velocity 

d1atr1but1on expressions. Tbus we may assume the app11-

cab111ty of Karman's velocity expreesionsJ 

for the "buffer layer" between 5 < y + ( 30 1 and 

u. + == s. so + c. S" A :t + (Eq. 20) 

tor the "turbulent core", 30(y+. These quantities may 

be differentiated and solved for the velocity gradients. 

'lhe ehee.r may be cal cule tad from presoure drop mes snre­

men ts or may be assumed from e "friction factor" 
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generalization. 'lhe eddy viscosity distribution mny 

now be obtained from Equation 9. 

For the "buffer layer", tb1s procedure leads to 

the eddy v1ecos1ty d1etr1bution suggested by Karman (4) 

and Mart1nel11 (6); 

(Eq., 21) 

In the case of the "tu.rbulont core" the subtracted 
' 

term z/ is usually ignored, ( 4}., ( 6). '1h is a 1.-rnplifi-

ea tion appears to be justified ee 1t simplifies analytical 

integration and the eddy v1scoe1t-y distributions e1ven by 

these exprees1one are, at best, appro.x1mat1one. 'lhe eddy 

v1acos1ty distribution expression used by Karman and. by 

Martinelli for tho turbulent core isJ 

(Eq., 22) 

'Iha eddy v1scoa1ty distributions predloted 'by 

Equations 21 and 22 have beon compared with those obtained 

by aotual measurement. In applying these predictions, 

the actually measured. pressure gradient data were used 

as the source ot the friction velocity terms 1n the ex­

pressions. The oompar1son between the predioted and 

measured eddy viscosity d1etr1butiona 1n an isothermal 

stream ia shown 1n F1.gure 36, representing test 43. 
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The oompsrison between the pred icted eddy v1scos1ty dis­

trib1-~tion and the me~1eured ed('.ly viscosity and eddy con­

ductivlty distrtbutlons for a non-isothermal stream 1e 

shown 1n F1r,ure 37 wh ich presents data fo:r test 40. 

These plots ere quite t:rp1csl of tho relationship f ound 

between the experimental and predicted quantl t 'J. es. As 

shown 1n theee fi gures, the Ke.rm.an dtstribut1.on prediction 

does f1t our data feirly well for approximately two-thirds 

of the cross section of t he chennel. 

'lhe devla tions found be tween the pred:l o ted and 

mensured eddy property d1etr1but1ona are not eurpr1eing. 

Karmen's velocity distribution 1a the result of an attempt 

to describe with two extrer:-;ely simple equa t1one a vaey 

complex natural phenomenon. Theae eque.t1one seem to have 

been obtained by plotting, on "sem1-logsr1thm1c" paper, 

. the veloc! ty d1atribu t:ton dete. of s lnree nnmher of 1n­

vestlgators and choos1nr: two straight lines which dee­

cr1be these data rather well. The eddy properties, are, 

of course, dapendent upon the der1vet1ves of the ve1oc1ty 

d i stribution, and a pos s i ble severe misfit 1n the derivs­

thro distribution might not be at ell obvious ln the in­

spect.ion of t_he velocity data, per ee. 'lh1s is in keep­

ing with the general principle of applied mathematics 

that the arbitrary selection of the distribution of a 

.fi.lnction doee not critically determine the dlstr:tbution 

of the deriva t1va of the f'lmctlon. 



The discontinuity in tha predicted Gddy property 

distribution at the outer edge of the buffer layer ie a 

serious deficiency ir1 Equa ti one 21 and 22 as this r•eg1 on 

1s of "controll!ngtt importance 1n many ene;ineeri11 g e1tua­

tiom,. • The extreme m1sf1 t netar the center or the c,hannel 

ii' the most serious deficiency of the eddy property d1s­

t:ribu t1ona predlcted by Karman and by Martinelli. Th1s 

misfit 1a of l(l)sser 1.inportanee when both walls are at the 

eame temperature, and there 1a no net heat flux across 

the central ax1a of flow. However, the Karmen d1str1-

but1on ·doee not give any basis for the prediction of the 
.. 

net heat tlux when the wall temperatures are not symmet-

rical wl th respect to the central ax1e of the stream. 

It has been the purpooe of the present writer to 

obtain valuee of the ratio of the eddy properties which 

could perhe.ps be applied to other engineering situations 

to predict heat transfer relationab1ps. It has been 

na1v$ly assumed the. t the eddy v1sc.os1 ty distributions 

which must necessarily be mult1p11ed by thia ratio to obtain 

eddy conductivity d1str1but1one would ·be available when they 

were needed. It hati bean hoped that this ratio might be 

aome sort of a e1ngl a valued number. which, at least tor 

one tlu1d, could be a pplied to a very wide range of 

conduit oon.f'1gurat1one and to almost any Reynolds number. 

The hope thct th111 ratio mlg-.,ht be • unique function of • 

the fluid identity haa been shared by others and is 

implied by the term- •Tui-bulent frandtl Number" which has 
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been applifd to 1 ts reciprocal, (17) • 

Efforts to describe extremely complex phenomena by 

simple sine.le valued numbers are rnr~ly eucc.esafu.1. As 

was shown 1:n Figure 34, the eddy property re tio for air 

wae found to V&r"f with the Reynolds number and with pos1• 

tion in the chann•l• However, for our channel the ratio 

of the eddy pl"operties seems to have a single valued 

d11trib\ltlon when expressed as e function of the dlmen­

·sionlese parameter y +. 'lbe effeot of changes in the 

channel eonrtguration or of changes 1n the fluid could not 

be readily 1nveatlgated with our apparatus. 

It was also determined that the popular predictions 

of the eddy viscosity d1etribut1on do not accuratoly dee­

oribe the eddy v1seoa1ty dlstr1butions found in our appara­

tus. 

The eddy v1sooe1ty distribution prediction of ' 

Karman and of Martinelli 1s a generalized prediction appli­

cable to all turbulent Reynolds numbers, to a range of 

conduit shapes and, apparently, to all fluids. 'l"he 

di1tr1bu tion pred1ot_1on of Karman and of Mart1nell1 ia amaz­

ingly versatile. In view of the versat111ty ot their pre­

diction, · 1 t 1a believed that their error 1n the predic~ :_ 

tion of the eddy' viscosity d1stl"ibut1on for the outer~~ -· 

two""'thirds of our stream 1s perhaps tolerable • . It •~14 

be interesting to aee this prediction checked by the 
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actual measuromant of eddy v1scosi ty dl str.:lbuti ons in 

other .fluids. 

Reduoed F.cidy Propertiep: 

An exam1nat1on of the eddy vieeosity prediction 

equat:lon (Equation 22) for the turbulent core reveals 

that the division of this equation by the product u-1r-y0 

y1eldi.: 

(Eq. 23) 

7he rig.ht hand aide of' this equa t1on 1s now a 

universal d1atribut1on, applicable to nny turbulent 

Reynolds number and to any .fln1d. 'lhe same distribution 

law 1s almo app11csble to a circular conduit. Expressed 

in the notation of the o1roular eondui t, we he.vet 

·(Eq. 24) 

The dimensionless rs t1o c.,.,, /u-D>y0 has been called 

the "reduced eddy vfecoei ty" by the present author and 

has a companion property, the ureduced eddy conduc t1 vi ty", 

-'=c /u~0 • It would be very useful to have some form 

of the eddy properties which would have the same distri­

bution for all turbulent flow cond1 tions• with all nu1ds 

and wl th a wide range of eondui t shapes. The Kar:;.nar:. .. 

Martinelli d1str1but1on 1n the turbulent core, if ex­

pressed aa the reduced eddy v1scoe1ty, has this universal 
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applicab111 ty to all fluids and all flow cond1 ti.one. · 

'Ilic present eddy property data has been further 

examined t;1 plot t ing the distributions of the "reduced 

eddy properties", -cc../uii"/o and ~/u~o• It ia ob­

eerved thst there is reasonably good agreement between 

the reduced eddy property distr1but1ons determined at 

any one nominal velocity. 'lh1s agreement ie shown by 

plotting the reduced eddy properties for each nominal 

bulk velocity on a separate plot. Figures 38, 391 40, 

' 

41 and 42 praeent the reduced eddy property d1str1but:tons 

determined for nominal velocities of 90, 60, 30 1 15 

and 10 tt./eeo. respectively. 

The direct plots of the eddy property distributtone 

(Figures 30, 31, 32 and 33) showed that the eddy proper­

ties were greatly 1nereased by' ~n 1norease 1n the Reynolds 

number. {Actually the eddy properties are approximately 

proportional to the o.g power of the Reynolds number in • 

our channel.) Thie S:)read 11 greatly reduced by plotting 

the reduced eddy propertiee 1netead of the direct eddy 

properties. In addition, at each nominal velocity, the 

reduced eddy property d1etr1but1ons seem rather closely 

bunched. At each -nominal velocity, a mean value of the 

d1etr1b1.1 tion of esch cf the reduced eddy pror,erties may 

be selected which approximately represents all of the 

data obtained at or -.near the Reynolds number represented 

by this nominal velocity. 'Ihe distribution of these 



avera ges of the reduced eddy propert ies for oacl"l nrn:uinal 

bulk velo(~1 ty have been plotted together· in F1. f L;res 43 

and 44. 

Examina tlon 44 reveBls that the 

portion or the reduced eddy property distribution lying 

nee.rest the wall 1s shifted toward the center of' the 

stream by a decrease in tho Eeynolde nurnber or n de­

cree.so in the nominal 'bulk veloc:t ty. This sh.:t ft of the 

residual eddy properties toward the center line o.f the 

stream extends much f'urtber than the inner edge of the 

Karman "buffer layertt • In plot 451 the :moan dlat:. ..... U)U­

t1ons of th.e reduced eddy propertlEis for a nominal voloc-

1 tyof 15 rt./sec. are compared w:l th the reference d:J.s ... 

tr1.but1onJ 

(Eq. 23) 

Also included on this plot is the reduced eddy property 

distribution obtained by rigorous differa:ntlqtion of 

the Karman velocity distributions, not neglecting the 

molecular v1acosi ty term. '!his d:tstrih1.1t1cn isJ 

(Eq. 25) 
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(Eq. 26) 

for the 11 turbulent core", 30 <. y+. It will be 11oted 

that the distribution obtained by rigorous different1a-

. tion tre~it ment of the Karman veloc1 ty d1etrlbu tion im­

proves sornewbat upon the s1mp11fied reference expres2ion 

(Equa t:ton 23} • However, Equations 25 end 26 do not 

accurately predlot the eddy viscosity distributi on. 

R2a1dua1 Reduced Eddy Propertie~: 

Examine t1on of' F'1gures 38 througJ1 45 reveals that 
. 

the eddy properties are approximeted.,for about two-thirds 

of the channel, by the very simple expression repre­

sented in Eqna t1on 2:5. 'lhe dov1a tions from the d1str1-

bu tion predicted by this expression are orderly end appetr 

to increase with deoreae1ng Reynolds number. It appears 

possible that the eddy property distribution behavior may 

be represented quite simply by a residual plotting tech­

nique. The "residual reduced eddy propert1es 11 have been 

defined as the difference between the reduced eddy pro­

perties predicted by Equation 23 and those calculated 

.from t..he data. Thus the "residual reduced eddy v1scos1 ty" 

1e de.fined es: 



Thenresidualreduced eddy conduct:1v1ty" 1e defined a.a: 

'l"he residual Peduced. eddy visooe1ty d1str1but1one deter­

mined from our data .axe shown :tn F'ifri.ire 46 end appear to 

be WE:'lll enough established to be Heed for the prediction 

of eddy v1scos1 ties iri other s1 tua tione o:r enf~inesrlng 

in tereat. The residual red1.1ced eddy conduct1v1 ty dis­

tributions ehown in F1eure 47 are based on only fottr 

tests and are not as well eetabliahed. 

Prediction of the Eddy Propert1.es fer Oth!'r 81 tua t5.one: 

These 1nvestiga t1ons have been 11ml ted to ~t-io 

two-dimensional flow of turbulent air in a channel 

approx1mately three-qu.arters of an 1nch th1ok. Any attempt 

to uae these results es the basis for the prediction of 

eddy properties !'or the now of other fluids 1n e.hennele 

or other geometry is oertainly preeun1pt1ve. However, 

there are many engineering s 1 tua ti ons for wh 1 oh the 

results of this study may be more useful than acy pre­

viously published procedure for the prediction of the 

heat transrer relationships. 
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a slnr lo n1.1.nt,or mitJh t be selected i:-1 s an ar,nl''ox::01i:1tely 

merm valu.0 e-f the r n t:io of tbe eddy ecrL:t1.1;~ tl vl ty t o the 

e -:.\cly viscosity. However, 1 t seer11s preferable to use the 

d:tstribut1on of the po1nt values of' this ratio whioh is 

predicted by F1t:)l:re 35. If t.~a eddy v1scos!. ty distri-

bv. tion were separs tely known., t h e eddy conductivity di.a• 

tribu tt 011 eould be obtai nod by s 1mple mu.1 tlplica t1on. 

~ie procedure would permit the prediction of heat flux 

and of' temperature fields in eit tua tions e:hn111.nr to our 

channel with a greator acc.urmcy t'han has b0on previously 

poDolblo. 

It 1.s beU.eved that the dlsti"'lbution cf tho rsU.o 

of the eddy properties predicted by F'igure 35 may rn.,ob­

ably bo applied without r;reat·orror to the rlow of ah" 

1n i1 e.1rcu1Br condu1 t as well as the flow ln t:1 two­

dimenslonel charmol. It seems p:rol;table thr1t this die­

'tr1bu tion is also spr11cable to other i'luids with 

Prandtl numbers sim1.11ar to that of ii.lr; e. e.• any of 

the common f',ases. 

The pred1ot1on of eddy viscosity in engineering 

situations is likely to introduce a greQtsr error than 

that introduced by the mnlt1pl1cat1on of thls predlction 

byan assumed rat1o of the eddy properties. The ri gorous 

application of Equat:tnns 25 and 26 wlll give better r 0 -

sul ts than ere ol,tsined by- ignoring the molecular 
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vie coa:t ty in the turbulent co:rie. ;;;,owever, any e.nulyt:t cal 

expJ;"0ss1on based 1rp on tho di f .fOi."O:.'l t .1.a t:ton of a lor:nri th-
- I 

m~1.c voloeity d1st:r:tbut10n law w:tll pred1.ot a zero Vtctlue 

'.f'or the eddy v1ecos1ty at the center of the f.1ow stretm:. 

In eddi ticn t:c the error of the zero value prodict1cn1. 

the Kt~man- r::art:lne111 d1etr1bntions (Equatlons 21 and 22) 

predict too high a value in the region whore yr,0 is 

approximately 0.2s. 

In the absence of ramt•o conclusive data# the eddy 

visoosi ty d:tstr1but1 one for other eng:tnaer1ng si tua t1ona 

may bo predicted using the ree1dual reduoed eddy via­

cosi ty plots shown in F:tc:ure 46. T!"le effect of a chatige 

in the eham1al ·thickness or in the ci':annel sha po o:r in 

the- 1dent:1 t:"-.f of the fluid trpon tho residual 1 .. educed 

eddy v1scoeity d13tr1hut1on h_as~ of eou1•se, not been tn­

vestlcated. 'I.he d1strtbv t1on shown 1n I•'i~re 4.-6 m.ey be 

greatly eh?Anged by any change tn these var1.ablea. How­

ever, 1 t 1a believed thi:.1. t the use of' this imperfect 

plot is preferable to 1cnor:lne; the residual oorrect1on 

al to~!,ether. Fm ... other .fluide, .for othe1., channel w1dtha, 

and for other channel shape0, the choice of residual 

curve may be quite d1ff1cu1 t. 'l'enta t1vely 1 t is 

suggested that tho value of tho para::neter, u~0 /z/ , 
be est1m:a teq and that thle parameter btt used as the bss1s 

for the selection of the proper cttrve 1n Figura 46. 

1.be procedUl'e tontat1vely sue rested for the 



:ment of tbo pressure:) gra1d1ont. or by est1m~t1. on 

1i.::d.n::: a f:r:1.ction facto1• plot. c:alculate u-:r, 

u·~ 0 8.nd u:i:-y 0 / ..,,/ • 

u :.:• D u ·~-D and ti *D /z,/ 

(For s c1rcTlar eondu:l t, 

should 1"'01-::lace U::ese 

2 . Det01-ornlno the c11str5-b1.:t:ton of the l"e,bced 

rord .. du.al eddy v1acos1 ty from Plg;ure 4:G . Use 

a J, ino h/boJ.ed w1 th app1•0.:,-::b1s: toly the same 

"Ntluo of u·tlY('J /-z/or 1nte1->polate botw00r, two 

such lineso • Determine this d:lstrtb-11 t1on 1.n 

vd.rrn 1:.ppllcat:'.l.on o:f the appropr1ute OD(:l o f the 

r:::o) = 2.'sof-'5)(;-i J-(f:oj (Eq, 29b) 

4. Cal culn te the dis t:r1bu t1on or the eddy v1scos-

1 ty l:y tho solution of the distribution deter-



mined 1n Step 3. Assume that the va J. 1:«~ of tho 

eddy viscosity obtained at y/y0 = 0.4 1s also 

applicable between 0.4 < y/7 0 < 0.5. 

s. Determine d1str1but1on of the ratio of the eddy 

properties from Figure 35. 

a. Determ1ne the addy conductivity distribution 

by mult1ply1:ng the reaulta obtained in Steps 

4 and 5 above. 



Desorintion of the Therr.nanemorneter'J 

The point temperau1res and the point velocities ~e­

portod 1n thio "'thesis were measur•ed w1 th a fine pla timun 

wir,e whlch, b,rnrnrne of 1 tu dual usage, has been ctalled a 

e:,thermariemometer" • The phyaic~l appaaranee of this in­

strtltfiemt is shown in Fi£1,ure 48. A 0.0005n diameter pure 

platinum wiro th:reo-eighths of an inch long is mm.1nted 

u.r.i.der alif::ht tension be·tween plst1mm extensior1s at 'the 

end& of the two stiael needles. The r1 l:!!ltinum needle 

ext~msione are approximatq~ly 0.010" in diameteiro The· 

\lire is mounted between the tops of the needle exten­

sions, allowlng the center lin0 of the w:tre to a pproach 

within approximgte1y 0.002• of the upper well. 

The i10edlc 1~ount1ngs flre Bd,1ustable in every dir­

ection so as to enable tho mlig.rnnent of the wire exactly 

parallel to the copper plates and exactly perpendicular 

to the flov1 of the a1ret These adjustrnenta also ;:,lace o 

slight tension ir: the wire to prevent 1 ts de.flecticn due 

to the dl'•rag of the ©ir etream. 

The tampere t;u.re measurements werG ;,6l"formad us:'-ng 

the theirmanemometer- wire as the eenaing cle::rwnt of a fC1.1r 

lesd resistance thsrirH.:m,ater. The use of the Mueller (18) 



techr,iquo with a v~Leeds and .Northrup Preo:'l.sion Fh.rn11e:r· 

, Bridgern presumably ot,H~celled out all of the lead l'"os:lst-

anoa eff<:H:rts. Pls. t:lnnrn latilds were cia .. ried from tho s ens-

ing elem.ant to an 1:nsula ted junotion box outside the 

channel, minimizing possible errors due to therri"toe1octr ic 

e.f'feot1 • 

For velocity mea aure:men ts• tha " con a tent :resist­

ance" (19) teohnlquo was usod. The constant resistance 

technique ts narticule.rly eui tod to the measurement of 

t1me-tiverage veloc1 t1es rather than of ins tantaneoue vel­

oc1 t1es. In addition, the wide range of velocities 

measured appe1ars to make the use or the "constant cur:,:•er1t1t 

teob.n1que impractical. 

In the cona tant res1atanoe anmnometr1o technique 

the asns1n.;?: .,lament is made• in etfect, one leg of e 

Wheatstone bridr,e, The other lega of the bridge are set 

so ss to balt.nce t he bridge :at some previously chosen 

anemometer reEiatanoo. In tho work described in this 

thesis tbe anemometer reaiatenee was usually chosen ao 

aa to yield a wire temperature of 250op. 

The other bridge elmnenta are 211 made of Manganin 

wire and their resistances remain approxim~tely constant 

once they are set. The actual reaistance of the anerro­

metr1c sensing element was checked as part of each 

m0a surement • 



R8 :::u:0e actually complex r•t=)s:1sto:t' networks r:1J.low:ln r· rn1ec."LGO 

sctti:n c of' thoir off0ctive V8lneB. r.rhey r.u~e 9Jequatoly 

represen ted on a schEm1Htie diagr'rn:1 by a shwle vau•i~bla 

resistor of the aauH~ effective value. Heeiijt.or Rl i~ 

adjusted to obtain the de~ired bal ance-polnt-rasistanea 

in the thermanernomet0r senai:ng el~ent. R3 end flil sre 

care.fully made flxed-vslne MBnvsnin resistors. 

When a velocity rn€•Uffr.a'i:rr:,e:mt '.J.g bo1nt: m:;ide sw'.l tch 

Sl is closed in the ~do11.:"!1" pos 1 t:lon. 1.Ihei lirldge is then 

balanced by (''H:t,1nst:tnc: the tot&:1 cr:.:.prent with :r'(;slstor 

R2 . This cau.rH.la the wire to obtuJ.n tho -orev:tously selected 

oporattnc r ntl'.l.stance and t·&r:1r,0rs;tU.l"E: o The cn!":r>e:rit in 

·the wil"'o is deta:nn1ned by rneiun1rtn7 tho poten tta l Hm:•oss 

the nshunt" ree!stor, R5. The TH,tentin1 acrose tb.e 

the:r'manen-:cometer 1 tsel.t irJ 11lao rcearmred at th0 Ei1w teJ•­

mi:nals gllowinc: celcu.lsticn c:t' the thorrrmno-.mometer re-

\'.ihen t,~mpern tu:i:->c s aro b(:,,ing mea2,ured, S'll1,i tch Sl 

is ~up~, cormectinr th~) th0:r1'iftnez.1ome t~:n:• tr> the r'l'r!,rnl l,31"' 

br:tdr:e. An "e,~erc1ee" r1:Hii 8 to!", RG , replaces th(1 t.ter-

manernometel" ,'.!,n the bride;e c5.rcui t , m1ain-taln:ln g ,,ni e:-:-- nro::d.• 

meteJ.y conf)tant battery load enJ. e1:1,d nn-U.n :'' d5- f'fi.c·• :.ltios 

oth0r\d.s0 :lrd:.x-oducad by driftin ;,:, b:,:d; t ory r o1 ;<;i:r-·1zc t icn. 
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Reaistors R7 and RS allow selection of the 1.\Bl­

vanometer eenei tivi ty. Resis1;or RO prov:ldcn ~::rr,:i:r-oxi­

metaly critical damping atoll sensitivity selections. 

Resistors R8 and RS are made of copper to eliminate 

possible thermoelectric effects in tbe p;e.lvanometer eir­

cu1 t. rl'he salvanorneter has s thee constant many times 

the turbulent f'luctu~. t1on period and is cri tloalJ.y damped. 

Thus the anemometer indioates time-average veloci t:tes 

rather than instantanaouo velocities. 

Choice of Veloc~ty Measuring In$trument: 

1'he use of a platinum wire aa the velocity-sensing 

element allows the measurement of tempera t.ure w1 th the 

same element. This has the advantage that the velocity 

and temperature ere .:measured et the e&lme loceticn. As 

a result derived eddy viscosity and eddy conductivity 

data are calculated ~t the SQme point end valid point 

values of their ratio may be obteined. If velocity and 

temperature were sensed wi. th two different elements, sny 

displacement erzior would significantly affect the cal­

culated eddy-propert,.-ra t1os in the reg:icn where the 

change of these properties with position is very rapid. 

As this ree1on 1s of "controlling" importenee 111 many 

heat trans.fer s1tuat1cns, euoh a displacement error ia 

not tolerable. 

Perhaps the outstanding advantage of the hot w1re 

anemometry method 1B • tud1ee such u a those reported 1n 



this thesia :ts t i:~o t•oten t1 c-n ,,.f pr e cision ut low ve1ocit1eeo 

Thia ts in msrked oontr!lst with the p!tot tube which loses 

1 te pree1e1on at theee same low velocities" 'llI.11!! con .. 

traet is indicated clearly 1:n ~iguros 50 and 51 1 whioh 

show tho absolute pree1eion and th6 peroen ta.ge pre­

ois1on· of the hot wire anemometHr and of the pi tot tube 

at lo'W velocities. 

In tbe conatruct1on ot Figures 50 and 51 1 1 t wao 

assumed that the pi tot tuba precision wae lini1ted by s 

poes1'ble error of one thousandth of an inch (of kerosene) 

in the •1cromanometer measurement. The hot-wire ane­

mometr:y prec1aion was presumed to be limited by a posa1• 

ble error or one microvolt in the measur811lent of the po• 

tentl&l aoroes the "•hunt" rea1ato~4 R5, (Figure 49). 

The hot w1iie anemometer 111 aenai tive to the velooi ty 

of th$ air flowing around 1 t. Wh~n uaed in the region 

of a high v.elo-oity gradient, 1 t certainly must 1ndicat<t 

.. eome sort of en "avera_ge" ot the voloc1 ties w1 thin the 

_region which 1t senses. If it is near a wall of the 

channel, tho w1:re 1-cselt must distort the gas now and 

thereby ohenge the yolocity pattern. The hot wire data 

,:b:e tuu1wned to repremoni the velocity of the .undisturbed 

.• etr••m at the a_nme _point as that occupied by tha wire at 

th•· t1.me ot the measurem~nt. The uncertainty due to this 

••eump~lon· is b•lteved tQ be muoh lese than the oorree• 

ponding uncertainty inti-oduced by S!imilisr use of e 
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pi tot tu t e of any_ prBct:i.ce.l d1mneter. 

The hot wire procetlu:re is depandent upon the tern ... 

pernture of the air atrerun et the point where the measure• 

ment is made. In the caee of many of the measurements 

reported. in th:te thesis, te:rm:iaratnre t radiente were 

present. To minimize the effect of triese gradtentn, the 

opera ting tempera t;,.1re of the hot wire was made :as hlr,h ars 

seemed practical. 

In the case of several of the traverses, it was 

posa:tble .to determ1n<9 the velooi ty gradient in the laminar 

layer from t.ha hot wire data. This gradient wes compared 

with the laminar layer velocity gradient calculated from 

the shear measurements. In eaob case the velocity grad• 

ients determined from the hot wire data waa in approximate 

agreement v11 th that cal culsted fror:1 the shear data. Tb.1s 

agreement which is reported in more detail in the thesis 

ot fellow student, Stuart D. Cavers, (12), is considered 

to 1nd1cate that the hot wire tecbn1quea employed in 

this work are valid 1n regions of high terapera ture grad­

ients and h1gh velocity gre.dtents. 

Oal1brat1on Procecmre, 

mometer, the tilt mechanism is adjusted until the pitot 

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



' 
ble error due to r:11st:1J.1~,,nment ir:1 0·n:'l.n1:-:tl~rnd., The ::, t tot 

The ~piezo tu beta is not shovm in Fign.re 48 but is 

shown there. When tho 11-pie:co tube" was ccnstructcd, it 

wns caref'nlly chockE)d by comparison with one t:)f the 

line with this 1-:•lazomet0r bar while air wgs flowinp 

The pressure indieot8d by the "p1e~o tube" ~greed with 

the pressure 1nd1eia ted by the piezomotar ba:r• w:! thin one 

thoueand.th of ~n 1nch of kerosene at all polnta ln L!1e 

channel. Th:i.a not only proved tho "piezo tuber• dea'-.gn 

to be satis.foctory, but ~leo demonatrated tho abaenee of 

pr0ssu1 .. e ~adlents :ln any other direction than the do~n­

stream direction. 

Before and after each traverse, the tb:,r111anemo:meter 

is calibrated by sdjuating the air flow to obtain aever•al 

different veloc1 ties. 'Ihe •qeloc1 ty 1e determined wt th 

the p1 tot tube using the kero~ene-filled mlcrornnnomoter 

shown in Figuro 7. The hot wire 0,..1.rrent and potential 

~re measured at the same time. For tanalysis of the bot 



(Eq. 30) 

Tho nu..vn.era tor of p is p:ro·nortiom1l to tho power 

stant r'-'le1.sttiu:ic@o The Je110.m:lnatol" of p is p1··oportlonal 

to the difference in t errrne1•a tura between the hot wire 

t:md the ar,1.bient air. King (20) prcdlcted a linear 

rel a tion~hip be tween p and ~ 

The oslibra tlon d.a ta on a fx-0ahly cleaned hot wil•o 

is presented ln '.?1 / in•e :52 . ~<1e rsd:i.ue of the clrclae 

approximately intllct\tei:-: tLe imcal"tainty due to a possi­

ble error of one t i.·, outm:ndtt-. or a;.1 lnch in the microrrmn--

vatuz•e 1s typical of all t b o cr:.,15.l)i'aticn Jata fi'o:m the 

.Bellauee of the p i tot tube uncerteint:tea at low 

voloc1 tie a, 5. t ls impossible to obtain a cml lbra tion 

point at a ls.mina:r~fl.ow veloc:lty. liowovor, :?. caJlbra­

tion point .et zero velocity is available. Aa shown in 

F12:ure 52 the zero velocity point 1s in satisfactory 

ar,roemen t w1 th an extrapolation ot' the hizher voled. ty 

calibration data. 



ooJ.ib:ru tions arc made flt or near several sta.rdaT:~. veloc ... 

be u,eed for eeveral traverses between cl0aninn3, th0 

resul tin ,f. statist1.cal treatn:ent of tho pi tot tu h:: da to 

1.,nprovas ccns1dorr..bly upon a one-point c~lib1.,ati on o 

The valuee of the function <_j tor each of theso c1111.bra­

tion points 1s adjusted (if necessary) to a standard 

veloclty and then plotted as a function of time. Thie 

is done fol"' rat least three standard veloo1 tieEi. Such o 

plot is shown in Fieure 53. 

As 1nd1 ca ted. in Fi;<v1re 53 the p essoctra ted w1. th 

sny r:!ven veloei ty changes slowly -w1 th ·time. Thie 

{'drift" was found to be due to t he collection of' d!rt on 

the •-:iire. Removal of the dirt :.:1 :-::i--;rro.xi."lletely :r·eetores 

the or1g1nnl cslibrattou. Mechanicsl removal of the dirt 

wan not practical because of the fr~g:111.ty of the fine 

platinum wire. The wlre was cleaned par1odicllll1y by 

heat1ng olectrric.ally to s temperature between 600 and 

1000°17. When this cleaning procedllro was observed throug.h 

a micros cope, the dirt could be seen to char m1d to spell­

off .from the wire. This ·heating sometimes l'"esul ted in a 

s11eht ehsng~ 1n the thermometric calibration and thua 

could not be applied during a travart:ie but only when it 

was prtaotical to repeat the thermometric callbrat1on. 
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i'! e,1orn l 

:A"aoent any desired instant. F5. ::c:ure -54 15 an 0.xampla of 

rm.ch a cross-plot of J . versuo ..,r;;;, It indicates the 

instsntaneous cal 1brat1cn of the hot-wtre snemometar and 

could be used for the co11v0raion of tbermanerrwmetar d.8 ta 

to th@ corre~pond.1ng veloc1 t1eis. Howevor, the uee or 1.:m. 

inrtant.onsoue oroen-plot such as Figure 54 for the treat­

ment of hot-wire data would require the construction of 

sueh en 1nd1v1dual cross ... plot for the ttme represented by 

euch hot-wire reading. 

A procGdure has been developed which sL:iplifies the 

tremtm<mt of the data. Thia procedu:t .. o represents merely 

the appliest1on of conventi onal 8 graph1c-arta" methods for 

the treatment of data and is not described in detail in 

tb1a thes 1 :si. Brie fly the oa11 brat i c,n data are e p, proxim~ tGd 

by e. etra1pt1t 11ne throu g,b the caJ.ibrstio:n points at two 

ot the standard cal1bra tion val ·od. t1ee • The elope and 

intercept tor this line are plotted. as fnnotionm of time 

and theae plot& are used in the treatment of the travm:•se 

data. A amell residual eorrect1cn is made for the curvature 

or the eelibrat1on line. 
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Specific heat at constant pressure, EW/lboOF. 

Differential operator. 

Ti.me-averairir-, no ten tis 1 across the therm~nemOl!'.leter 
element, vol ta• 

Fanning friction factor, defined by Equation 4 1 
p 13, dimensionless. 

Time-avere.r,e current, therms11emometer element, 
ampa. 

'lhsrmal conduct1v1 t.y (of fluid in channel), 
BTU/rt.sec. °F. 

P1ezometr1c pressure at the traversing point, 
lbs./rt.2 _ 

Beet flux den.sity, B"!U/ft.S sec. 

Thermanemomoter rceistan ce :l t the point t0m­
para tur0 of the a:tr atreem, ohrna. 

Therme.nemometer resi3tance as doter'.:n!ned i ,hon 
moia~nr1.ng ve1od.ty, ohms. 

Roynolda mrmber, defined by Equation 2, p l:3, 
dimensionleat!. 

Tempora ture, 0 Ir. 

Reference temperature, op. 

Residual tempera ttu"e, OF. 

Point velocity, ft./aec. 

Maximum point veloc1 ty for a r iven traverse, 
rt./eec. 

Reference v~lo~ity, ·rt./eec. 

Residual velocity, ft./see. 

-u~ "Fr1ct1on ve1 octty", defined by Equnti cn ;;;, p 13, 
ft./sec. 



tt + u/1.:vu., dimensionless. 

U Bulk velocity, defined by Equation l, p 13, 
ft./sec., 

x Dietar:>.ce in dovmstl"0ru:1 dire otion, ft co 

1' Dietiance from the lower plate, ft. 

Yo Distance between 1..1pper and lower plntes, ft. 

y+ yu:it-/-z}, dimensionltHHh 

Greek Letter Svmbol$t 

Edd~ conductivity, defined by Equation B, p 21, 
i't • .i;, /seo. 

E'ildi viscooi cy, defined by Equa tlon 9, p 21 1 
ft.-.r,/sec. 

Absolute viscosity, lb.aec./ft.2 

Thermometric condu et1v1 ty, ft /:.: /tH!JCo 

Kiner,m tic viscoe1 ty, :f't.2 /100. 

Specific mass, lb.sac.B/rt.4 

Spooific wc1.e:ht, lb./ft.3 

Sheer stress at any point, lb./rt.2 

Thermo.nemomoter oal1bra!1on function, uef:tned by 
Equation 301 p 53 1 e.rnps /om. 

:tw,ortant Co:i~bhm tions s 

Fractional dis te.nce from th<~ lowor -wa11, 
dimensionless. 

P:ttessur~ g-radient 1n the downstr0a::n cUrer.tion, 
lb./ft 0 S 
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od-:ty conductivt.t-y, dimensionle s s., 

Fteduced rsd:ly viscosit:;1, dimensionless. 

Reduced eddy viscosity i rz a c i r oula.r oondu5. t, 
d irnens1onl e:1 ss e 

Residual 1•edJJ.ced eddy viecos:lty, de.fined by 
Equation 271 p 41, dimensionless. 

Residual reduced eddy v:t~cos1-ty 1n a circular 
eondui t, d:iraens ionlems. 

Haa:tdual i•eduoed eddy oonductlv1 ty, dGfim)d 
by Equati on 28, p 41, dimensionless. 



le 'General Arrangement of Equipment. 

2. Seot1onal View ·or Flow Channel. 

3. Downstream End of the Apparetus o 

4. View of the Work1n r.: Section @lnd !b.s Traversin f Oear. 

5. The 0 Temperat-ure Bench", Centr;llizad Loca t1on for 
all Eleotr1oal Nieasuremel'lts. 

6. Manometer Bank and Ca thotometere 

7. Micromanometer used with pi tot tube measurement.so 

e. Heat Flux Calorimeter. 

9 • Hoa t :Flux Ca lor1me tor moun tad :tn A pparo tus 11 

10. Sectional View of Heat Flux Calorimeter. 

11 • Ind.ox to ~for,1insl Experimental Conditions• 

12. Temperature Diatribu tions, Tests 30, 31, 32, 33 & ~,4. 

13. Velocity Distribution, Test 39. 

14. D1etribut1on of' the Ratio of' the Valooity Deficiency 
to the Friction Velocity, Teet 39 . 

·15. Residual Velocity Profiles, Tests 37 1 37.l & 39. 

16. Temperature Distribution• Teat 40. 

l?. Temperature Distribution, Test 45. 

18. 

19. 

Veloc1 ty 

Velocity 

D1str1bation, 

D1atr1bution, 

Teet 40. 

Teut 45. 

Residual Tempera tu.re D1stribuU.cn• Tost 

Residual Velocity Dis tributior:,, 'I'est . 40. 

Velocity Gradient D1str1bntion, Test 30 ~• 

Velocity Gradient D1str1but1on,. Test 40. 

40. 

24. Temperature Gradient Distrib'1.1t10ns, 'l'ests 301 31, 32, 
33 & 34. 



Eddy C>.):")ductlv:tty Distributl,:nB, 1i"esta 30 1 :31, 
33 & 54. 

Eddy Property Dis tri bu tions, Teet 40. 

Eddy Px•operty Diatribu ti one, Test 45. 

Eddy Viscosity Dlstribu.tione, '.l'ests 3g and 4.-0 . 

30. EddJ' Vieooei ty Distributions, Air Stream Isotherm~1 
at lOOOF. 

31. Eddy Propertv D1etr1but1ono 1 Plsta Temperatures 
l05bF and 95bF. 

32. F.dd.6 Propert-g Distributions, Plato Temperatures 
115 F end 85' F. 

33. Eddy Conductivity D1str1but1ons, Plete T,tmperatures 
l:500F end ?OoF. 

34. Ratios of the Eddy Properties. 

35. Ratioe of tbe Eddy Propertie~. 

36. Comparison or tbe Karman ?redicti.on with the :\otuu11y 
Measured Eddy V1soos1ty Distrtbution, Teat 43. 

57 • Comparison of the Kerman Predictlo:c w1 th the Actua1ly 
Mea :mx-ed Eddy Property Distr1butio:na, Teet 43. 

Reduced Eddy Visoosity Distribution, Nominr;.l Veloelt-y. 
90 ft./sec. 

Reduced Eddy Property Distributions, Iford.nal Velocity, 
60 fto/sec. 

Reduced Eddy Property Dis tr1 bu tion s, Nominal Velocity, 
30 ft./sec. 

Reduced Eddy Property Die tr1b1.1tlons, Hor:1lnt1l Velocity,, 
15 rt. /soc. 

42. Reduced Eddy Prop.ert:y D1atributiona, Nominal Valoci ty, 
10 ft./aec. 

43. Dist1"1but1one of the Mean Values of' the Reduced Eddy 
Viecos1. ty Distributions . 



D~u3-c;d.bu·c1ona of t l":1 0 Yioan V,l.nes 
Conductivity Distributions. 

45. Dist.ribut1.ona of tbe Mean Values of the Reduced Eddy 
Properties et 15 ft./sec., com::i ,U"Gd w:l th the BH:formice 
Distribution and w:t th· the nes ul ts of Ri r:o:rous T!•oa t-
mant of the Karm11n Equations. •• 

46. Resid.u~l Redl.H:ed &iu.y Viscoaity Dlatrib: tl<.ins. 

47. i1oeidual Reduood Eddy Go:nduct::tvi ty D:i.st:r,i h1J tl c,n s. 

48 • Pi tot '1\1 be and 'Ihermanemome t.e:r. 

49. Cireu1 t Diagr:am, 'll1erma.nemometer. 

50. Limits of Precision, Pi tot 'l'ube and Hot Wire Anemornete1'• 

51. Li.mi ta of Precision, Percentage, Pl tot 1\1.be and Hot 
\t ire 1~.nem0i."11eter. 

52. Cai ibl"'t;l t:lon, Hot ·w1re .Anemometer wl th Freshly Clean$d 
Wire. 

53. Hot Wire Anemometer Calibration "Drift". 

54. Instantaneous Calibration Plot, Hot lUre Anemometer. 
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General Arrangement of Equi:taent 

Legend.I Ao Upper Copper Plate 

a. Lower Copper Pla t;e 

c. Blower 

D. 1'Ur Heater 

E. Converging Section 
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C, D & E. 
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Figure a· 
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L:j n 

Saotional View of Flow Channel 
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011 Baths. 

011 Bath Seal and Channel Closure (See 
Reference 11 ror detailed description.) 

Supports tor upper 011 bath and uppar 
plate. 

Waye tor traveraing gear. 
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Downstream End of the App ratus 
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Pi_, r 7 

1cro nomoto~ used w1th pitot 
tn be measnr .• onts 
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Figure 8 

Be- t Flu Calorimeter 
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H t Flux Calorimeter mountod 1n par~ • 
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Pancake h0ato:r. 

Cooltng Coil, (l1ot used tn 
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Radiation Shields . 

Diffot-e11t:ial Tharmocoi1plas . 

H, ff • Re Oil Bath D~:J. Seals . 
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Figure 48 • 

Pitot Tube and Therm.anemometer 
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t!l,ble 1 
Traver se Conditions 

(~anti tz nepcrtod 

Measured Quantities 

Distance Between 
Coppor Platea 

pzmbol Uni ta 

Traverse Loca tlcn (a) . tt .. 

Incominr; Air Temp- op 
erat ure 

Upper Plate Te::-rrp- op 
erature 

Lower Plate Temp- • o F 
ore.ture 

Bulk Veloc1t.v {b) .. U ft/tJt!JC 

Prea,.mra ( c) P lbs/rt2 

Pressure Gradient( d )dP/d.x lba/ttS 

Heat Flux Dena~.ty Q,O (ft2~~ea) 

Weight Fra c. ti.on of 
Water 

£!rived Quant1t1fS 

Reynolds NumlHH' (b) Re 

Panning Factor (b) f 

lb/lb 

"Fr,1ot1ori Velocity" (b) u• . tt/aec 

Test 30 

o.oe1s 

10.:s 

100.0 

130.0 

70.0 

16.3 

14.352 

-o.071 

0.0353 

0.0012 

10850. 

(d) 

(d) 

Tes t 31 ...,._--:--

0.0610 

10.3 

100.0 

lZ<).O 

10.0 

29,Z 

14.368 

(d) -O.l95(d) 

0.0555 

o.oose 

19900. 

(d) 

(d) 

(a)All trave:re~s :teported were ccnducted on the long­
itudinal centerline of th.e apparatus. '.lhe distance re­
ported above is downstream of the converginr; eeet1cn. 

(b)See page 13 for c1 ef1n1 tion1 o!' U • Re, f and u*• 

( e )P1ezometr1c pressure at the traversing point. 

(d)The pressure gradient end shear for Testa 30, 31, 32, 
33 and 34 were determined from a f'ricticn factor plot. 
'.lt,.e Fanning faetor snd "friction veloct ty" wer0 thus 
not independently available. 



Quan t1 ·ty Reporte~ 

Measured Qpantt tl~:! 
Distance .Between • 

Copper Platea 

Trnverse Location 

Incom1n c Air Temp­
·- erature 

Upper Plate •romp• 
arature 

Lower Plate Temp. 
erature 

Bulk Velocity 

Pressure 

120 

1l,'able I 1 con t 'd 

!favarpa Copdi tiopa 

.. :l 'l0.3 

100.0 

70.0 

64.2 

14.381 

-0.59 (d) 

0.0865 

Test 33 

.:.10,\:(' 

100,0 

110.0 

70.0 

79.2 

14.336 

-1.18 

0.116 

(d) Preasure Gradient 

Heat Flux Den·sity 

Vte1 gh t l~ract1on of o.ooee o.ooeo 
Water 

Der!ved 0).l arl ti tiep 

Reynold e Number 

Fsnn1ng Factor 

"Fr1ot1on Velocity" 

52900. 

(d) 

(d) 

Test 34 

J.lQ.3 

100.0 

e.sg 
14-.446 

..0.025 

0.01173 

o.ooe2 

5980. 

(d) 

(d) 

(d) 
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Table I 1 oont'§.• 

fyaverae Cond1t~onJ. 

;1uapt:l~ Hoportefi 

Measured <44ant1t1es 
• -

Distance Between 

Test 37 

Copper Plates 0.0567 

Traverse Location a.o 
Incoming Air Tamp• 100.0 

erature 

Upper Plate Temp- 10040 
erature 

Lower Plate 'l'emp- 100.0 
orature 

Bulk Velocity 29.94 

Preeaure 140335 

Pressure Gradient -0.233 

Heat Flux Density O 

Weight Fraction of o.0058 
Water 

Derived :.iuanti ties 

Reynolds Number 175000 

Fanniilg Factor 000089 

"J.<r1ct1on Ve loci -ty• 1.76 

Test Yt.l 

0.0578 

100.0 

100,0 

100.0 

0 

o.ooe4 

18400. 

0.0068 

Test 39 

100.0 

100.0 

100.0 

0 

0.014 

17700 ... 

0.0009 

1.77 



:,panti ty Repo:rted 

Measured ~uant1t1es 

Distance Between 
Copper Plates 

Traveree Location 

• Incom1nt;t Air Tomp­
ern ture 

Upper Plate Temp­
e:ra ture 

Lower Plate Temp­
erature 

Bulk Veloc:1. ty 

Pressure C~ad1ont 

Beat Plux ·Density 

Wei t1:ht Fraeticn or 
Water 

Derlved ~,antitlee 

122 

Tabla I_, cont 1d, 

Test 40 Teat 41 

0.0571 o.osoa 

12.7 12.'7 

100.0 100.0 

28.13 

14.252 14 ,29'7 

-0.227 .. 0.035 

0.00732 0.0126 

0.014 0.0001 

Reynolds Number 17100. 37300. 

Fanning Factor o.0077 0.0059 

0 Fr1et1on Velocity" 1.75 3.32 

Teet 41..tl 

o.0565 

s.o 
100.0 

105.l 

14.205 

-O.841 

0.0120 

o.ooes 



~a.nt,i ty Reporteµ 

Measured Quantities 

Distance ¾tween 
Copper Pls tea 

Traveroe Location 

Incoming Air Temp­
eratures 

Upper Plate Temp­
erature 

Lower Plate Temp.;,. 
erature 

Bulk Velocity 

Preasure 

Heat Flwc Density 

· \ir:e1e;ht F~act!on of 
We..tt,r 

Dep1ved 't:i:ant1t1ef 

Reynolds Number 

Fann 1ng Factor 

"Fr1ct1on Velocity" 

123 

Table I_, cont 9d. 

Traverse Cond t tions 

Test 43 Test 43.l 

0.0570 o.05e1 

12.'7 s.o 
100.0 100.0 

100.0 100.0 

88.68 90.21 

14.07~ 14.121 

-1.658 -1.686 

0 0 

53200. 

0.005'7 

Test 44 

0.0564 

12.7 

100.0 

105.l 

88.43 

14.108 

-1.629 

0.0}55 

52500. 

0.0056 



guantity Reported 

l'!!SUl"ed Sµant1t1es 

:Olstance Between 
Copper Plates 

Traverse Loma t1on 

I ncoming A1r Temp ... · 
erature 

• ·upper Plate Temp• 
erature 

Lower Plate Temp-
$:t"aturo 

Bulk VelocU;y 

Pressure 

Pressure Gradlen·t 

Rent Flux Density 

Weight Fraotion of 
Water 

Derived Quantities 

Reynolds Number 

Fanning Factor 

"Pr t ction Velocity" 

121 

'l'ab};e I, cont 1d . 

Tltaverse Conditiona 

Te,et 44,,l • Test 45 

0.0566 

e.o 
100.0 

105.0 

94.5 

aa.~5 
14.165 

•l.670 

0.015a 

0.0143 

52900. 

0.0574 

12.'1 

100.0 

105.0 

g., .'7 

14.7'1 

l4.15e 

-o.0742 

0.0045 

0.0154 

8980. 

0.0093 

1.ooe 

Test 45,l 

0.057a, 

e.o 
100.0 

105.0 

94.'1 

15.56 

1~a.2ae 

-o.0768 

0.0045 

0.0174 



~;;uant1:cy Reported 

Moaaured Quantities 

Dletance Between 
Copper Ple.tos 

Traverse Location 

Inc0011ns Air Temp­
erature 

Upper Plate Temp­
erature 

Lower Plate 
erature 

Pressure 

Heat F'lu.x Dans! ty 

\Ye1t::}1t Fl-a et1on c,f 
Water 

Der1ved '•~sntlU .. os 

Heynolde !lumber 

Fanning I•'a c tor 

1•Frlction Veloc!. ty0 

Ta bl vJ_ .. +.a_.J?_on t 'd • 

0.0576 

100.0 

14.199 

• 0.0755 

Test 48 

0.0574 

14.84 

14 .282 • . 

• o.oe7o . 

0 

o.011e 

o.ooee o.ooe2 
1.011 o.gso 

Test 48.l 

0.0574 

s.o 
100.0 

100.0 

100.0 

15.30 

0 



J,,.!blc 1 8 corl ·t 'd. 

'I'raverse Cond1t1ona 

~&nti ty Reported 

Meaeurep Cb.iant1t1ae 

D1stance Between 
Copper Pla tee 

Traverse Location 

Incoming Air Temp­
erature 

Upper Pia te Temp­
ere. ture 

Lower Plate Temp­
erature 

Bulk Velocity 

Pressure 

Pressure 0:rad!ent 

Beat Flux Density 

We1~ht Fraction of 
- Water 

Derived Quant1t1.es 

• 0.0575 

100.0 

100.0 

11.32 

14.277 

-0.0343 

0 

0.0149 

Reynolds Number 6960. 

Fanning Factor o.o0'72 

"Friction Voloctty" o.681 

0.0575 

a.o 
100.0 

100.0 

100~0 

12.29 

14.303 

-0.0371 

0 

0.0112 

'I'ast 50 

12.7 

100.0 

100.0 

58.72 

14.265 

-o.1s5 

0 

O.O15a 

36400. 

0.0052 



Quantity Reporte~ 

Measured Cp@n ti ties: 

Distance Between 
Copper Platea 

Traverse Location 

Inoaning Air Temp• 
ero.ture 

Upper Plate Ternp­
ersture 

Lower Plate Ternp• 
erature 

Bulk Velocity 

Pressure 

Pressure c-rad1ent 

Heat F'lnx Denni ty 

,::e1et1 t 1TB ot1on cf 
Water 

Der1 V ~)d Q.u!ln,t,1 tiee 

Reynolds Number 

Fanning Factor 

"Friction Velocity 

127 

Table I 1 cont' d . • 

Traverse Cond1t1onp 

!,est 50,l 

0.0575 

100.0 

100.0 

_e1.ge 

14.300 

-o.7825 

0 

0.0122 



y/yo (a) 

1.000 
0.969 
o.946 
0.919 
o.eg2 

o.ea5 
o.a38 
0.811 
o.7BZ 
o.756 

o.729 
0.102 
0.01s 
o.648·~ 
o.594 

o.540 
o.486 
0.432 
o.z7e 
0.350 

0.325 
0.296 
o.2ag 
0.241 
0.215 

o.1ee 
o.1a1 
0.134 
0.107 
0.073 

0.054 - -o.964 
0.919 
o.ee6 

W3 

Table II 

Tem~erature and Velocity Data 

t 
OF 

Teet 30 

130.0 
119.36 
114.92 
111.61 
110.22 

109.25 
108.09 
107.08 
106.25 
105.36 

104.82 
104.15 
102.87 
102.16 
100.51 

98.76 
96.99 
95.29 
93.84 
93.07 

92.33 
91.73 
90.91 
90.34 
89.98 

88.98 
87.90 
87.17 
85.92 
84.19 

82.04 

u 
f't,/sec. 

0 

- - - - -6.18 
14.49 
16.30 

o.785 
0.104 
o.s22 
o.543 
0.462 

o.382 
0.301 
0.220 
0.140 
o.oaa 
o.os2 
0.000 

1.000 
o.969 
o.946 
0.919 
o.891 

D 

o.sa4 
o.e37 
0.010 
o.783 
o.756 

o.129 
o.674 
o.e20 
o.566 
o.s12 

t u 
op ft. /sac. 

Test 301 cont 1d. 

17.67 
18.53 
18.98 
19.10 
19.06 

18.73 
18.21 
17.41 
16.99 · 
14.06 

13.3'7 
70.0 0 

Teet 31 

130.0 0 
117.26 
114.59 
112.77 
111.61 

110.57 
109.83 
109.07 
108.33 
107.61 

106.91 
105.41 
103.39 
101.62 

99.78 

(a); y/y0 is the fractional distance from the lower plate. 
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Table II1 cont'd• 

Temperature and ·Veloc1ty Data 

y/10 t u y/yo t u 
Op tt./aec. Op ft/sec. 

Test 311 cont'd. Test 311 cont'd. 

0.457 97.87 0.231 31.59 
0.403 96.24 0.204 30.56 
0.347 94.64 0.178 29.84 
0.321 . 93.91 ·0.151 28.44 
0.294 93.22 0.125 27.64 

0,267 92.58 0,098 26.94 
0.240 91.89 0.072 24.94 
0.213 91;21 o.045 19.82 
o.1ae 90.58 0.028 12.69 
0.159 89.68 0.000 70.0 0 

o.t50 88.88 
0.104 87.94 
o.077 86.49 
0.052 84.52 Teet 32 
• ·::. - - - - - - 1.000 130.0 0 
0 .. 983 e •. eo o.968 116.43 
0.966 16.G7 o.947 114.58 
o.947 22.81 0.920 113.25 
0.920 26.15 0.893 112.24 
0.094 27 • .89 

o.867 111,50 
0.867 28.99 o.840 110.73 
0.041 29.325° ' o.s14 110.01 
o,8l4 zo.36 o.787 109.40 
o.1aa 31.29 0,760 l0B,62 
o.7el 31.78 

o.734 108,06 
0,735 32,16 o.eao 106.48 
o.sa2 32,50 o.627 104.85 
o.629 33,47 o.574 103,42 
0,576 34.02 0.012 101.46 
o.523 34.09 

o.467 99,57 
0.469 34,06 0.414 97.67 
O.416 33.21 o.3e1 96.0l 
0.363 33,93 0,308 94.61 
0.310 32~99 o.2s1 93,78 
0.25'1 31.76 
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Table . II, cont'd. 

TeE?erature and Veloc1tz Data 

y/yo u 

ft./aec. 

Teat 321 cont'd. 

0.254 
o.2ee 
0.201 
0.1'74 
0.148 

98.05 
• 92.42 

91.82 
90/75 
90'.-io 

O~lSl • . 89.28 
0.095 · • 88.26 
o.oa2 87.15 
.. - • · - w 

0.985 

0.959 
0.947 
0.920 
o.e93 
O.B67 

0~840 
o.e1~ 
0.,787 
6.760 
o.733 

o.6so 
o.e21 
o.57! 
o.s20 
0.467 

0.,1:5 
0.000 

- -22.59 

39.33 . 
45 .• 56 
48.30 
49.48 
50.54 

51.49 
52.69 . 

. 52.17:'4, 
52.75 
53.57 

54,72 
54.73 
54.79 
53.85 
5,.11 

54.41 
0 

1.000 
o.969 
o.946 
C.919 
0.092 

o.ea5 
o.e38 
o.a1e 
0,784 
0.757 

.0.730 
o.e76 
o.e22 ' 
o.eea 
o.514 

o.,ao 
0.406 
0.352 
o.326 

• 0.298 

0.211 
0.244 
0.217 
0.190 
0.163 

0.136 
0.109 
0.049 

o.984 
a.gee 
o.946 
0.920 
o.a93 
o.ae6 

Teet 3:5 

130,.0 
115.35 
113.49 
112.50 
111.62 

110.90 
110.11 
109.43 
108.71 
108.05 

107.30 
105.85 
104.2.5 
102.74 
100.73 

. 98.95 
97.22 
95.62 
94.98 
94.31 

93.66 
92.93 

. 92.24 
91.66 
90.99 

90.34 
89.37 
86.81 

0 

26.3 

41.6 
50.3 
eo.o 
63.S 
71.2 
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Table II, cont'd. 

Temperature and Velocity Data 

u 

f't. /eec. 

t 
Op 

u 

rt./eec. 

Teat 331 cont'd Test 341 cont'd 

o.839 
0,.812 
o.1ee 
o.759 
o.732 

o.67'J 
o.s25 
o.571 
o..517 
o.464 

0.410 
0.1>57 
0.303 
0.249 
0.223 

0.196 
o.1s9 
0.142 
0.115 
o.oae 
0.062 
0.035 
0.000 

1.000 
o.983 
o.969 
0.956 
0.039 

'10.0 

Teet ~4 

130.0 _ 
125.15 
122.80 
120.87 
118.33 

12.0 
76.3 
78.9 
83.3 
84.6 

88.9 
92.3 
97.0 
98.0 
95.7 

97.4 
93.8 
91.3 
se.a 
84.3 

81.5 
7g.2 
75.9 

• 70.8 
65.6 

56.8 
45.6 

0 

0 

0.920 
0.093 
o.aa'7 
o.840 
o.s13 

o.1a1 
o.759 
o.734 
o.eeo 
o.627 

o. 6'73 
0.620 
0.467 
0.413 
0.333 

0.307 
o.2so 
0.253 
0.221 
0.200 

o.113 
0.147 
0.120 
0.093 
o.os7 
0.045 
0.027 

0.984 
o.966 

o.947 
o.919 
o.894 
o.asa 
o.841 

11'7 .13 
115.02 
113.14 
112.30 
111.03 

110.31 
109.34 
108.20 
106.90 
105.18 

103.64 
101.s2 

g9.57 
98.70 
96.67 

9·6.07 
95.36 
94. 4,7 
93.52 
92.47 

91.26 
89.66 
87.84 
85.66 
82.69 

79.98 
77.13 

o.54 
2.13 

4.14 
6.73 
7.55 
s.45 
e.s9 
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Table IIa cont'~• 

Temperature and Velo.city Data 

o.a15 
o.1se 
o.762 
o.735 
o.682 

o.e41 
o.571 
o.s:,a 
o.4'70 
0.417 

o.364 
0.338 
0.311 
o.2es 
0.25a 

0.232 
0.205 
0.179 
o.1s2 
0.126 

o.oge 
o.0'73 
0.04s 
-0.020 
0.000 

1.000 
0.998 
o.987 
o.979 
o.971 

.Teet 3'1 

100.0 
99.75 
99.70 
99.63 
99.61 

u 

ft./eec. 

9.47 
9t94 

10.22 
10.41 
10.57 

10.46 
11.24 
11.11 
11.oe 
10.98 

11.17 
10,91 
10.06 
9.66 
9.54 

9.60 
9.51 
9.29 
a.es 
8.57 

7.se 
6.36 
5.25 
a.ea 
0 

0 
8.58 

11.02 
17.88 
20i96 

*I Throughout this table, an 
tube data; sll other data 
thermanemometer. 

t 
Op 

u 

ft. /sec. 

Teet 371 cont'd• 

o.g5e 
o.941 
o.926 
0.912 
o.897 

o.ee2 
o.eee 
o.e53 
o.e38 
0.824 

o.794 
0.765 
o.735 
o.706 
o.676 

o.647 
o.647 
o.s1s 
o.e1e 
o.see 
o.588 
o.559 
0.559 
o.soo 
0.500 

0.412 
0.,12 
0.324 
0.324 
0.235 

g9.65 
99.65 
99.61 
99.61 
99.57 

99.59 
99.57 
99.59 
99.59 
99.60 

99.60 
99.60 
99.60 
99.60 
99.56 

99.56 

99.54 

99.60 

99.56 

99.54 

9g.4g 

99.53 

99.42 

22.23 
24.23 
24.82 
25.74 
26.·11 

26.81 
27.28 

·27.97 
28.39 
28.80 

29.51 
30.32 
30.86 
30.36 
31.72 

32.23 
32.48* 
32.63 
32.780 
33.0l 

33.080 
32.95 
33.31* 
33.39 
33.36-U-

33.0l~ 
32.94* 
32.00 
32.53* 
~0.49 

0.235 30. 49* 
o.17e 99.44 29.21 
0.176 29.190 
o.o7s 99.43 24 .• 13 
0.022 99.57 11.90 
asterisk indicates p1tot 
determined with the 
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Tabl.e II.t cont 1d. 

'.f empera ture and Velocl,t:Y Data 

y/10 t u y/yo t u 
OF rt./aec. OF rt./seo. 

Test 'tll a cont•~" Teet 37!1& cont'd. 

0.000 100.0 o, 0.025 99.69 15.09 
0.000 100.0 0 

' iif('i~N ··N ~:. s: 1: 

. _,.•,. • •. _, <':· 

Te1t i7.1 

1.000 100.0 0 
Test 39 

o.996 99.51 9.43 . 1.000 100.0 0 
o.991 99.51 9.73 o.99"1 100.1 10.52 o.9aa 99.49 16.08 0.994 99.;3 12.31 
o.978 99.45 17.91 0.991 99.gg 15.40 

o.971 99.,e 20.40 
0.985 100.01 17.88 

o.957 99.49 22.92 o.977 100.05 20.21 
o.942 99.43 24.45 0.910 100.10 22.41 
0.913 99.41 26.32 o.t62•" 100.09 2s.aa 
0-.885 99.38 27.70 0.955 100.13 24.90 

o.e56 99.'ST 28.56 
0.940 100.17 26.36 

o.e21 99.&, 29.46 o.925 100.12 26.97 
o.798 99t:8'7 30.09 o.s10 100.11 27.67 
o.1a9 99.40 30.74 o.-·. 100.0, 28.14 
0.711 99.,1 31.85 o.aeo 100.00 28.64 

o.653 99.43 :52.71 
o.aee 100.14 29.09 

o.596 99.-15 33.22 o.a5o 100.12 29.52: o.538 99-.47 35.63 o.ess 100.11 29.86 o.,ei 99.4'7 33.57 o.e20 100.11 30.15 o.481 33.78* 0.190 100.10 30.84 
I o.729 100.07 31.83 o.os 99.46 !3.52 

0.423 33.44* o.669 100.11 32.79 
o.365 gg.47 32.96 o.&09 100.02 33.SO 
0.307 99.51 12.02• o.s,s 100.07 33.6! o.;250 99.89 31.23 o.489 100.14 !3.62 

0.250 31.15• 
0.429 100.l:5 33.24 

0.192 99.68 29.77 o.sae 100.13 32.74 ·o.1$4 99.84 t't,98 o.saa 32.87* ·o.o,s 99 •• iUl5 0.:508 100.13 :52.04 oio.a 99.68 2f.93 o.sos 32.l&a-
o.24e 100.12 31.23 
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Table II, corit ' u. . 
- -,r-

Temperature end Velo city Dato 

v/v V - ~ 0 t u y/yo t u 

OF ft. /sec. OF ft. /sec. 

Teet 39 1 cont'd. Test 40 1 cont'd 

0.248 31. 34•:~ 0.2,54 101.6p 27.83 
0.248 100.13 31.37 0.839 101.-go 28.21 
0.210 100.11 30.67 o.825 101.52 28.61 
0.218 30.67* . o.796 101.41 29.26 
0.188 100.10 30.20 0.731 101.14 30.81 

0.188 30.22~t- 0.679 100.94 31.21 
0.158 100.11 29.39 o.e20 100.68 . 31. '70 
0.128 100.13 28.39 0.562 lOC.39 32.17 
o.oos 100.08 27.20 0.503 100.oa 32.30 
0.068 lQ0.08 25.12 0.445 99.74 32.18 

0.053 , 100.07 23.88 0.387 99.46 31.56 
o.03e 100.06 21.84 0.387 31.36* 
0.030 100.07 19.92 0.329 99.15 30.97 
0.023 100.06 18.20 0.270 98.88 29.86 
0.000 100.()( 0 0.270 29.94* 

0.241 98.77 29.51 
0.205 98~60 28.65 
0.183 98.51 27.99 

Test 40 0.147 98.3:5 27.02 
0.124 98.19 26.21 

1.000 104.2 0 
0.997 103.61 8.96 0.095 97.98 24.93 
0.994 103.54 9.60 o.oso 97.82 23.81 
o.g91 103.35 · 11.95 0.066 97.71 22.81 
o.985 103"03 · 15.43 o.os1 97.46 20.68 

0.044 9'7.30 19.41 
o.975 102.78 . _18. 47 
o.971 102._69 Hl .55 o.o:37 97.13 17.80 
o.964 102. 52 21.21 0.029 96.55 11.65 
o.956 102. 41 22.50 0.022 96.29 8.87 
0.942 102.20 23.82 0.000 95.0 0 

0.927 102.14 24.85 
0.908 101.94 26.05 
o.e9e 101.90 26.45 
o.sa3 101.81 27.20 
o.869 101.75 27.48 
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Table III cont'd. 

Temperature and Velocity Data 

y/yo t u y/yo t u 

Op ft. /sec. OF ft./aec. 

Test 41 Teet 41 1 cont'd• 

1.000 105.l 0 o.ose 97.23 45.44 
o.gaa 102.89 30.71 0.031 97.13 ~3.73 
0.985 102.89 31.92 0.023 96.89 :58.99 
0.981 102.56 37.87 0.01s 96,53 31.19 
o.976 102,43 40.64 0.000 94.6 0 

o.968 102,26 44.13 
0.962 , 102.17 45.63 
o.954 102.00 47.53 
Q.947 102.02 48.62 Teet 41.1 
o.932 101.86 50.91 

1.000 105.l 0 
0.918 101,75 52,69 o.982 102.84 34,25 
o.905 101.67 54.15 o.975 102.60 40,41 
o.ees 101.57 55.59 o.969 102.54 43,89 
o.874 101.50 56,61 0.960 102.44 47.24 
o.es9 101.39 5'7 .79 

0,954 102.56 48.80 
o.845 101.33 58.84 0.9~9 101.98 51.5, 
o.e30 101.29 59.81 0.925 101.89 53.51 
o.a15 101.21 60,82 0.903 101.74 55.80 
0.199 101,16 61.53 o.s13 101.64 58,35 
o.1aa 101.09 62.39 

. o.844 101.49 60.31 
0.124 100.83 64.93 o.a14 101.38 61.70 
o.669 100.58 66.93 0.755 101.15 64.:58 
0,610 100.34 68.39 0.696 100,91 66.34 
0,551 100.02 69.67 0,637 100,66 67.95 
0.493 99.72 69.39 

o.578 100.39 68.72 
0,434 99.42 69.06 o;.:;J.-e 100.10 69.24 
0.375 99.18 67.91 o.519 69.16* 
o.375 67.80* o.4ao 99.79 58.92 
o.317 99.86 66.18 0.401 99.47 67.98 
o.2se 98,58 63,87 

. 0.401 68,07* 
0.199 98.~2 61.23 o.i42 99.16 66.~4 
o.136 98.02 57.37 0.283 98.89 64,42 
0.111 97.89 55.64 0,224 98.60 61.81 
0.081 97.69 52.33 o.165 98,34 58.58 
0,050 97.40 48,30 
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Table 
I 

II, cont'd• 

Tewerature and Velocity Data 

y/yo t u y/~o t u 
Op .rt. /seo. OF ft./eec • 

Teat ,1.1., eont'd• p 
Test 43, cont'd·• 

1 

0.106 9s.o, 54.32 0.,91 99.BO 101.16 
.. o.r,n: 97.82 51.12 0.432 99.75 100.56 

0.040 97.45 45.16 . 0,374 99.80 98.92 
0.015 96.60 28,83 0.374 99.18* . 
0.000 94.6 0 0.316 99.78 96.65 

0.257 99.76 93.68 
0.197 99.75 89.87 
0.13a 99.76 84.94 

Teet 43 0.103 99'.76 80.91 
o.oe2 99.77 77.67 

1.000 99.g 0 
.· o.985 99.80 so.10 o.oe4 9.9.78 74.58 

0.984 99.80 51.38 0.052 99.78 72~40 
o.9'79 99.76 58.05 0.045 99.80 69.9'7 
o.976 99.76 60.30 0.035 99.80 66.80 

o.oao 99.79 64.6'7 
o.9'73 99.76 62.51 
o.966 99.7'7 66.34 0.022 99.80 58.20 
0.959 99.77 69.12 0.01s 99.67 48.76 
0.951 99.77 71.6'7 0.000 100.0 0 
0.943 99.75 725.28 

0.92a 99.73 75.97 
·0.913 99.73 78.59 
0,900 99.75 80.17 Test 43.l 
o.eea 99.81 82.14 
o.ae'7 99.82 84.40 1.000 99.9 0 

o.981 99.89 58.02 
o.856 99.85 85.51 0.973 99.89 64.84 
o.e42 99.'74 as.a& o.966 99.88 67.39 
.0.827 99.73 ee.os 0.957 g9.ag 70.36 
o.Bl! 99.80 89.42 
o.796 99.76 90.~l 0.939 99.88 74.80 

0.929 99.90 76.67 
o.782 g9.77 91.24 0.914 ~9--QQ 79.48 
0.125 99.77 94.73 o.a99 tf,~J. 8:J..,58. 
0.666 99.97 g1.es· . o.ee, 99.98 83.50 
o.eoe 99.'18 99.86 
o.s,1 99.80 101.12' 
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Table II.a cont 1d. 

Temperature and Velocity Data 

y/yo t u y/yo t u 
Op ft./sec. Op ft./eec. 

Teet 4~.1. cont'd. Teat 441 cont'd. 

o.a68 99.91 85.15 0.932 102.73 75.26 
o.854 99.91 86.47 o.917 102.64 77.37 
o.a33 99.94 88.38 0.902 102.57 79.10 
o.e10 99.94 90.46 0.886 102.49 81.ll 
o.1ao 99.95 '• 92.54 0.010 102.44 82.54 

0.121 99.95 96.02 o.s6o 102.37 83.28 
o.ae1 99.98 99.02 o.e43 102.33 84.77 
o.a02 99.98 100.90 o.s29 102.24 88.17 
o.542 100.00 102.13 o.soe 102.18 87.82 
o.483 99.99 102.54 o.795 102.13 88. 59 

0.483 102 .48* o.777 102.05 89.93 
0.423 99.99 101.95 o.724 lOl..87 92.76 
0.362 99.98 99.84 o.666 101.61 , 95.65 
0.304 99.94 97.28 o.607 101.31 97.30 
0.245 99.;3 93.95 o.548 101.11 98.88 

0.181 99.94 89.26 o.489 • 100.78 99.18 
0.128 99.92 84.27 0.421 100.37 99.68 
0.059 99.91 74.87 0.421 • 99.73* 
0.037 99.89 69.52 0.371 100.11 98.37 
0.022 99.88 61.20 0.312 99.82 96.36 

0.007 99.85 43.10 0.252 99.54 93.39 
0.000 100.0 0 0.193 99.26 89.10 

0.134 98.95 83.39 
o.075 98.59 77.16 
0.060 98.49 74.65 

Test 44 0.046 98.31 70.59 
0.028 98.05 64.56 

1.000 105.l 0 0.021 9'7.85 59.78 
o.989 103.37 49.22 0.012 97.42 47.62 
0.988 103.03 51.11 0.000 94.4 0 
0.984 103.45 55.41 
o.979 103.28 60.1:5 

0.976 103.18 62.73 
o.967 - 103.04 67.54 
0.964 103.00 67.95 
o.954 102.88 70.80 
0.947 102.82 72.59 
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Tsble II,1 con t 9d. 

Temp ora ture and Ve 1 o_c_l~ty Oat~ 

y/yo t u y/yo t u 

op ft./sec. op ft/sec. 

:rest 44.l Test 44.1, cont'd• 

1.000 105.0 0 0.020 97.41 52.34 
o.985 103.14 52.29 ·0.013 96.82 35.69 
0.976 102.85 62.27 0.000 94.5 0 
o.970 102.75 65.90 
0.961 102.63 68.44 

0.955 102.57 70.21 
o.948 102.51 71.98 Test 45 
0.933 102.42 73.98 
0.920 102.37 76.34 1.000 105.0 0 
0.904 102.25 7B.73 0.986 104,15 3.3!7 

o.983 103.95 4.04 
o.ns9 102.18 81.05 0,980 103.71 4.98 
o.874 102.18 82.26 o.977 103.50 s.11 
o.845 102.00 85.08 
0.015 101.96 87.44 . 0.974 103.32 6.22 
o.756 101.79 91.60 0.967 103.24 6.91 

o.960 102.92 8.44 
o.727 101.72 94.09 0.960 102.87 8.48 
o.668 101.so 97.36 o.953 102.72 9.76 
o.609 101.21 99.10 
o.eoo 101.23 98.96 0.945 102.59 10.45 
0.550 100.97 100.56 o.931 102.32 11.76 

0.916 102.12 12.62 
0.491 100.68 101.02 0.902 102.97 13.32 
0.432 100.34 100.20 0.887 101.88 13.68 
0.373 100.06 98~82 
o.373 98.92* o.873 101.83 14.11 
0.315 ~g.76 97.02 o.858 101.72 J. 4. 49 

o.844 101.62 14.72 
o.256 99.49 93.g4 0.829 101.53 15.02 
0.197 99.29 88.96 o.a1s 101.47 15.19 
0.138 98.97 84.05 
0.108 98.73 80.02 o.soo 101.39 15.39 
0.094 98.60 79.17 o.783 101.28 15.63 

0.12s 101.05 16 .2"/ 
o.079 9B.43 77.26 0.670 101.79 16.80 
o.oe4 98.36 74.91 0.612 101.52 17.15 
0.049 98.13 70.98 
0.035 97.94 65.82 
0.02'7 97.79 62.19 
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~.ablo II, cont'd• 
' 

Ton1pera ture and Velo.pi t;r Data_ 

y/yo t u y/yo t u 

OF .ft. /sec. OF ft./seo. 

!est 45, oont•si~ Test 45.10 oont'4• 

o.554 100.29 17.44 o.a11 102.00 15 .02 
o.4e1 99.93 17.56 0.842 101.94 15.66 
o.481 1'7 .61* o.?B4 101.15 16.56 
Ot437 99.67 17.46 o.4as 101.IG 17.40 
o.:579 99.38 17.26 o.667 101.oe 17.72 

o.517 99.0l 16.84 0.608 100.eo 18.23 
o.2s:s 98.82 16.33 0.550 100.-68 18.56 
0.205 98.55 15.73 o.492 100.2e 18.46 
0.147 98.23 14.85 0.492 18.521~ 
0.11a 98.03 14.27 0.433 100.01 18.40 

0.009 97.71 13.09 o.3'75 99.72 18.05 
o.oso 97.28 11.22 0.316 99.42 17.62 
o.o,a 96.88 9.36 0.-258 99.16 17.17 
0.038 96.66 s.oa 0.200 98.86 16.34 
0.031 96.40 6.70 o.141 98.49 15.18 

0.024 96.11 5.22 0.112 98.16 14.30 
0.017 95.75 3.58 o.oe3 97.78 12.93 
0.009 95.31 2.90 0.054 97.31 10.63 
0.000 94.7 0 0.039 96.76 s.oo 

0.032 96.47 6.74 

0.024 96.25 5.32 
0.017 95.78 3.46 

Test 45.l 0.000 94.7 0 

1.000 105.0 0 
o.9s1 103. 8-9 4.72 
0.973 103.66 6.46 
o.,gee 103.40 8.-04 Test 46 
0.959 103.21 9.29 

1~000 115.~ 0 
0.952 102.99 10.41 o.990 112.92 2.89 
0.944 102.85 11.25 0.986 112.66 3,..:34 
0.930 102.58 12.52 0.977 111.36 4.97 
0.915 102.45 13.40 o.971 110.60 6.43 
0.900 102.34 1 4 .08 
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Table II, cont 9 d. 

1,§)r.illl,.ora ture and. Velo~.i..EV. Da t a 

y/yo t u y/yo t u 
op ft. /sec. OF ft ./sec . 

~ sJ__j:.§..,__Q2E_~ ' d • Teet 48 

o.961 109.56 8.20 1.000 100.0 0 
o.954 109.02 9.30 0.993 99.71 3.62 
o.949 108.51 10.48 o.991 99.73 3.73 
o.935 107 • 59 11.75 o.988 99.78 3.78 
o.906 106.39 13.62 o.984 99.78 5.03 

o.877 105. '71 14.54 o.982 H9 .78 5.51 
o.848 105.13 15.28 0.975 99.79 6.74 
o.789 104.13 16.22 0.968 99.76 8.04 
o.733 103.39 16,83 o.961 99.68 9.25 
o.675 102.62 17.46 o.958 "99.71 9, 45 

0,614 101.'76 17.83 0.953 99.68 9 .92 
o.559 101.05 18.00 0.9 39 99.67 11.37 
o.501 100.18 18.20 0.910 99.68 12.96 
0.443 99 .30 18.01 o.es1 99.68 13.91 
0.443 17.88* o.852 99.70 14.62 

0.385 98.41 17.80 o.s23 99.68 15.04 
0.327 97.62 17.44 o.'765 99.70 15.82 
0.26? 96.80 16.92 o.·u:n 99.65 16.31 
0.212 96.06 16.32 o.649 99.65 16.80 
0.154 95.12 15.37 o.s91 99.62 r, .1e 

0.123 94.42 14.81 o.533 99.62 17.37 
o.ooe 93.63 13. 60 o.533 J.7.80* 
0.081 93.12 12.94 0.475 99.71 17.~l 
o.oos 92.Cfi 11.34 0.416 99 . 70 17.27 
0.04s 91.4$ 10.17 0.358 99.71 16.97 

0 . 005 90.27 8 .34 0.293 99.74 16.45 
0.029 89 . 56 6.80 0.242 9fj.74 16.0l 
0.022 88.48 4,93 o.184 99.72 15.:54 
0.015 87.14 2.97 0.126 99.71 14.28 
0.000 84.6 0 o.os7 99.72 13.38 

o.oa3 99.71 12.64 
0.068 99.71 11.75 
0.051 99.72 10.38 
0.029 99 . 73 7.52 
0.000 100.0 0 
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J:abl e II 1 cont 9d . 

Temr,Hra ture and Velocity Data 

y/yo t u y/10 t u 
Op ft./aeo. OF ft./sec. 

Test 48.l Test 49 

1.000 100.0 0 1.000 100.0 0 
0.994 99.81 3.61 0.990 99.69 2.21 
0.990 99.85 3.54 .0.990 99.69 2.25 
o.983 99.90 5 .38 o.98'7 99.71 1.87 
o.976 gg.go 6.'.99 0.987 90.75 1.87 

0.968 99.91 7.71 o.984 99.75 2.04 
0.954 99.84 10.13 0.979 99 .72 2 .75 
0.939 gg.m~ 11.73 0.970 99.81 4.03 
0.910 99 .79 13.84 o.963 99.82 4.85 
0. 881 99.80 14.28 o.954 99.87 6.10 

o.s23 99.80 15.52 0.949 99.73 6.77 
o.765 99.76 lG.22 0.935 99.70 8.33 
o.716 99.74 lG.79 0.921 99.70 8.99 
o.649 99.77 17.41 o.9oe 99.70 9.95 
0.620 99.78 17.59 o.874 99 .75 10.89 

o.ss2 99.76 17.80 o.847 99.78 11.38 
0.563 99.66 17.82 o.s19 90.82 12.01 
0.563 18.80~- o.787 99.78 12.20 
0. 507 99.77 17.93 o.737 99.76 12.62 
0 .494 99.7:S 1?.77 o.674 99.81 13.04 

o.446 99.76 17.88 o.s1e 99.77 13.26 
0 .388 99. 7 ,J: 17.58 o.561 99.76 13.48 
0.:530 99.67 17.25 0.561 . 13.55* 
0.272 99.65 16.70 o.492 99 .81 13.46 
0.214 ~9.64 16.10 0.432 99.81 13.40 

o.156 99.'72 15.25 0.381 99.81 13.24 
o.oos 99.72 1 3.92 0.326 99.76 12.91 
0.084 99.72 13.40 o.21e 99.78 12.65 
0.069 99 .70 12.28 0.210 99.74 12.11 
o.oss 99.69 11.21 0.152 99.74 11.30 

0.040 99.72 9 •. 21 0.090 99.72 9.63 
0.026 99.73 7.04 0.065 99.78 8.41 
0.000 100.0 0 0.050 99.78 7.05 

0.036 99.82 5.44 
0.018 99.78 3.14 

0.000 100.0 0 
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Table I:t,_ cont 9d. 

Temperature snd Velocity Data 

y/yo t u y/yo t u 
Op ft./sec. OF ft./eec. 

Test 49.1 Test 50 

1.000 100.0 0 1.000 100.0 0 
0.994 99.72 2.59 o.989 99.84 19.14 
0.990 99.72 2 .41 0.986 99.88 22.75 
o.983 99.66 3.61 o.ss3 99.83 29.27 
o.968 99.71 5.53 0.978 99.79 37.04 

o.954 99.73 7.84 o.966 99.?6 42.94 
o.939 99.68 8.89 o.963 99.'78 43.78 
o.906 99.70 10.91 0.959 99.80 45.54 
o.sa1 99.68 11.74 o.948 9(1.81 47.32 
o.856 99.64 12.22 0.933 H9.87 49. 4B 

o.798 99iit56 12.89 0.920 99.90 51.28 
o.756 99.52 13.56 o.906 99.67 52.52 
o.678 99.30 13.91 o.877 99.63 54.92 
0.620 99.38 14.12 o.848 99.63 5-7.79 
o.555 99.12 14.35 0.820 99.61 58.20 

o.555 14. 65* o.1s1 99.64 60.28 
o.5oo 99.30 14.43 o.73~ 99.70 62.20 
0.439 99.40 14.33 o.676 99.72 63.74 
o.384 99.40 14.20 o.618 99.72 65.38 
0.330 99.57 13.91 o.561 99.'70 66.21 

0.212 99.69 13.62 o.561 66.15-.'1-
0.214 99.84 l?-.24 0.499 99.72 66.83 
0.156 99.91 12.45 0.446 99.74 66.52 
0.09a 99.54 11.w o.389 99.74 65.69 
0.069 99.51 9.4'7 o.:531 99.73 63.84 

0.040 99.60 6.92 0.274 99.68 61.78 
0.026 99.63 4.40 0.216 99.66 59.48 
0.000 100.0 0 0.159 99.67 56.44 

0.101 99.68 52.52 
0.012 99.68 50.00 

o.osa 99.68 47.87 
o.044 99.70 45.23 
0.029 99.65 42.60 
0.022 99.61 40.03 
0.016 99.54 38.42 



TemperatuF,§ and Velocity Data 

y:/"Jo t t1 y/yo t u 
OF ft./sec. op .,, ... I I l,• sec. 

Teat 50, cont'd, Test §0.1, con _t_:9.. 

0.000 100.0 0 0,325 99,59 67 .04 
0,267 99,65 64,85 
0.209 99,76 61,90 
0,151 99,72 58,52 

Test 50,1 0,093 99,72 54.14 

1.000 100.0 0 0.064 99,76 50,98 
0,988 99.64 16.32 
b,985 99.59 25,39 

0,035 9 9 .75 45,79 
0.021 99,75 40.79 

0,978 99,51 35,50 0.000 100.0 0 
o.978 99,50 35.50 

o.963 . 99.4~ 44.74 
0,948 99.34 49,04 
0,934 99,27 51.77 
0,90·1 99,54 56,0l 
0,876 99,55 58,97 

0,876 99.56 58,32 
0,847 99,52 60,00 
0,'789 99.49 63.73 
o.789 99,47 63.73 
0,731 99,47 66,99 

o.672 99,39 69,52 
0,612 99.28 71.32 
0,563 99,17 72,05 
0,563 66.50* 
0,557 99,27 70.46 

0,557 99.22 70,14 
0,557 99,36 69.46 
0.499 99.40 70,09 
0,441 99,41 69.64 
0,383 99,46 68,52 
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Tabla III 

Edd~ ProRert~ Distributions in a Two-Dimensional, 
Turbulent Air Stream. 

Test 30 \'Teat 3l1 Teet 34",-
e:. Teet 33 Test 3-' 

tc.xl03 -£..xlo3 -E::..x103 ~o3 -€cz103 

7/yo ft~/sec. tt~/eec. rt~/sec. 2 tt~/seo. ft./aec. 

0.02 --- o.4'7 l.87 -- o.cn 
0.04 --- 1.18 4.05 ,.._ .. 0.17 
0.06 0.84 2.13 5.(fl 7.31 0.25 
0.08 1.08 3.06 7.89 10.5 0.37 
0.10 2.50 4.30 8.99 12.5 0 . 48 

0.15 3.31 6.45 10.1 14.8 o.73 
0.20 3. 87 7.69 11.2 17.2 1 .19 
0.25 4. 50 8.08 12.a 16.7 1.67 
0.30 4.85 7.61 11.5 16.2 2.10 
0.35 4.49 7.06 11.0 15.1 2. 51 

0.40 4. 33 6.69 9.63 13.6 2. 24 
0.45 3.94 6.06 8.54 --l~ • 8 1.96 
0.50 3.84 5.77 9.25 12.3 1.76 
o.55 3.75 5.78 9.60 12.5 l.75 
0.60 3.76 5.72 10.1 13.2 1.86 

0.65 3. 96 6.64 10.4 14.4 2.02 
0.70 4.02 7.50 10.9 15.4 1.91 
o.75 4.17 7.64 14.4 15.9 1.75 
o.so 3. 86 7 • 40 12.1 16.2 1.51 
o.ss 3. 41 6.84 11.5 15.2 1.21 

o.90 3.24 4.87 9.02 13.6 o.78 
0.92 1. 49 3.64 7.53 12.5 o.s7 
0.94 o.e2 2.73 5.53 9.6.3 o.34 
0.96 0.46 1.47 z,. 89 5.47 0.20 
0.98 " 0,71 1.56 1.91 o.os 



y/yc 

0.,02 
0.04 
0.06 
0.08 
0.10 

0.15 
0.20 
0.25 
0.30 
0.35 

0.40 
0.45 
0.50 
o.ss 
0.60 

Q.65 
0.70 
o.75 
o.so 
0.85 

o.go 
o.92 
o.94 
o.96 
o.ga 
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Table III 2 cont'd. 

Eddv Pronert tn a '.I\vo-DJ..mens:tonml 

o.84 
1.60 
2.22 
2.88 

4.38 
5.32 
5.79 
5.71 

· 5.37 

4.97 
4.40 
3.82 
3.60 
3.52 

3.71 
3.99 
4.28 
4.39 
4.20 

3.39 
2.70 
1.91 
0.79 
0.33 

0.31 
0.83 
lo48 
2.31 
2.09 

4.45 
5.50 
5.56 
5.30 
4.96 

4.62 
4.37 
4.29 
4.49 
5.04 · 

5.72 
6.15 
6.15 
5.90 
5.06 

3.56 
2.92 
2.34 
1.55 
o.64 

tream. 

Test 40 

~x103 • 

rt? /sac. 

0.25 
0.56 
1.00 
1.94 
2.75 

3.74 
4.12 
4.22 
4.14 
3.97 

3.77 
3.71 
4. 
4.2 
3.94 

4.75 
4.68 
4.80 
4.57 
4.00 

3.19 
2.49 
l.'74 
o.84 
0.48 

Test 41 

~x103 

ft1 /sec. 

0.68 
2.41 
3. 98 
5.50 
6.78 

8.38 
9.05 
9.20 
8.94 
8.55 

8.36 
8.32 
8.36 
8.51 
8"' '?S 

9.20 
9.61 
9.80 
9.64 
9.05 

7.32 
5.92 
4.48 
3- 06 
1.12 

Test 41 

~,.,x103 
ft~ /sec. 

o. 38 
2.10 
3. 52 
4.40 
5.14 

6.64 
7.32 
7.18 
6.65 
6.30 

6.25 
6.46 
6.84 
7.08 
7.12 

7.04 
7.92 
e.es 
6.82 
6.47 

5.36 
4.60 
3.60 
2.26 
o.so 



0.02 
0 . 04 
0,.06 
OoO8 
0.10 

0$15 
0.20 
0,25 
o. ~~o 
O.35 

0.-40 
O.45 
0, 50 
0,55 
0.60 

O.66 
0.10· 
o.75 
0.80 
O. 85 

O.9O 
O.92 
o.94 
o.96 
O.98 

Table III cent 'd. , 
Eddy Property D1strl bu t:t cns 1n a Two-D1mens1or.__gJ_, 

Turhulent Air Stream. 

,;,,xl03 i;. xl0° 
ft~ /aac. ft? /ae c, 

1.08 
3.10 
5.00 
6,42 
7.61 

9.67 
10.62 
10.77 
10.50 
10.11 

9.77 
9,65 
9.44 
9,48 
9,63 

9.86 
10.15 
10.48 
10.52 

9,GG 

7.60 
6,38 
·1 .86 
3.12 
1.20 

1.18 
3,4B 
6.1 4 
7.90 
e. '7 4 

9 ,98 
10.84 
11,25 
11.24 
10,87 

10.48 
10.18 
10,07 
10.18 
10,50 

11.24 
l Zi,29 
14.09 
14.00 
13.11 

10,82 
9,57 
7,88 
5,24 
1.88 

-t..,xl O ;.3 

ft~ /soc. 

0. 02 
3.16 
4,94 
6.30 
7.17 

G.23 
8,'79 
9,15 
9 ,42 
9,64 

9,83 
10.05 
10,:32 
10,77 
11 • 40 

11.92 
12.02 
11,'75 
ll ,15 
10.45 

9.96 
7.84 
G.or : 
3.'72 
1.32 

-6:c.xl O ;5 

ft~/sea. 

0.04 
0,23 
O.49 
0,83 
1.22 

2,24 
2.83 
3,11 
3.18 
2,98 

2,75 
~~. 6'7 
2.82 
3,18 
3.27 

3,35 
3.33 
3.20 
2,92 
2,46 

1.65 
1.10 
0,64 
0,39 
0.02 

~Jl0 ° 
ft~ /sec. 

0,03 
0,14 
0,31 
0,56 
0,96 

2.04 
2, 41 
2.40 
2.30 
2.22 

2.16 
2.11 
2,OB 
2,07 
2',09 

2.21 
2. 41 
2,52 
2. 43 
2.06 

1,15 
0.73 
O.4O 
0.1? 
0.01 

* Eddy Propertie s for Test 44 are of doubt~~l veltdi ty 
because of unsmoothnoss of original do t0. 



-y/yo 

0.02 
0.04 
0 .. 06 
o.oe 
0.10 

0.15 
0.20 
0.25 
o.~ 
0.35 

0.40 
0.45 
0.50 
0.55 
0.60 

0.55 
o.7o 
o.75 
o.so 
o.ss 
0.90 
0.92 
0.94 
0.96 
0.9a 
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Table III, c,ont'd• 

F.d.dy Propertl. Diat~Jbut1 cns in e Two-D1mena 1onal, 
• .. urbulen t Air t treat."l. 

Teat 46 Test 46 
~ .x103 ~ .. ,x103 

ft~/sec. ft~/eec. 

0.02 
0.25 
o.s5 
0.92 
1.34 

2.37 
3.Q5 
3.28 
3.34 
3.26 

3.00 
2.90 
2.98 
3.16 
3.29 

3.32 
3.27 
3.10 
2.76 
2.25 

1.42 
0.97 
0.57 
0.29 
0.10 

0.03 
0.12 
0.31 
o.63 
0.92 

1.82 
2.36 
2.54 
2.50 
2.23 

2.12 
2~15 
2.25 
2 • . '.)5 
2.39 

2.40 
2.49 
2.40 
2.24 

- 1.86 

1.09 
o.67 
0.33 
0.14 
0.04 

Test 48 
-E".,,xl03 

2 
ft. /2ec. 

0.02 
0.17 
o.37 
0.59 
o.ee 
1.70 
2.23 
2.30 
2.1e 
2.00 

1.94 
1.94 
1.97 

. 2.05 
2.1~ 

2.26 
2.40 
2.45 
2.30 
1.85 

1.10 
o.73 
0.44 
0.21 
0.04 

Teat 49 

~;K10S 

rt? /sec. 

o.oo 
0.05 
0.17 
0.31 
0.47 

o.e7 
1.22 
1.44 
1.49 
1.43 

1.42 
1.45 
1.50 
1.57 
1.82 

1.63 
1.58 
1.45 
1.18 
o.83 

0.43 
0.24 
o.oe 
o.oo 
o.oo 

Test 50 

~..,,x103 
2/ ft. sec •. 

0.86 
2.00 
3.40 
4.87 
5.81 

6.97 
7.15 
6.91 
6,63 
6.49 

5.54 
6.74 
7.06 
7.48 
7.98 

8.44 
e.e6 
8.36 
7.65 
6.61 

5.24 
4.52 
3.62 
2.38 
o.eo 
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Tabl e IV 

Smoothed and Symmetrical Distributi ons o f the 
F..ddy Properti es and of their Ratio. 

Test 30 Teat 31 Test 32 Teet 33 Test 34 
£c xl0:5 ,x10S ~cxlO~ . ~x10! ~c..X103 

. y/10 ft~/eec. .rt~/eec. ft~/seo. ft~/sec. ft~/se o • 

0.02 o.oo o.5s 1.60 2.22 o.oe 
0.04 0.38 1.35 25.70 5.46 0 . 18 
o.os o.a2 2.26 5,84 9.04 0.33 
o.oe 1.52 3.28 7.72 11.40 / 0.46 _./ 

0.10 2.26 4.4'7 . 1.93 13.00 p.eo 
0.15 3.35 6.66 10.50 . 15.27 o.95 
0.20 3.89 7.55 11.67 18.60 1.34: 
0.25 4,23 7,78 12,65 16.28 1.69 . 
0.30 4.32 7.50 11.53 15.66 . 2.00 
0.35 4.23 6.90 10.58 1,.eo 2.11 

0,40 4.06 6.33 9.76 13.:55 2.01 
0.45 3.90 5 .94 9.22 12.63 l.86 
0.50 3.84 5.78 8,98 12.33 1.ao 
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Table ~ cont'da 

Smoothed_apd Srnetri cal Distributions of the 
F..dd,I: Pro2ert iea and of t he1 r Ratio. 

Test 39 Test 40 Test 40 Test 40 Tes~ 

~103 ,;.x103 c,,,x103 ~~ •• -6Jl03 
y/yo ft~/sec. ft~/sec. ft~/sec . 

t», 
ft~ /sec. 

0.02 0.16 0.42 0.30 1.40 0,88 
0.04 o.m~ 1.us o.w, 1.30 2.72 
0.06 1,70 1.87 1.58 1.18 4.30 

.o.os 2.47 2.59 2 .35 1.10 5,66 
0.10 ~.10 3.25 2.98 1.09 6,87 

O.1s 4,23 4,73 3,87 1.22 8.79 
0. 20 4 .82 5.61 4.32 :r.30 9.42 
0.25 ·s.oo 5.81 4,50 1.29 9,53 
0.30 · 4.89 5.64 4.42 1.28 9.28 
o.35 4.59 5,23 4.18 1.25 8.90 

0. 40 4.27 4.76 4,00 1.19 8,67 
0, 45 4.06 4.44 3,94 1.1:s 8,41 
o.5o 3,95 4,32 3.92 1,10 8,3'7 



() . 0 [ ~ 
C: . (>,Jo 
t:' Cl Ct6 
o.os 
0. 10 

0.1s 
o. ~w 
o.~;5 
o.~o 
0 .. 35 

0. 40 
0. 46 
o. 5o 

¾ xl 03 

ft~/se c. 

0. 60 
2 ,28 
2• .68 
4.60 
5.32 

61162 
'7.16 
7.14 
6.90 
6.76 

6.77 
6.84 
6088 

1 • ;;7 
1.19 
1.1? 
1.28 
1.29 

1.33 
1.32 . 
1.34 
1.35 
1.32 

1.2"1 

1.22 

~ xJ.03 
f t :~.h ie c. 

o .r18 
:,:; . ~:-() 

5 .00 
6.40 
7 . tLO 

9.66 
10.60 
10 . 58 
10028 
9.92 

9.68 
9 . 52 
9.46 

Tes t 44* Test 44* 

~.x103 
ft~/sec . 

., ~ ,.. 
J~ " ::H..) 

:s . ss 
~3.90 
8.68 
9 .83 

11.54 
12. 46 
12 .68 
1 3 .38 
11.66 

l0.86 
10.40 
10.20 

1 . 52 
;} .e 94 
6 . 84 
s.e2 

10 . 20 

11.7G 
12. 48 
12 . GO 
12.13 
11.21 

10.34 
10 . 26 
10.16 

* F<ldy Property Data for Test 44 are of doubtful valtdity 
because of unamoothness of or1 p:1nal data. 



y/:,o 

: 0.02 
0.04 
o.oe 
o.oe 
0.10 

0.15 
0.20 
0.26 
0.30 
0.35 

0.40 
0.45 , 
0.50 •. 
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Jfs\bl~ IV_,_ cont 1d. 

~mootbed and SY!fllYletr1 cal D1strlbu U .ons of t ha 
Eddy Properties and of thell"---rfat:to. 

Teet 44·U· 

1.03 
o.99 
1.01 
0.98 
0.96 

0.98 
1.00 
1.01 
1.02 
1.04 

1.05 
1.01 
1.00 

Test 45 

~xlO~ 
ft~/sec. 

o.oo 
o.2'7 
o.sa 
0.96 
1.36 

2.27 
2.87 
3.17 
~.23 
3.10 

Test 45 

-t::..,,cl03 

ft~/eec. 

0.06 
0.13 
o.35 
o.oa 
1.oe 

2.03 
2.46 
2.46 
2.34 . 
2. 20 

2.14 
2.11 
2.09 

1.66 
1.41 
1.28 

1.12 
1.17 
1.29 
1.36 
1.41 

1.38 
1.36 
1.36 

Tes t 46 
-cc.xl03 

ft~/sec. 

0.02 
0.25 
o.57 
o.9? 
l .38 

2.24 
2.84 
3.16 
3. 27 
3.23 

* Eddy property data. fpr Test 44 are of doubttul vaJ1d1ty 
because of unsmoothnees of original data. 



1.::;2 · 
Table IV,. con t'd . 

Smoot ctr1cal Dis t rlbu tl cns of the 
ies and of thtLr \t,l ti:2,. 

Test 48 Test 48 Tep,t 48 Test 49 Toat 50 

-6,.,.x103 -Eic:./4 t,._x].03 -6-,,,x 1 o3 ~103 
y/70 ft~/sec. 

-e., 
ft~/eec. ft?/eac. ft~/sec . 

0.02 0.06 --- o.oo o.oo 0.81 
0 . 0 4 o.14 --- 0.17 o.oo 2 .30 
o.oG 0.37 1.54 o.<i2 0.13 / 

/ 3.60 
o.os o .72 1.35 0 .71 o.w 4.94 
0 .. 10 1.07 1.29 1.03 0.45 5.68 

0.1s 1.8'7 1.20 1.75 o.ss 6.81 
0.20 2 .30 1.24 2 .23 1.20 7 .37 
0.25 2 .43 1.30 2 .38 1.43 7 .62 
0.30 2.39 l.37 2. 30 1.54 ?,.60 
0 .35 2.30 1.40 2. 14 1.54 7 . 46 

0.40 2.25 1.40 2.04 1.50 7 .27 
0.45 2 .22 1 . 40 1.99 1.48 7.12 
a.so 2 .20 1.39 1.97 1.48 '7.04 



Propos:ltions - • 

Chemical Enp:1:neerin.~i 

l. The thermal resistance of a metal-to-metal 
joint• w?:ten "control le a" by rou g_hness and .not 
by w~v1ness, may bo arprox1mated by tbe fo1low-
1ng f'or:mnla t 

• Ji = '!;_[km (t) + 2 k..-J 
Nom.enolatureJ (see also p.58 ): . . • 

h (!Jl-
0 /,lllt, the :rec1P,roc81 of the thermal 

rem1a tanoe, B'ffl / (rt.~) (sec.) (OF), 

= the thermal eonduct1v1 ty of the ambi­
ent nu1d1 BW'/(.rt. )(sec. )(°F). 

km = the thermal conduot1vity of the metal , 
• B'l'U/(ft,) (sec.) ( 0 :F) • 

P :::: the load per unit t.u.•oa pe:rpendi c 11J. r! ~ 

to the plane of the joint, lbs./f t,~. 

r = a constant, s property of the moti1l , 
of approximately the same mscnitude 
as the yield strength, lbs,/ft,2, 

i- == the r.m,e, roughness of tho metal 
surfaces, rt. 

2. Butane, propane; and other 11eJ1t hydrocarbons are 
suitable "foaming" agents for vinyl plastisola. 

s. The wall-to-fluid heat transfer coefficient for 
any a 1 tue t1on not in vol v1ng appre c1a bl e :flu id 
aecelere.t1on 1a given by tho generalized ex-
preasion t • 

~ = -re(~:: )(P,)-o.& 

4. In the analysis of gas tr:1:cturas by the thermal 
oonductiv1 ty method, 1 t 1a suggested that the 
reference gas consist of the sample gas from 
wh1ch the compound of interest has been re­
moved by a epec1.f'1a absorbent. For examp J.c, 



c -o~.1~'/t1~;t,i (it1 ~) .)~-~-'.c · t-tn~~ J -:.~~c: t9 :....~.- -; ";;/ ·l;~J 'lJ)~/fJ~.1~-:.i.. ~--- i..;;~ <-;L.!.·~ 
r: i tJ.1 \:u::) :t~i (.k ~t.}/tt:~(i :J.rstL ._.:; . .:.~·:.i tt~-;¼,.t t i; l\)} 0t~ l ~; ,~"-
3 - t) f tl•e ',!.i f ·~, l:{Zel3; ~, _(;L)t;Gx1~"ii.&oG.~ J~; ~ l f-> j~\~: ~<· -
1,iiLi:' tr~c:\ t e(i, with. ~rnd,··~ ... ]. L )t: ,~U {i d_;t~le ,; .--~1 ,;i 
~~l ,:Lt1Ai t te (t i; () l-~~::1 -~-; :it! ct ,;1 • 

1

-;:rie t;t.11 ~-,tA:-( ~Jt/~e t id~-• 

i:m·"din.;; ifil expcct -:(i to t, f: :·,, fJ:i.n .. ) "e v ,,J. tH~cJ. 
t'unctior1 of the cr..mbm, t,ion mi.ztw.:·e . 

5 . ' Wto.inJ.0~1, wteel gJlilll Btock i n rHt ...;, .. }tn t. (~_:~ f ~) :.t UCd 
,1.e ,,Lu eJ.ectricu.l :1.ncU.,1Qf in the H'LH-: : \~i' .i.'H.i• 

tenti rt l fii.1ld j)!'Oblmrn 5UG:!l '.!: f.i t he r .1..,-... ;,: of flUi. (:,f; 
tl..r1mc~h porm.rn medi;1 . • 

'112.e @t~(~;y vi~woaity is fi n ite ~\L C .,t"-B 
hlG at the om1 tor of ' t i'ltd.~t ritrc :).!i . 

l. IJ."he l"Of;.:d. :r. e::.'im , t.r, of a. given maximu.rn workintl de• 
fl@ i; t. :I. ;:,;n n.n ~.k t:. c me cw n i 03. l pi.' op,~ l' t 1- f;f;I n ~:· , • v c;, U. -
,1 bl"" •!'l·•\j,>"'°..,.~ " l'·' ,,.) ' ').,... "'r .tT!'l"i'1;, 1v 1' i• ~ .._;,, ,., '<'•~'Ji)·,1•: 1•·1~ 
v• i,.J ~:~ · vlJ.QJ,, · .. • t',;J •.·:•J.,i;,.!<~.IJ""•l,..:.; . .n: . ·-: 1.,..,_ ,,.,11.-t} ~ .. ~ (.1...,:."'\.J. <a,'1. ) 41...- -:i. , -.i t, 

1':re{.,i.Hmey • of t\ heJ.ic:J,l. till):d.n.:;; . Thit, lhii ta tLe 
''JA.1"P'f ,. ,,,., •• ,n ~·1·c"" of , -,1,·,.,.,v 1-,~ _,'i,, r ,- • )[C.""''1 • l A'«'•'l (' •~~·,, , , .;•, ; , .. , ,•; , • . , .•• ,.,, {''~-
_t: ''f.,6 .. ,. U ..... ,r; . ';,.,!_ y 1 t;,J,1. . .-t.1- -., t.A ;.._:;,.o!.~ i,i., vVU \-..~.,v .... v-i,:,f: t•1411ct..V..a: .. ,i, . -;i J.l.a.~ .... cv 

be :~.:-ll (jwed, to QDBr~,. t<~ at Dpee{t~ y/n i.ch t l: ,.y c,,tH~o 
their sprin..;e to surJ;e. I'his 1ir,.ii;in;;.; reoor1'li,t 
_f':r.G:1,iuency mri..y i1~ incr~~:1 :) <':. (i ty :'./f:ro:x.i .:.'~-,. hd.y t he 
faotor -.;r:.r by th@ lHH~ of r~ollon i', j.x-~ t'ff;.' the Gi)r·t:a_; • 

• 
It io 1:>a..;;;,;,;ost~<-l i;lp.t :rJi1,1El :•. t ·:nl. cliL,. -to ,. ) i ti. :., 1• 
ti t udii -:.Jr ~:u1b,~rfl bo inf.ml ~t \'.:u 1;y u .,:; : ini: U~;;~ ii; 
w'.1.ils in tlh: :f~;,r.i:~1 of a Bt I i.td. ,i Dfl Gt eel 1ievnt• 
fla~k nnd th=t t a ir .. cyolo Jte i'rl~t)?.a. t t c,n 1;c-~ 1J. f,t(t 

h i such ~bex·~. 

3 . Coh~lt ii, at .. ,ggested. as ~,, .P~Ss;il;lc ·\ .ll c,yin it elG­
rnent foi: ld.,_;11 ... strenctli YJel (l.::-i.b.J.o ij i; eels. 

4 . Tt1e u11·1·,~~I"e :tice~; iri GJl:':c u ai -. .:2 • bdf~-::\r J.uj.~ tct\~i'l·)eto 
t;el.clBEHmto o f ti t :1,nium st:11:iilizeu ::inu c,1lu.mbLu:u 
c,t:\·ollized ,~trntenit,ic eteels 0n·e 1·Er,laly e:x• 
plrl inecl by c mrn i uez- inJ t l ~e ciir'fcx•mieos i t: 'the 
te:r:.i,1:,e:r.·(t tureli! ·i, t v:::1.i c~: t.i: e c Ul'l"t.H3p otH.,i n;; c: 1. :tl)i,~.eo 
1Jecorne s nlu1)1e in tht1 ~n. steni te . 



5 . Titanium is an effec tive addition f ar decraa e­
l n ~-:,'. the n1 t r o r,:-0:.1 O(Jn tent of a steel mel t o 

le Long-chain 1-:,.olyaator ree lns w:i. t h a ml:mimum 
amount of unsa tura t 1on a nd of s tyrene cr oss .. 
1 ink1ng have opt i mum p 1.•op ert:t~)S for !J),e " pot tln i_r; 
of m1ntaturi ?;ed electronic componen t s, excep t 
pcss ibly for use 1n th e m.l crowave rnn ge s . 

2 . 'Ihe r emoval of scale from sts1.nless stool by 
p ickling acids 1s n:n eleotrolyt.1.e process , the 
bae:t.s metal go1n r: 1nto sol u ti on at t.he anode, 
Apparently the scolo servos as the cethode . 

3. In the analysis f or ni tl ... oe;en o f t1 tanium--co11-
ta1ning rneta1e iJnd alloys, cor:r·e ot re sults ma:-;, 
bo obtained if t ho alloy is di s solve d ili HCI.­
conta1n1ng a 11 ttle HF and 1f t he residue i s 
digested w1 th a H2f04-ilaHS04 Mi;,:tnre con taining 
a little oopper au lpha ta- or seleni um. The 
solution, are combined and rn ~de alkaline and 
the rii ~rogon . is 11d1et1lled over" and deterrn il1®d 
1n ::.·the usual manner• 




