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VIiI.

ABSTRACT
In order to study the effects of vibration on
heat transfer, an experimental investigation was carried .
out involving natural convection from eléctrically heated
wires subjected to transverse vibration in air. Using
this system, study was made of the 1ndiv1dual vibrational
variasbles, which included amplitude, frequency, and di-'
rection of vibration, together with other pertinqnt verli-
ables, namely temperature difference driving force, and
‘wire dlameters Marked improvement in the coefficient of
heat transfer was obtalned bj using vibratidn in the
range of 39 to 122 cycles per second, even to the extent
of tripling the film coefficient. Holding other variables
constant, an increase in coefflclent was observed for an
increase in amplitude. A simlilar effect was obtained for
an increase in frequency. No effectkias observed for a
change in the direction of vibration. In an effort to
account for ﬁhis latter observation the concepf of a
"atretched" film surrounding the entife path of vibration
was proposed. B |
The effect of vibration 6n the coefficlent was
“correlated in terms of a'vibrétional Reynolds number de-
fined as twice the product of a@plitude, frequency, dla-

meter, and density, divided by viscosity. Using dimen-
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- VIII

sional analysis, a palr of alternate correlations were
developed for alr or'othsr d1atom1c gﬁsés;iith average
deviations of 13% and 9% respectively in terms of im-
provément, and deviations of 8% and 6% réapoctivhly in
. terme of coefficlent. By utilizing the limited data of

en earlier investigatof for a thicker cylinder vibfaﬁing

in water, and combining it with thg‘presentvdata,‘a more
extended correlation for fluids in general was also pro-

posed,

& .

Note:

g —

An article by the author based on this disserta-
tion and certain further work appears in the journal
Industrial and Engineering Chemistry, June 1955,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

b L VRS S e, L 8 T e e Smita ] v e e o




IX

 CONTENTS

Acknowledgement

Abstract

Table af Fignres and Grapha
Nomenclature

Introduction |

Sumary of cbncluaiona

“Preliminary,ﬂeat Transfer Considerations

Survey of the Effects of‘Vibration

Description of Appératua

| Experimental Procedure

Vibrational Wave Form

~Discussion and Results

Appondix‘

Survey of Surface Temperature Measurement

Calibration of the Stroboacopic Light
Relaxstion Calculation
‘Sample Calculationa
 Tabulated Reéuits
Bibliography

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

8B 2 ERBE®S " HNMGS

23

103
106
110
115

126




E .
-
(<]

® I O s B N

10
11
12
13
14
15

16
17

FIGURES AND GRAPHS
Subject

Schematiclniagram for Wires

Wave Form Oscillogram

Wave Form Oscillogram Tracing

Heat Transfer from Stationary 0.0253 inch Wire
Heat Transfer from Stationary 0.0396 inch Wire

 Hest Transfer from Stationary 0.0810 inch Wire

Properties of Air

Dimensionless Correlations for Stationary
cylinders v

Effect of Amplitude on Heat Transfer
Effect of Frequency on Heat Transfer

Rffect of Diameter on Heat Transfer

Film Considerations

Dimensionless Correlation 1. for Vibration
Dimensionless Correlation 1I for Vibration .

Data of Martinelli and Boelter for Stationary
Cylinder in Water

Comparison with Data ot Martinelli and Boelter
Stroboscope Calibration

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Page

61
62
€7
81

87
88
105



Nu
Pr

NOMENCLATURE
constant,'
aresa,
‘heat capacity,

differential of,

- diameter,

base of natural logaritims,
ﬁunction ‘

frequency,

gravitationél agceleratién,
mass veloclity,

Grashof number,“'

coefficient of heat transfer,

amplitude of vibration,
¢ See fostnofe on page 5%)
thermal conductivity,
constants,

‘1ength,'-

mass,

element number,
Nuaéeltﬁnumber

Prandtl number,

rate of heat tranéfeg,,
electfic#i pdwér, 

residual heat transfer,

dimenaionleésf
£t.?
BTU/1b.° F

ft.

'dimensionless

sec~?

ft ./ae co®
1b./br. 6.2
dimensionless
BIU/hr. ft.® ° F
ft.

BTU/hr. f£t.® °F/rt.

dimensionleas
£t.
1b,
dimensionleas
dimensionless

dimensionless

watts

BT U/hx' )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




XII

Re = Reynolds number, dimensionless
=‘temperaturé, °p |
= ébaolute temperéture, 6‘3
= overall coefficlent of heat ,
' transfer BTU/hr, ft.® °F
= linear velocity, ft./sec.
= dimeneionless‘quantity, ,“ dimensionless
= thickness of 1am1naf layer, ft.

= gbsclssa

= ordinate
= bonstant,' dimensionless
= volumetric coefficient of _
thermal expansion, ° R-2
= constanfs, ~ dimensionless

difference in,
= emissivity, | dimensionless

= any function

})}\memb‘?‘v'@QNNNﬁd (=D = I 4
]

= constant ‘ , ' .dimensionless
= viscosity, 1b./ft. sec,

= density, ' 1b./ft.°%
ﬂ'time, | hr.

¢,¢:¢: = function, -
©,9', = function ,
w = hypothetical angular‘veldcity,‘ radians/sec.

-~
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Subscripts

b in bulk fluid

b o average fbr f1lm
m pertaining to element m

n : partaining to element n

o without vibration

p pertaining to element p
T due to radiation |

8 pértaining'to wall surface

w for thermocouple wire

x at dlstance x”rrom'wall surface

}Sugeracrigts

~ root mean square

- arithmetiec average |
' .at same Pr x Gr a&s occurs with vibration

(when appended to a symbol representing other than
a function or a constant.)
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' INTRODUCTION

The unit operations controlled by films are
among the most important in chemical engineering. These
inolude heat transfer and the various types of mass trans-

| ter’such as distillation, absorption, and extraction.
The effects of many'dirferent variables on these operations
hnvd”alieady been extensively 1nvestigate§ and repbrtgd:in
the literature. There 1s, however, an'impprtant*set,ar
variebles sbout which little is known. These are the vari-
ables involving vibration. The scattaréd information that
does exist in the 11terature is for the most_part'méagpr,
qualitative, and uncorrelated. | g

Vibration can materially affect the rate of haat
or mass transfer. Under certain circumstances substantial
1mprov§menta have been reported as will be discuaséd more
fully 1n'a subaeqﬁent section;, However, no aatisfac£ory
correlation has ever been offered by which the degree of

 improvement could?be estiﬁated, even for 1dboratory siie~'

| QQuipmént. In fact, no aatisfactory analysis of the difh
ferent variables involved has ever been presentod. Ac-
cordingly, the ‘purpose of the present 1nvestigatlon waa
to study the effect of vibration on a fiim type operation
and analyze the effects of the different variables ine

volved,.
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The particular operation chogen was that of
‘heat transfer by natural convecﬁion, with tm experimen-
tal work having been done wlth.electrically heated wires
1n transvarsa vibration in air. The choice of this
particular experimental system was made for the sake or
simplicity and accuracyo Heat transfer studioa from K ‘
electrically heatad wires involve simplar equipment >
than that required’ ror mass tranarer or other types or
heat t:ansrer stu%y. Data can be obtained more‘readily
and tho uée of electrieai instruments for determining
heat loads makes for'greater'precis;on. -Eugﬁp%gmdre,
the study of natural convection offers‘anoﬁbaf advantage
yin-that no air rate determination/is-roQuired,'thua o-
liminstlng.both the necessity for‘taking anothér,ﬁeasura-
ment and the additional error associated with it. Final-
" 1y, the type of vibration employed is not overly Aiffi-
‘gult to 1ndﬁ¢e and measure. In short, the choice of this
syatam'ailowed5éeparate measurement and study of each of
the different variabléh involved, which included ampli-
tude, frequency; diameter, temperature difference driving
force, and diréctidﬁ of vibration. This investigation
also pérmittfed some study of the érfact of the nature of
the fluid. Ineofporation:of‘this additional'VAriaﬁle was
accomplished by conaidérihg,‘ih conjunction with the pre-
sent experiﬁental»data‘for,éir, the;limited data of an
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earlier investigation dealing with vibration under vater.

All fAlm type operationa are related ainee the
reaiatances of the films, which control the rates of
transfer, are determined to a large extent by ‘similar
variablea. Ehus, even though the invostigation here ro-
presents only one operation, namaly heat transrer by

_natural .convection, the results should be applicable in

a general_way to other film type operations.
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SIMMARY OF CONCLUSIONS

Vibration can materially increase the coefflcient
of heat transfer, a tripling of the coefficient having
been obtailned with the wires. |

Holding other variables constant, an increase in
the amplitude of vibration increases the heat transfer
coefficlent. |

Holding other variables constant, an increase in

the frequency of ﬁibration algo“increases\the heat

transfer coefficient.

Bolding other variables constant, an increase in.

wire diameter decreases the heat transfer coefficient.

Within the limits of experimental error, thé

direction of wire vibration has no effect on the heat

transfer doéfficient.

In general, the effects of vibration are invacoofd

with the film concept.

The rihn about a vibrating wire 1s apparently
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O

- at the same product Gr X Pr as prevailed without vie

"stretehed" to cover the entire path of vibration
rather than carried back and rorth:by the wire.

The effect of the vibrational variables mey be
correlated in terms of a vibrétional'Reﬁnolds~numb§r.
defined ﬁs‘twica the product of diameter, fruqﬁéncy,
amplitude and density, divided by viscosity.

The inprovement in heat tranarar coefficlent for
the central portions of the vibrating wires (whick
are essentially horizontal vibrating cylinders)»in
air may be expressed by elther one of twO‘sbmewhgt
different dimensionless correlatibns, depending on

the precise definition of the term "improvement".

Correlation I3 Defining "improvement" as the in-

crease 1n'heat transfer coefficlent cauéed.bj vibration

bration, which for the present work in alir is essen-

tlally equivalent to egquality of film temperaturoa;
then, | |

.16
Improvement = -1%‘- 1= LP Raezgf J

where h and hzﬂaﬁé‘eoerficienta of heat transfer with
and without vibration reépectively,‘ﬁq is Reynolds
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number, Gr 1s Grashof number, Pr is Prandtl number,
B is volumetric coefficlent of thermal expansion,
At 1s temperature difference driﬁing force, and
function 9' 1s given in fig. 13. For improvements
of over 1076; which covers most of the experimental

range, this felationﬂhip mey be expressed as
| 2405 0.328
B = 0.75 + 0.00308 (Re ot j

‘Correlation IIs Defining "improvement" as the
increase in heat transrer‘coefficient caused by vi-
bration at the same heat flux as prevailed without
vibretion, then,

h (Re)(p At£°'16
Improvement = =~ « 1 = 50
| o ()%

where h, 1sﬁcoefficient of heat transfer without
vibration, ‘and function ¢ is given in flge 1l4e A~
:gain fbr improvements greater than 10?6, which covers
most of the experimental range, this relationship may

be expressed as

(Re)te 86(5 Atlo 297

5%‘" 0.75 + 0.00432[

10. The average deviations for correlations I and II
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in terms of per‘centag‘e improvement are 13% and 9%
respectively. For a given h} or hy the average de-
viations in h are 8% and 6% respectively. The

results of control runs made with the wires station=
ary agree with fhoae of previous 1nvostigat6ra, ghe
average deviation being about 5%. All of this 1n~}

dicates good experimental reproducibility.

11, For an approximate extension to other fluids
(as well as for diatomic gases such as air).cofrela-

tion I may be modified, tlms,

iy
he
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PRELIMI NARY HEAT TRANSFER CONSIDERATIONS

Before entering into the conslderation or'vibration
and 1ts effect on heat transfer, it is apprOpriaté‘to review
briefly'some pertinent aspects of heat transfer itself, in

particular, as applied to natural convection.

Fundamentals:

, For conductlon, the rate of heat transfer q 1s ex-
pressed by Pourier's Law (62) as 1
a=-kAY | | )
where ¢ 1s tempgrtture, k is ﬁhcrmal donductivity, A is area
perpendiocular to the direction of heat flow, and L 1s length
parailel ﬁo heat flow. Conveétion, howgver, invoives,macrb-
scopic motion,»&hich precludes the direct application or

Fourier's Law in the rorm of eqe 1" In 1ts plaoe a eoarfi-
cient of heat transfer h is defined by

a=hAAt | | (2)

The resistance to convective heat transfer 1s measured by the
vreciprocal of this h, and 1is generally considered to be con-
centrated in & relatively atagnant surface film,

Numerous methods hava been praposed ror the esti-
mation of h (49, 58, 108, 109 110, 153). However, to date,

no completely general thaoretical method has proven satis-
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. factory, although signiftaanﬁ atrides have been taken in
this direction. As an alternative, the beohnidn.e of dimen-
sional analysis has bé,en employed to correlate the experi-
mental data available. With this very usem tpol. aupported,
by certain theoretical considerations, it has been shown
that convective heat transfer can be expressed quantitatively
in terms of certain dimensionless groups, These include the
followings |
Nusselt number - Nu = %—l—)— : ‘ . . (3)
where D is dlemeter or other characteristie line}a‘zy' dimension.
Prandtl number = =S R © )
whére ¢ is heat capacity at constant preasure, and /u. is

viscosity.

Reynolds number = Re = D—}iﬁ- ‘ ‘ T (5)

where v is 1ihoar velocity a-nd ﬁ is density. - o :
S L8 o 8 : :

Grashof number = ar = P—fj;ﬁ-é-‘i» | (8

~where g is accela'ration of gravi‘ty and P is 'volumetrie coef-
ﬁcient of thermal expansion. It canrbe‘ reédily a‘hom, that

for an ideal gas B = % ‘where T is absolute «‘tve‘mp:emtur'o.

Natural Conveetive Crossflow:

Ut1lizing dimensional snalysis, it can be shown
that for a horizontalkcylinder in natural convection,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




;. 5

Nu = f£(Gr, Pr)

Based on the data of a number of different investigators
(6, 44, 96, 130, 138, 148, 170), McAdams (108) presents the

above relationahip in the form

“Nu = ¢§(a x Pr)
where fluid properties are evaluated at an average film
‘tqmparaturpltf; which is taken as the arithmetic mean of
the surface temperature tg and the bulk fluid temperature
tye This function 0 is shown graphicallyyinffig. 8, and 1s

expressed empirically in a recent work'of'Bosworth:(23) as

Nu = [0.63 + 0.35(ar x pr)L/6]?

Fig; 8 also shows a modification (108) of en earlier corre-
lation of Rice (137, 138). | |

ﬂhéae relationships cover a variety of flﬁ;da end
a ‘wide range of diﬁﬁeters, inclﬁding both wiresfand tﬁbes.\
The success of correlationa such as these are powerful testi-

mony to the strength of dimensional analysia.
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SURVEY OF THE EFFECTS OF vxam'ﬂou’

. Vibrations, both sonic and ultrasonie but partl—

: cularly the latter, have found application in varioua phases
of engineering and the physical sciences (42, 121). They
have been utilized for auch diverse purpoaea as thg meaauro-
ment of viscosity (144, 178), the determination of moleoular

weights of liquid pblqurs (174), tharlocation‘af flaws in

metals (32), the examination of filament structure (74),
tha.setting of coﬁcrete (103); and the homogeﬁiiation of
kmilk (3). They have also been ahown to inereasa the rato
of chemical reactions, parkicularly oxidation (59. 60, 65,
140), to depolymeriza high polymers (174), reduce liquid ’
viscosities (1, 77, 87, 107, 1565), emulsify liquids (21, 22,-
104, 146, 177), break up flotation froth (161), and destroy
microorganiams (81, 95, 159). |

Applications of vibrations to the .warious unit

‘operationa are/also to be found in .the literaturo.:,ﬂbwevar,
little or no qugﬁtitative data or theory is available,
particularly with regard to the film controlling operatiéns '
of heat transfer and masa’tranafer. This is unfortun@te |

" since the 11m1ted data available 1nd1cates/nume very in-
teresting possibilities along thaae lines. ;

[ The follﬁwing diacuuaion is divided and clasai-
fled under the various unit cporations with applications
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to heat tranafer discussed last and in greatest detall

since they are the most pertinenﬁ to‘thla‘dissertation.

Pluid FPlow:

Kastner and Shih (84) studied the effect of vibra-
tion on fluid'fIOW, in particular the manner in which the
frequency of pulsating air flow affects the critical Rey-
nolds number. These pulsations were obtained by mechani-
cally 1nterrupting the flow of air at frequencies ranging
from sbout 3 to 33 cycles per seconde It was found in
every case that the pulsations lowered the critical Rey~
nolds ﬁumber, as might be expected from thbiadditional g
‘turbulence. produced by répeated interruptions in flow.

'»Unfdrtunately, no measure of amplitude wga’taken 80 thﬁt
no quéntitative,explanation or correlation could be
offered. B _

| An 1nteresting and often disadvantageoua effect
of pulsation is the error it can induce 1n orificeqmeter-
ing devices (9,v28). Ths pressure drop across an orifice
is proportional to the SQuare‘of the velocity through it,
sp.fhﬁt with pulsating flow the instrument would 1lndlcate
the root-mean~-square welocity rather thah the mean velo=-

city. Under certain ciréumStances the differénca between

the two 1s appreciable.
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Distillations 4 :
A patent by McKittrick and Cornish (112) claims

an improvemeﬁt in distillation by exposing the system to
vibrations of 50 cycles per second to 50 megacycles per
second. The apparatus described 1s of laboraterj‘sizo
and consists of a vertleal glass tube fitted to a flask
and topped:iith a8 ééndenseg. The tube serves @aiths
column and 1s baﬁked with e single helix of wire. ‘?ibra-
tions are obtaihéd from an automobile horn whqs;vsbunﬂ
with a‘frbqueneyvof severalthnndred c&cles‘per adcond'ia
direetdd.down the top of the column. Por the syatemv
benzene~toluens at totél reflux, a 55% iqdﬁétion in the
number of theoretical ﬁrays requlred for a‘éi?én Sop#ra~
tion 1= reported. The suthors suggest the 1ﬁprovambh§f
418 due to,an;;ncreased relative motion between phases
induced by the vibration. This explanation seems quite
reasonable in the light of the film eoncept'acéor&ing to
which turbulence at a rihm,tends‘to thin the film. Since
a pair of such films exists at the liquid-gaa 1nterracé
any such thinning would increase the rate of mass trans-
fer tms increasing the efriciencykof'the column.
Another laboratory scale investigation is da-'v
scribed by Coffin and”Funtx(SS);' Ih their case, however,
the erQueﬁcy was 25;600 éjbles per second, the sound
intensity was much greater;‘énd:tho #olumn was not ﬁackad

~at all. For the system carbon tetrachloride-benzene at
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total reflux, a 50% decrease in the number of required
theoretical trays 1s reported. This is attributed in
part to the vigible turbulence in the liquid produced by
the 1ntenée vibrations, although the experimental évi—
dence 1ndicatéé,there 13 8lso another factor involvedg
This other féctor may well be the additiocnal turbulence
in the gas phase produced by the vibration. Both these
factors reduéé film thickness and so improve~column effi-
clency. A somewhat similar investigation by Thornton |
(165)}using a rapidly oscillating’pressuré gave much the
same results. | . |
| Along different lines, a patent by Decker and
Hellmuth (45) suggests the'uae of u}trasquﬁd in the dis-
tillatioﬁ of immiseible liquids. The vibration 1s said
to keep thbii;Quids so well mixed that the uniformity of

P

vaporization 1is Significantly improved.

Extractionz

| A paper by Pelck and Anderson (55) describea a
pulsing packed column for the extraction of benzole acid
or acetlc acid from toluene with water. Puisations at |
frequencies ranging from sbout 3 to 17 cycies per}sécond
were introduced into the éountercurrently f1ow1ng liquids
through a reciprocating diaphragm on the column. The
turbulence so 1nduced‘broke:up,thb'toiuene flow through
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‘the packing into small droplats thus increasing the surface
‘of contact, and also increased the relative motion between
phases thus decreasing ‘the film thickneaa.*}rha net result’
was a reportod improvemant 1n extraction_ooeffieiont of
500% or more. Similar work has been parfbrmed by Von Berg
and Weigandt (168).'
' A patent by Van Dyct (167) dascribea a llquid- -
liquid extractian column with perforated platel attached
eccentrically-to@a rotating wheel. This givas the platqs'
a reéiproéating métlon'which in turn is said to move the
1iquid first in one diréction and then in the‘other thhs
1mproying contact and effieieﬁqy. | |
Essentially the same end has beén.ﬁahiaved by
Cohen and Beyer (39) by using stationary sieve plates and
pulsing the liquild through,a tee in the étreaﬁ enteriﬂg
thn bottom of ‘the column. Using pulses of 17 to 721cyc1es‘
per aecond on tha system isoamyl alcohol—boric acid-water,

the extraction erficieneyfwaa found to increase uith both

rrequency and Pelative amplitude. As betore, thia increaae‘

in efrioiency follows from the increased turbulence and
droplet area caused'by the pulses. No direct comparison
to operation without pulsation 13 ‘possible since the plate
perforations were too amall to allaw eounterflew of ths
phaaes by density difference alana.

Othar work along the same gpneral 1ines has been
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carried out, largely for the United States Gmiermnent,
but much of the informatlion has not been made public (3,
4, 17, 29, 35, 41, 52, 67, 69, 80, 98, 100, 132, 145, 159).

Crystallizationz
Berlaga (18) showed that both the nuMber of

nuclei formed and the rate of crystal growth can bevin-
ereased by subjécting the liquor to an ultiasonic fleld.
Cassady (34) coﬁ:irmed this observation with studles on
the crystallization of alumina trihydrate from sodium alu-
minate.solutiona such as are used in the Bayer process for
the prodﬁction of alumina. Apparently the vibrations act
as a diaturbing'element‘which nét only 1hcreases ths'rate
of nuecleation, but aiso decresases the thlckness of the
liquid film on the growing crystals. Both these effecfs
hinder the.tendéncy to supersaturate which in turn in-
creases the rate of crystallization; Simllar work with
'Rochelle salt orystals (115), barium sulfate crystals (162),
and thymol crystals (83) has been deséribéd.‘ Several ap-
plications to the control of crystallization on an 1ndua-
trial scale have been patented (30, 131, 166).

Adsorption with Ghemical Raactionx

Richardson (141) patented a proposal to increase
the rate of diffnsion at a mass transfer boundary-with
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vibration. The partic¢ular application involved is for
the synthesis of ammonia from hydrogen'énd n1trogen.
Finely divided catalyst suspended in a mixture of these

two reaction gases 1s‘subjectad to high~1ntenaity'u1tra-‘:

sonic vibrﬁtions of about 50,000 cyciea per second goh—
erated by a siren. The author claims the vibrations
| increase thoirate of amﬁénia synthesis permitting the
use of lower pressﬁréa'and temperatures than'rould be
possible othaéwise.- ,
The explanation offered is that both the cata-

lyst patticlea and the mclecules of the reéction gas os-

elllate at high frequency, but due ta tha greater»inortia

of the catalyat particles the amplitude of their osell-
letions 1s much less than that of the lighter»gas mole=
éulea. fhis in turn induces relative movement between
the catalyst‘aﬁd‘gaa molecules which serves to aeparate
the synthesiud ‘emmonia from the oatalyst and bring |
fresh gas molecules in contaat with the oatalyst surface
thus promoting the reaction. This~explanation seems very
reaaonxble and 15 in line with the concept of a film ex~-
isting around each particle. Stated in another way the
relative motion between catalyst particles and gas mole~
cules serves to thin the film thus promoting masa trana-
fer across it and 1ncreaaing‘the rate of catglysia.

A patent by Stalling'and'ﬂklund (158), which
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appears to be fundsmentally similar to that just discussed,
describes the applicetion of 50 cycle per second vibratiqna
at right angles to aAreaction tube‘containlng vanadium
catalyst particles suspended in a gas.‘ The vibrations are
sald to improve the conversion of sulfur dioxide to sulfur
trioxide in the gés stream; the yleld increasing with_am—'
plitudé, as wouid be expgcted from the boundéry layer con-

siderations discussed above.

Dialysiss | .

v' The effects of ultrasonlcs on mass’transfer by
dialysis were studied by Rees (134). This work showed
that'phe mass transfer coefficient increases with the
frequéhcy end the electrical power input to the ultra-
sonic generétor. For a givén frequency this electrical
power input is a rough measure of tpe ampiitudé of vibra=-
tion indigating that the rate of transfer 1ncreases with
both frequency and amplitude. This observation 1s also
in 1line with ﬁh@ film concept according to which the |
membrsne 1s*coveréd on each side by a film. Increased
amplitude of vibration or lncreased frequénéy tend to 1in-
crease the relative motion between liquid;mo;eculesfénd
the membrane tlfm‘althinningf the film and increasing the
rafe of transfer. i

A serious deficliency in Rees! work 1s the lack
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of any direct measurevoffamplitude. The use of e;aétrical |

" power input 1s at best a poor substitute for this varj
important varisble and geriously limits further under=

standing of the phenomenh.

Miscellanys | , |
_  Partial sepsrations between the constituents of
mlxtures have been’deécribed. While not film type pheno-
mena, at least in ﬁhﬂ ﬁsual Senﬁe, these cbservatioﬁs are
of sufficlent interest to be recounted here. Frei and
Schiffer (64) report é qualitative separating aétion of
ultrasonic standing waves 1n‘sq1ﬁtions of giyéerol in |
~water and solutions of hexane in heavier hydroéarbona.
Unfortunately nOFQuantitative data or explaﬁatioh is of-
fered and their conclusions appeér'to be speciricallykcén-
tradicted by Boyd and Zentner (25). |

Paasav:(loz) described the partial separation of
a gas mixhure'éonsisting of hydrogen and carbon dioxide :
in a small glass tube'hy subjection.to high‘ihtensity
: ultrasonies; Enrichments of several percent wéra réported.
The extent of enrichment was further described'asyvafying'
regularly with time over a cycie of about four hours. No
satisfactory explanation.wgg‘offered'fgrvthis unusual ob=
Bervation; ‘ |

/

Despite the lack of explanation for‘thése phenb-
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‘kmena of separation one polnt stands out. The separations
reported are between molecules that differvcohsiderably
in size. There are no reports of separation between
molecules of similar size. This would seem to indicate
that the vibréﬁipn distingulshes between the molecules
on the basig'of-their size and thus sorts them out in a
manner that may well be similar to that in which standing
sound waves csuse dust particles in air to accumulate at
the nodes aﬁd s@réffectively separate them from the very
mich smaller alr mblecules. These nodes are regions of
minimum disturbance and the intense motion of the vibra-
ting molecules at the antinodes tends to\bush'the dust
particlés toward the quieter nodea; Several patents (26,
27, 75, 152), differing among themselves chiefly in de-
sign considarat;ons rather than in principle, describe
apparatus in which such sepéfations of particles from
gases eah be carried out.

‘ A patent by Schrey (150) suggests 1nfverj broad
terms the applicatioﬁ of vibratlons to “increaserthe
yield and rapidity of physical, chemical, and blologlcal

| péoceéses”. The applications suggested range from heat
transfer and diffusibn tollaundering and papei nmakinge
Unfortunately no explanations are offered nor is any
quantitative.data‘given} ‘Thé patent is merely a list
of suggestions with few deﬁaila~and as such contributes

little to our_knowlédge;
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Heat Transfer:

By and}lérge,‘the work done with vabrét;ona in
haat transfer Quffera froﬁ‘ghs same drawbacks as most of
that done in the other}ﬁnit'operationa.’ With one excep-

. tion, to ba'd;scﬁgsed‘presently, méasurements were nbt s
taken of all the pértinent,variables,rnprvias‘a carréla;
tion of rasults-éffered. Nevertheless, a few inxoroating
inventions and results have been. reported.

Ormell (123) patented an oven involving mechani-
cally vibrating shelves. Ths shslves are 1nclined and v

‘staggorod one above the othar so that granulatod materdal
entering the top of the oven rlews from one shslf to tho
next, and so down through ths oven which.is heated by

“hot flue gaaes flowing ceuntercurrently in direct contaot
with_thgﬂmgtarial. However, no quantitative data were

‘given. Among-ths~applications‘auggasted,férvthia rather
ingeniqus,de#ie§ aré the roasting of ores and the destruc-
tive distillation of coal. The vibrat¥on serves a triple

 purpose. mrée, 1t facilitates the flow of 'paz-tic‘les
through'ths-dven.' Secondly,‘the vibration increases the
rolative motion of the particles with reapect to the hot
gases, thus decreasing the film thicknesa and improving

‘heat transrar and masa transrar. Finally, tha conatant
jostling of tho partialea continually bringa up fresh -

surface for exposure to tha hot gaaes.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




- “'2‘2 -

In & brief‘pﬁtent Andreas (2) propo#ed mechanical
.vibration of an entire heat exchanger. Thé méthad foi’pro»
dueing the vibration 18 not described nor does 1t appear
from the text that such a device was ever actually con=
structad. As before, no quantitative results ara givan
although the claim is made that the 1mprovement in hsat
transfer ahﬂuld,ba considerable. According to the film
conéept tha~suggest16n has merit since 1t vould result in
~ greater relative motlon between exchanger wﬁlls and flu;da
and hence result 1n thinner films. However, ﬁhe lack of
further 1nformation in the patent greatly limits 1ts cone
tribution to the field. .
A mors recent paper by West and Taylor (175) .
describes experimental results dealing with the effect of
o pulsationa on heat transfer. Their apparatua consisted of
" a double-pipe steam-to-water heat exchanger and a double-
pipe water-te-water heat exchanger. A reciprocating pump
operating at ;OQ rpm‘forcgdeater first through the inner
tube of the’ateam exchanger where 1t was heated snﬂ then
through the 1nnér tﬁbe'of the other exchanger whefe it
was cooled. The normal pulsating effect of the recipro~
catlng pump was deliberately 1ncreaaed by reducing the
usual air damping ection on ths‘pump.r Improvements,in _ﬂ‘
heat transfer éoefficicht‘of‘np to 7036,wera reported .

by virtue of the vibrations so induced in the equifments
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This improvement was attributed to two factors. Firsf,
the pehk forward motipn‘of a pulsaticn reﬁfesents a peak
in longitudinal flow which in turn decreases ﬁha film
thiekngas.. Secdndly, the subsequent minimumAlbngitudihal
_floﬁ, correapondiﬁg'to;tha'pause‘between pulsations, re-
sults in radisl diversion of much of the exoéssslongitu-
dinal kinetic enérgy thus increasing turbulence and de-
creasing’film.thickneas.~ | ;
These investigators varied‘the flow Reynolds num-
~ ber from 30,000 to 85,000, They report that similar un=
_ published investigations (117, l?l)wat Raynblda»numbgrsv‘
of 26 to 1375 showed no improvement. No explanation vas
offered but 1t appsars to the present writer thﬁﬁ tids
may be due to weakerbpulaeé écoaaioned by’tha‘use~of Qmall-
er piston strokes for circulating the water at thsag‘lowar
rlot rateé. Pulses that are too weak result in 1nsﬁrfiei§nt;l 
additional tﬁrbﬁlence and therefore may not affsct‘ths £11m
. appreclably. o |
| In the investigation no attempt was made to vary
the speed of the pump so as to vary fhe'rrequancy of pulsa-
tion. Furthérmore, the only meaaure‘or amplitude‘offered
was the ratio of maximum sir volume to minimam air vblumo
in the air chamber over a period ofwénezﬁulﬁiticn;'r!ha
relationship‘betweén‘thialéaﬁio and the magnitude of peak

forward motion during-a pﬁi3e7(whi¢h i3 the amplitude) is
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not known. All that can be said is that an increaso»in
the ratio is likely to inerease the amplitude, all other
factors being held constant. While better than nothing,
sﬁch 8 loose gualitative relaﬁionship i3 not suited to a
quantitative‘unde‘rstanaing of what takes place. 'mnia.
together with the failure to investigate the very import-
ant variable-of frequency,-makes the presentation of any |
sort of corfelétion impossible and seriously limits the
applicabilityoof the results to further undorstanding of
the phenomena. . | | |
The only attempt to measure and correlate quan~ :
titativaly the effects or vibration on heat tranafer 13
that of Martinelli and Boalter (105, 106). They subjected
a horizontal, z»inch diameter, one foot long,eleetrlcally
heated tube 1n natural convection under water to vortioal Sz
- sinusoidal vibration. The work was llmited to this one |
diameter and one diraction of vibration. Amplitudes up
to 0.10 inch and frequencles up to 40 cycles per second
were amployeﬁ. Improvements in heat transfer coefficient'
of several-fold were reported. _
An analytical derivation was presented involving
-a number of assumptions, the most important of which are
as follows; | |
1. The vibrating body consiats of a vertioal plate, in-
finitely long and wide,
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2. A viscous layer of the surrounding fluid exists néxt
to the plate. o |

3. The fluid in this layer flows only in the vertical
direction.

Lnd
=

4. The fluid is incompressible and i"fLEE 1 - pt.

5. The variation of temperature gﬁadient in a verticalv
direction is small, | ot

.Those assumptions deserve some comment. Assump~-
tion number 1 is oﬁviously nighly idealized. The vibra-
ting bodyfié a cylinder, which is far from being an in-

finite plane. Similarly, assumption number-3}would'acarce-

-1y hold for a*cylihder, whose vertical motion would certain-

1y foree fluld above and below it to move in a direction
ohaving some horizontal components. Furthsrmoro, since the
temperature gradient occurs across the film whicﬁ oncirclea
the oylinder, assumption number 5 does not apply eithor.
iFinally, assumption number 4 restricts consideration to

11qu1ds ainco gases are compressible and have mach larger
values of 8 than liquids, so that T-_'FE' ‘does not oqual

l -~ ﬂt. In short, these assumptions, particularly numbers
1, 5, 6, are highly restrictive and do not really apply to
the case at hand.

Nevertheless the authors proceeded with an in-

volved derivation based on hydrodynamic considerations to=-
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gsthmr with these assumptiona, and obtained the fbllowing
relati onships -

{—?/Nu (ﬁ) ®

- thero H 1s amplitude of vibration, \w is a hypothetical

;rwf’

angular velocity of vibration in radians per second, x is
Ethp thickness of the laminar layer, and ¥ is the root
mean 8quére velocity at distance x from the surface.

Eg. 9 caxmot give a solution for h sinoa no

methpd 18 presented for evaluating x anﬂ vx.‘ Aeeordingly.

‘the authors assumed a constant velue for the guantity

xV_ / ’ i - o
-5j§£§ and tried to compare eq. 9 with the trend of ex-

perimental data. This proved unsuccessful which is not
surprising in fiew ofkthafmany~haaumptiona 1nvolvad. ‘iﬁ

an effort fofromady the situatioﬁ,.ﬁﬁgfvﬁada certain ap-
parehfiy‘arbitrary changes in eq. 9 and introduced certain
dmpiricalkcpnsﬁgnts-éo £it the data.giving snother equation,

Mﬁ i ¢12000 - 20 (cr x Pr)® | i (98.)
22 o (Hu) & g

A test of this equation with the data of the pre-
sent experiments resulted in poor agreement. In view of

" the assumptions and empirical nature of the eguation this
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18 not unexpected. In fact, the authors indicated that
according to their correlétion no apprsciable 1mprbvement
in h is possible'by vibration in air unleés very large
frequencies (or amplitudes) are employed. This is not
true dt}all, aS’proved by the experimental work of this
dissertation which is discussed later. Furtharmofe, ace
cording to a recent communlcation ‘from Boelter (20)
"professor W. E. Mason of our department reproduced some
of the experimenta'and could not check R. C. M. [Martin-
elli's] results”. Lettepé written to Mason brought 1little
9'1ar1fica"tion. | | o

| A1l in all, while apparently a step in the right
direction, this work of Martinellil and Boelter suffers
from the double hgndicap of a wesk correlation and too
harrowfa‘range of ‘variables, oniy.one diametervand'ong
direction of vibrétion‘having been studied. In addition,
there appeafa to be some doubt as to the validity of their

experimental resultse
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'DESCRIPTION .OF APPARATUS

General: | ,
The apparatus consisted essentially of equipment

and instruments to stretch electrically heated wires,
vibrate them at vﬁrioua amplitudes and rrequencies, and
"measuro the dirforent variables invalved. A schematic

dingram 13 shQWn 1n figure 1.

‘Main Freme - and w1ros'

Threse different nichrome wire aizas uere amployed
as the heated element,\namaly 12, 18, and 22 gage.
Measurement with akmicromefer shoﬁad dlameters of 0.0810,
0.0396, and 0.0253 inches respectively. The frame for
supporting the particular wire in use consisted essen-
ﬁially,of two wooden posts mounted vertically on a flat
board as a base, and braced to insure rigidiﬁy. The
base board‘wdﬁ élamped firmly to the top of a desk and
the entire setug located in @ small, interior, windowleaa
room wiﬂh a well fitting-door. when this door was
© closed and the vantilabing blower shut off no stray
air currents were percoptible.,
Sudh elimination of stray air currenba is of the
utmost importance in natural_convoetiqn.atndies. Had
the apparatu# been set up in a'large‘laﬁoratoryrwhtro

windows and doors are frequently open and pecple con-
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stantly moving about, aizable errors would,have been
mtroduced. Por example, from eq. 13* 2 breeze of only
1 mile per hour would 1n 1tself result in a eoefriciant
of over 12 B'm/hr 34 Thlbdy for the O, 0396 inch wire, which_ :
is of the same arder of magnituda as the natural con-
vection coafricieﬁts under 1nvestigatian; E
Thevﬁepsof'the posts were,béve;ed and‘the>wiro
was strung horizontally across the edges. Eheae'edgﬁa,
36¢3~inches;§p§rt,’thén acted as two bridgea between
whiech the ﬁiré,bquld vibrate, After passing‘b#er the
right bridge the right end of the wire was fixed, while
the left end of the wira.,arter pazs1ng ovqr the left -
bridge, way wrapped around the mdvabie*jaw ar»é Smﬁll
vise, Tightening or loosening the vise varied the wire’
tension Whidh in turn varied the froquency.

: Vibgatgg:

The vibr#ticn inducing element consisted of sn
eleetric interrupter-type buzzer haid in place with
‘élampg. The armature of the buzzer}was placed in con-
taot with ﬁhelwiéé at & point‘abdnt ninc‘iﬁshoa to the
left of the right-hand bridge so that vibrating the ar-
mature also vibrated the wire. The buzzer was actuated
through a awiteh'by eiﬁhor‘onb.li,i volthdny'gell,f
by two such cells in sénipa,pb give 3 vOltsQ Insertion

of a variable nichrome reaisbor in‘aerioa'ﬁith the cell

* Forced convective crossflow eorrolatian (108) mnntiengd
in 8 later section,
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or cells permitted finer adjustment of buzzer voltago..

Eleetrical EQuipment:

| Electric current to'the'nichrame wires waa‘drawn'
from 115 volt 60 éycle maina through two Varlae fariablé
autotransfbémarg-1n'series, which allowed éjla#ge stﬁp—

dowh'in-volﬁaga;» ‘A«Ce was chosen because of 1its ready

availability, ease of control, and laek of effect on the_

’ potentiometer. Tha ‘current then pasaed through a switoh
and across the nichrome wire. Insulatod copper wire |
was naed for the 1eada and was saldered to the niehroms

| wire at points slightly outside the bridgeﬁgap 80 a8

 not to interfere with vibration. The haated lengﬁha
. ' 'vfor the 12, 18, and 22 gage wires were 39 2, 38. 0,
"and 38.5 inchas rQSpactively.A |
Current was measured with either a 0-3-15 ampere
Weston Electrlc ammotor or a 0—5 amporo wgstinghouae
ammeter, the chaioe depcnding on the magnitudo of thn

- current. vgltage was measured with a 0-15-150 volt
wéatbn voltMater. Voltage taps across the nichrome )
ﬁira were soldered in tbgather‘with thé;eufrent taps
at the same points, so that any.veltage~drqps in the
current leads would not:afteet voitmgter fogd;ngp. The
voltmeter was also used to'ahéék*soldéred dcqﬁsétions»

for electrical soundness,
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Vibration Measurement: ? |
| The frequency of vibrgtion'was determined by ob-
sarving the wire under a Vaﬁiable, alectronic, strobo-
scoplce light with a scale re@dahle to an accuracy of
’about one per cent., Thia strqboscopic light was cali-
brated from the patterns appearing on a marked, constant
speed, rotating grinastone as the strobescope frequency
- was varied. Detalls: of this calibration proeedure are |
given in the appendix and will be published shortiy.
The amplitude of "vibration was determined ootically
through a Leitz Wetzlar microscope fitted with a 32 mm.

0.10 objective and a 6x counting ocular’ eyeplece, giving

& magnification of roughly twenty-fold. The eyepiece
was calibrated by viewing the 0.0396 inch diameter
wirefaﬂd_ﬁoting thatkit covered 21.3 scale divisions :

~ of thevfieid. This eorresponds to a count of 0. 00186

| inches per division. The scale in the eyeplece could
be read with an accuracy of better than 0.2 aivisions

or about 0.9003‘1n6h.

Temperature Determination:

The. temperature of the nichrome wire was sensed by
a thermocouple of 36 gage (0. 005 inch diameter) wiros,
one of chromel and the other‘pr algmal. ~These}f1no
thermocouple wirés ware~not wrapped’;roﬁnd’oadh other
but were wrappediargund=th§inichrome wire,twico each, and

separated by a space along;thin jﬁrq of iqss‘thgn 0.3 ineh,
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This gave in effect a spiit'thermocouple Junction with
the actual contact at tho sunface of the nichéome,wiro.
The voltage generated by such a ﬁhermocouplevis the ssme
as would be generated by chromel and alnmel glone in di-
rect contact with each other at the same temperature (76).
Initial atpempﬁa at welding the thermocouple wires ﬁo
the nichrome wire failed. The thermocoupls wires would
' break off adjacent to the weld after only a moment of
vibration. As it was, the thermocouple wires would
break off ahyWay.arter prolonged vibration, and necessi-
tated renewal. The thermocouple waé placed midwey
betweén the two bridges so as to be at the orest of the
vibrating wire. | |

The,thermocouplé voltage was measured by a Wheelco

sk

model 310 potentiometer with the e¢old junetion at room

e

temperature. The galvanometer in this instrument cannot
respond to 60 dycie A,G. and so is uﬁaffected‘by aﬁy
'alternating vbltége the thermocouple might pick up.

The potehtiaméter scale could be read to about 0.02
milli#olts, corbesponding to about 1°F, | |

A survey of various methods for measuring surface

temperature is given in‘ﬁhe’appendix.‘ The thermocouple
. ﬁathod of messuring surface tqmperaﬁurga ﬁaa geleoﬁéd
from the others discussed in this survey becsuse 1t

appeared‘tolbe the best and simplest. The tsdhnique"
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of using the wire itself as the resistance element (ro¥
quiring a platinum or nickel wire) was not satisfactory.
A8 deseribed in the survey, rapaatéd changes in wire

tension associated with changes in frequency would

? have altered ths electrical rasistanoe of the wire and

' necessitated ccntinual recalibrations. A plated Junction,

particularly on a wire of high electrical resistance.
such as nichroma (whoae use is necessitated by the low

current 1imit of the available Variacs), would have re-

sulted in e local area of low electrical resistance

right at the thermocouple junctlon. This in turn would
have resulted in a local cold spot At‘thé point where
thermocouple #olﬁqge is gaharated; Methodé*fha& involvb
setting a thermocouple in a groove'ubuldfhaveyﬁeén_difQV
ficult to applj to something as small as a wire. Fur-

_thermore, evsﬁ~if hhey could have been applied, the

change in alectrical resistance caused by removing
some of the wire metal and substituting something elae
would have resultadxin a local resistance irregularity
and thepefore A'iocal temperature irregularity at the
thermocouple §unction. Other me thods described such
as 1nterrer0metry require very special equipmnnt and
techniques. | | v

As discussed in this suﬁ?éjicn surface temperature

measurement, the error in measuring surface temperature
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directly with a thermocouple 1s small for natural con=
vectlon to air. This was further checked in the following
way: , |
A 12 inch length of 18 gage stainless steel hypo- -

dermlic tubing was suspended horlzontally in ambient alr
in place of tha nichrome wire. Threaded through the
tube was a varnished chromel-alumel thermocouple made
of -the usual Osooslinch wires. The junction of this
electrically insulated thermocouple was centered longl-
tudinally in the tube so that the temperature Inside

- the tube could be megsured. ‘This was essentlally the
vs'ame as the temperature of the outer’ tube surface since
_calculation showed the thermal reslstance of the tube
wall to be negligible. Centered longitudinally on the
outside of the tubénwére cﬁromel and alumel wires wrapped
around the tubs in the usual way to give a split junction
thermocouple measuring the outside surface temperature.
The tube was then electribally heated to various tem-
peratures. For-theae various levels of heat flux, the
‘temperature‘indiqéfed by the outer thermocouple was

lower than that of the inner by only 3% of at (the -

- difference betweén tube temperature and ambient tem-
perature) correspon‘dfmé to a difference of only 3% in h.

Attempts to properlykvibrate'thisfhjperdefmic

tubing failed. The vigorous motion caused the varnish
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to short through electrically even when several coats“
were applied. - Other su?face’coatings-were tried but |
~ gave the same'fesults.‘ Finally after some difficulty,
a plece of thin plastic tﬁbingvﬁas'obtained through
which the internal thermocouple was threaded.. This-1ﬁ~
turn was threaded through an 11 inch length of 17 gage
stainless steel_hyperdermic tubing, which was the narrowest
gage into'which’thﬁ plaétic tubing~wou1d‘f1t,f An~extern§l~
thermocouple w§s attached as before‘ahd the whble,assembly
:mounfad gnd_elect#ically'heated to variou#'temperaturéa
‘as before; -The'asSembly was first kbpt‘stationafy’andv
"then vibrated at various amplitudea and frequencles., It
was found that regardless of vibration or 1ack thareof
the difference in temperaxure betwean,internal and qx-‘
fterﬁal‘thcrmocouplgs fanged from about 2% %o 3% of At
(and theréfqre ,'sﬁbout 2% to 3% of h) with the external
thérmocouplé alﬁéya the léwar. Thus the error'is‘nob
only small'buﬁ;ia roughly constant which'tandavto make
it cancei out?of'the‘final éOrrelations,‘as w11i be
evident later.

The possibiliby of vibration 1tself generating
‘any appreciable heat Was 8180 chacked. It was foundi
that vibréting the niohfqme'wiré&;or'the_hypardermic
tubing without passing'curfentffhrongh thém‘résulted'

in no measurable wire or tubing temperature rise,
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1nd1cating no #ppreciable heat being generated byvﬁhc
vibration itself. Similarly, by disconnecting the,'unk-'
agé between buzzer armature and heated wirﬁ so thﬁt’the
wire remained stationary, it could be demonstrated that
the sound of‘thé‘buzzer bad no effect on the wire tem~
perature and therefore no effect on h. o

It ﬁight also be pointed out that when takling tem-
perature measurementg there ﬁas-a clear distancé of
about & 1nche$ rrom the cqntrél pbrtion of the nichrome
wire. to the flatf,hobizonﬁal, micrqscdpe supporting sur-
face directly béiow it."This distanca was more than e~
nough to 1nsuré the abaence of‘gny measurablg;lnfluenée
by this surface on-the«hwat trensfer coofficient. This
was checked first by removing this surface 8o that there
wes a clear disténce‘bf about 2 feet to the deskﬂbelow;'
and éeeoﬁdly ﬁy{holding a flat,.horizontal, surface di-
rectly beloﬁ;the wire, a dlstance of 1 inch away. In
each éﬁse.thére was no measureablekerfeétlcn ﬁhe tempera-
ture of thetheatéd w1re. |

Several thbrmocouples‘were checked at varioué tem~-
peratures against a calibrated mercury thermometer with
‘a resulting agreement of about 1° F, which is about the
precision of the pofentiométer;. Ghecking:tﬁarhécbuple; |

directly against wat ateam feau1téd in similar agreement.
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- EXPERIMENTAL PROCEDURE

For eaoh'wire runs were carfiéd out wifhout vibration,
with hprizontal vibration, and with vertical vibration.

.Stationary Wirea:

The procedure*for obtaining experimental data fbr a
stationary wire began with certain preliminary adjuatmenta.
First the potentiometer was electrically zeroéd against
its atandard cell and the cold jqnction compensating :
nsedle Sét'ror’rQOm tamperatura.' Next, thﬁyvenﬁilatigg‘
blower for‘the room'yasfshut off and the d99r p1osed{to‘~
.éliminate stray air currents. The'wire was pulled taut by
v’tightoning the vise. Voltﬁga was then appliqd aér§aa tho
’wire,and adjusted to the desired value wifhithe Variﬁcs,
The time'required‘to reachfequilibrium varied'from'ébbdt )
three minutes fbr ths 0.0255 Anch wire to about fifteen

minutes for the 0 0810 1nch wire. 1In general, however,

more time was allowed “than this to be safe, Tha'potantio-‘

meter was then balanced and\its millivoltago reading eon-

verted to temperature. The ammeter and voltmeter readings

were also taken. When reading the ammeter, the voltmeter
was ﬁdmantarily disconnected because it drew a small a-
mountvof current.iﬁ parqllel'with'the_nighrcme wiréo " The
'~ electric éircuit waa\pgréiigfésﬁétiée sd”that the pover
"factor gqualedAunity,lgndithp prbduct df‘amperes and volts

gave the power~dia$1patad;ip watts. As small changes in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




1

room»temperéfuré took place the compensaﬁing nezdle was
adjusted accordingly. The nichrome wire was occasionally
gently‘polished with fine steel wcol to keep its surface
clean.' No;appreciable reduction in dlsmeter resulted from
this carefui_polishingo ’

Vibrating Wirés:

The procedure when vibration was desired included the
above detalls toyetmbr with the necessary technlqueq for
inducing and measuring the vibration. The position of the
buzzer was adjusted to the wire to'give good linkare bg-
tween‘armaturesand wire. With 'the largest wire sizebthek

o wire Was sometimes tled to the armature with élpiece of
fine cord. Voltage from tne‘drficells'was tlen applied to
the buzZer,but it was usually nécassafy'tc flick the wire
near its centur to nake 1t orbak into vibration. The
tension on the wire was adjusted with tbe visp to give
the approximate dgsired freguency as deterﬁimed by the
stroboscope. Since heating the wire relaxed its.tension
and vibraﬁing the wire cooleé it ﬁith an opposite effect,
readjustmenﬁ éfvtension was necessary to obtain proper
vfreQuency-and stable vibration.

Additional Adjustments for Vibrations

Thls matter of keepings stable vib ation was sometimes

troublesome. ~Theoretically a given stretched wire has
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only one natural. fundamental frequ@ncv waever, in prac-
tice this was not qulte true for the systpm because the
wire supports and’buzzer supports were not absolutely |
rigid. As a result some energy from the movlng armature
foﬁnd 1ts way into these sup.orts and was then fed back
into the wire at a frequency different from the natural
frequency of'thg wire. These frequencies beat against
each other with the result that the‘amplitude of wire

vibraticn sometlmes tended to fluctuaste appreclably. To
eliminate this effect the wire tension and the linkége
between armature and wire were both.adgusted until the‘
effect disappuarad.

. Amplitude of vibration was adjusted by varyiong link-
age, tension,andzbuzzer voltage. For the cése of hori -
zontal vibratidﬂ; the vibrating‘wire was sighted horl-
auutally apaiqst a wmark at the sare level as the wire
some distance away in order to be sure the wire was actu-
ally vibrat¢ng/in a hor;ZOntal direction. Similarly, for

~vertical vibration the vibrating'wire was sighted verti—
cally againstva mark directly below if.

‘Paleing Data with Vibration:

/

After equilibrium had been reached the ammeter and
voltmeter readings were taken anc the wire temperature and
room temperature recorded. The frequency was then deter-

mined by darkening the rOOm.and‘shining the stroboscopic
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light on the vibrating wires The strcboscobe frequency
was varied from 1ts maximum on down until the wire appear-
ed to be motionless or nearly so, at wnich point the scale
reading Wag‘c<nvarted to true frequency from the calibra-
tion curve in'the uppendix. For wire frequencics b»low
the scale range the gtreboscope - frequency was carefully
reduced from its maximum until two nearly motionlsss wires
seemed to appearjand the true wire frequency obtained LY
dividing the;fféquency obtained from the calibration

chsrt in half. | | «

The amplitﬁdélfor hurizontal vibration was deter-
vined by slippin~ the microscope stage under the center
“vof the wilre and obsorviug the motion bv strohoqcopic light
through the calibrated grld in the eyeplece. The "appar-
ent" awplLtude,wuioh was the clear dlstance 1n grid di-
visions betweén~the inn@r‘eéﬁes of the vibrating wire or
in other words one wire diameter less than the truc am-
plitude, was noted and’ converted to true amol tude.
oll”ht deviations of the wioroscoyo varrel from the verti-v
cal were of little consequence since they merely corre=
spond to v1ewing the vibration at a sl¢;nt an rle from the
normal to the gl&nc of vibration, or in other words as a
projection &t a slieht angle. The 1ength o€ he imege
projection is propCriional'toknuu cusine of the angle of

deviation,{which for small anglés is practically unlty.
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For example, for a‘barrel_deviation of’gs Qﬁch.as.5°:fr0m
the verticalithe»cosine would be O.996;'ian’orror of only
0. 47;; . |
The mlcrogCOpe was slipped in place only after the
wire temperature readin& was taken since its presence
might induce some - disturbance in the air which would affect
the temperaturs at the thermocouple Junction. ,dowever,
the microscope waé‘left in place until adjustments were
complete for the next run and then romovede In this wayv'
two amplitude detorbinatlons could be taken for. each.run
as a check. |
Fbr vertlical vibratlon the procedure for amplitude
"’determination was sliqntly different. For this case the
barrel and Stdg@ were ‘tilted backward until the barrel
was horizontal, Slight deviations of thc barrel from this‘
horiéontai position were of little importance ‘for reasons
'fsimilar to thosa pointed ottt above for tne case with the
barrel vertical.J However, contrary to the casc for the
vertical barrel it was not convenient to slip the micro-
~scope in and out because the stage in terfered and could
not be ramoved.' Accordingl; the FiOPOSCOpe was 1eft more
or less permanently in position about one third of the
way from the left end of tho wire.‘ Mith the stage vertical

80 a8 not to interfere with.rising convection currents
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this waé sufficientiy‘far removed from the-thermécouple
'1unction so as not to influence 1t. This‘fact wes checked
gseveral times by rcmov1n9 the microscope and observing no
change 1in potentiometcr rsading. The instantaneous arc
assumed by a wire'vibrating at its 1unagmental frequency
is 1505 of a sine wave. Thus by reasuring the positions
of the microécope and junction along the wire together
With.observing>the am@litude through the microscope the
true émplitudé at the junction was réadily calculatede
BaroméﬁricybreSSure was.measured with a mercury
manometer and alr. humidity determined with wet and dry
“bulb thorwom ters. These readings were taken only once
each day since their range of fluctuation has 1ittle

effect on the results, as will be svident later.
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VIBRATIONAL WAVE FORM

Introduction:

In this work the wires are éubjected to an external
vibrafing mechahiém, namely the buzzer. Observation of |
the center of the wires through the microscope by strobo-
scopic light showed the vibration was essentially sinu-i;
soidal. 7

It was felt, however, that 1t wouid bekof interest
to get = directvvisual‘piCture Of’the‘wave form, and if
posSible record it photographically, This was done by
allowing the wire to vibrate ét\righb angl5s to a uni-
form magnetic fleld, picking up.the'indﬁéed e.m}fg,
"amplifying it, and projecting it on an oscillosccpe
screén. | | | |

Experimental'Details~‘

The magnetic fleld was placed at the center of the
wire to take advantawe of maximun amplitude. It was ob-
tainea from two rectangular-faced alnico permwanent magneté
fitted to‘gzetné'rfin' the attracting position with opposite
pole-piecesvébofe and below the 0.0253 inch nichrome wire.
The'wiré.vibrated'horizontally W;thout a@proaching the |
edges of the ﬁble-pieces even'ih;iﬁs e;treme positions,
thus assuring Qihfation‘in gn éssentiaily uniform field

of magnetic flux,
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A short length of'0,0QS'inch,varnished‘coppor”wire
was carefully fixed againsf and parsllel to the nichrome
wire so that it executed every movement of the héavior
wire wi_thyout' belng in electrical contact with i1t. The

~enf induced in this copper wire was picked up by the
amplifier. That generated in the nichrome wire itself
was not used because 1t also vibrated near the main mag-
netic fiald'of thequzzer which might have acted as a-
disturbing influence on the desired emf. ‘

The amplifiervoﬁtput was fedfto the vertical ioout
of a DuMont oscillograph whose Internal sweep supplied
the horizontal coordinates for the patterns on the screen.
Removing the alnico magnets‘or stopping the vibration
romoved the pattefna from the screen, thus proving they
were “enuine and not the result of electrical cross-talk
or some other spurious effect.

Resultsg

Oscillograms examined for various freguencies and
’amplitudms were all essentially sinusoidal.

Itlshould be pointed out that strictly speaking the
oscillograms'dovnot give'the forms of the vibrations'as
such bﬁt rather the first derivatives. 1In other words,
they do not ropresent a plot of distance apainst time,

but rather & plot of velooity against time because tne
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motion or velocity of the wire generates thé.emr, not 1ts
position. However, since the derivative df a sine wave

- is anothcr‘aino}wave, the wave form comQS'throughvuﬁehAnged
except for tha usual magnification of;imperféctidna‘that

' ococurs when a'derivativa.is taken. | ;.

| Photographihg the oscillograms ﬁfoved difficult, Fige. 2

 shows the result of such an aﬁtempt for a vibration of 100
cycles per aecdpd frequancy'and 0«12 inch amplituﬂg; in an
effort‘to at leaat part1a11y compensate'for the phbtographie
deficiencies 1nvoivéd and show the wave form more naariy'as
1t appeared to the eys, a "retouched" tracing'of’fig. 2 1is
shown in.rig..sy The‘esséntially‘ainusaidal}Shape of the
wave form is evident.iﬁ either figure. |
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WAVE FORM OSCILLOGRAM - FIG. 2

superimposed in

True sine wave
white,

WAVE FORM OSCILLOGRAM TRACING - FIG. 3
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" DISCUSSION AND RESULTS

Results with Stationary Wires:

In order to study properly the effects of vibra-
tiqn on hgat‘transfer, control runs had to be made f;rst
without vibration. These are shown in table 1. The
wattage Q’for the entire heated wirerlength 1s converted
to G in BTU per hr. for a unit 1éngth of one foot, from
which coefficient h is computed by eq. 2.

A plot vof Q and h against At for each wire 1s
- given in figs. 4, 5, and 6. Inspectlion of these figuresm
reveals a gradual increase in h with increasing A%,
which agrees with the results of previous inveétigétors.
This phenbmena may.bé explained physically by the fact
that an increase iIn At reduces local air density ti:us
producing faster rising convection currents. This in turn
makes for a greater local disturbance and a thinner film.

| AsfdiécuSSed previ&usly in the survey on heat
transfer the‘ﬁsual way of presenting aﬁd comparing data
‘ror'natural convection without vibration 1s by correlating
Nu kgainst'(sr x'?r), as indicated in eq. 8. To accomplish
this here, first the quantity g/o°ﬁ ge/ck) for air at one
atmosphere préésure (108) was plotted against'tempefature
in fige 7. The hnmidify and the deviation of actual baro-

metric pressure from standard have only a very small effect
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and EQprefore were omitted from calculation at.thisvpoint.
With ff%% 7 the product (Gr x Pr) was readily computed at

tf,uaing gq. 10.
2 : :
Gr‘x Pr == %A%-&g (D2At) - (10)

The Nusselt nﬁﬁber was then calculated with thermal con-
ductivity data (118)vat te, and logyo Hu plotted agalnst
logyo(Gr x Pr) in fig. 8. Results of previously mentioned
investigators (6, 4¢, 96, 130, 138, 148, 170) are also
shown. Ihspection of this figure shows the résulta of
this 1nvestigation agree with the trend established by
these earlier 1nvestigationa and give about the sams scat~
ter. Por an average curve (shown solid) the average de-
Hﬂation is about 5%; For further comparison the pré-
;viously discussed curves of McAdams (108) and Rice (158)

are also presented.

Effect of Alternation in Current on Temperature:

The wire temperature does not rise and fall ap-
preclably with the rapid alternations in current. The

mass of the wire and the thermal resistance of the fllm

keep fhe wire temperature‘virtually constant with respect
to time. This can be shown by considering the worst case
(run 54) and making the unfavorable but simplifying as-

sumption of a sudden interruption in current rather than

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



 ~'55 -

'a,more gradual sinusoidal change. Use of the well known~v
unsteady sﬁate chart (108)<for alender‘cyiinﬁera,’togqthor
with this assumption, indicates a negligiblg change in
 temperature, too small to be read from the chart. By an-
alyticalbcﬁmputation\the change in z&t amounts to léss ﬂ‘
. then 0.1%. - el

Vibrating Wiress

Fbr vibrating wires, the effects on h of five
major variables were 1nveatigated. These a;m At, am-
plitudé/of vibration, frequency, wire diaméter, and die
rebtion of vibraetion; that is,‘wheeher,Qib:atiQn waa‘
horizantal ozﬁ vertical. The overall range 'for At was
from 7° to 365° ¥, for H from 0. 055 to 0.231 1nch, for P
from 59 to 122 vibrationﬁbpar second, end for D from
0.02563 to 0”0810 inch. The runs are tabulated in table 2.
Entries in column 10 of the table such as 6620/2 simply
mean the stroboscOpic light was set at twice the frequency

of tha vibrating wire to avoid the-necessity for going
below the 1nstrument's scale.' Thisfpoint was discusaéd
éarlier.« Amplitudes are tabulated in terms of microacope
grid divisions directly.

Values of h arethmputgd‘invthe,séme-manner a8
for the case without vibration. These values of h are for

- the cqnter'portion orlthe ﬁire‘where the thsrmbcouple is

' *Defined as the distance between extreme positions of the
wire centerline over the course of one complete cycle.

*teyeles
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located, and not for the wire as a whole since'the ﬁmpli-
" tude of vibraticn varies along the 1angth of ths wirso

waever, because the eenter portion of the wire reprasenta

the top of a sine wave and as such is quite straight (flet)

even at the crest of a vibration, thase values of h which
are calculated;and later ‘correlated are essentially for '

#ibrating‘horizontal cylinders.

Electrical Resistance of Vibrating Wires:

Ths value of q ‘used in calculation is assantially
the é;;rage for the entire wire. No significant error is
introduced in this way despite the fact that vibration in-
creases h and therefore cools the center portion of the
wire more than the ends. This is because the electrical
raslstance per unit length of wire varles only s11ght1y |
from end to center dus to the change of” temperature with
1ength. A change of as much as 1456° P, whieh is the worst
~case (run 85)-would 1nvolve a dirferenoe in elactrical re=-
sistance (46) rrom end to center of about 236 : Since thé
entire wire 1s measured elactrically, that 1is, both hot
_and cold portiona are.included, an average effective re=

~ sistance 1s involved. This means thaaeffective»change~in

resistance is about hhlf,thé 2%, or only about 1%. Since

the heat generated anywhére along the wire equals the pro-

duct of current squared times resistance, and since the

/
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vveurrent must be uniform throughout the length of the viro,
the maximum error in q is enly 1%, which is negliglble.

'Thgfprrors for the other runs are even smallers

Gonduction Alogg Vibrating Wires:
Thﬂ haat diasipated anywhere along the wiro o~

quals that gensrated because no appreciablc quantity of-
heat 1is conduoted along the length of the wiro, even for
‘the wire with the largest diameter. -This fact 1s prcved
for ths worst easo (run 137) by caleulation using the
,method of relaxation (47). The method 1nvolvas dividiug
the wire intc 15 equal elements and vriting a heat balance
for esch one. Detalls are given in the appondix but the )
results of‘the calculation may be aummarized as fbllows:

Net heat flow bz éonduotion into central element = 0.3%
Keat 5anorated in central element

Groateot hoat flow by conduction anzwhere alang wire . o. 04%
~ Total haat disaipated by wire

Additional conrirmatory evidence of an experi-

mental nature. was also obtained. The electriocal circuit

was temporarily re-arranged 80 that current paased only
through the left~hand third of bhe thiekest wiro.v A

similar wire was used as the electrical lead-in rather

than & copper wiré‘t0 prevent extraneous hsgt,conﬂuction

along the lead wire. The'thermocnuple was located as usual
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at the center of the maiﬁ wire which wés six inches from
the hsated saction. The temperature of this heated seetion
was then ralsed to 301° F. Neverthalesa, the thormoeouplo
Junction only six inches away along th@;viru remalned at
" poom temperature as far as the potentiometer could:deieat,'
e thus showing the heat conducted along the wire was negli-
f?a;  gible. By similar reasoning end effects are also without

: 7v‘, 1nfluenoe on tha center.

Radiatiou:
| Tha rate of hsat transfer by radiation, i 13
'given by the well known Stefaanoltamann Law in the form

| /1. \* B |
qr,o.ruea (ﬁ%) - (ﬁ%-> | .‘ "g‘(n)*

where A 1is wire*surracé in £t.%, ¢ 15 emissivity, T, 13”
,wife*surrgéa,teéperature’in ® R, and Tb 1s Qngironmantdl
temperature‘in-i'n; No value for e could be 1ocated'tor
nonQQxidizéd nichrome wire. However, using an e for nickel
wire (129) of 0.1, computation by eq, 11 shows that for the
case yith-the g:eatestvradiativa hsat»rlux density (run_go)
‘qi/ivia ibsa ghan 596 of the tbtal heat transférrod;per
unlt area. Fbr other runs qr/h is even smsller. Thus tho
contributién of radiation is trifling. Furthermore, as :
" will be evident later, the final correlations deal with
a ratio of coetficients rathsr than with coefficients them-
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selves. Thus in most cases the effect of radiation virtual-
ly cancels out. For example, tha'efféct‘on:tﬁie ratio for
the case mentioned above 1s about O. lﬂQ which, of course,

is nagligible. Acoordingly, radiation may be safely ne-
glected.

‘Effect or Vibration Variablea:

| , Runs illustrating the efrecta on h of amplitude,
kfroquency, and diameter, together wibh At, are 1isted in
tables 3, 4, end 5 and plotted in figs. 9, 1o, and 11 re-
spectively. In general, these errects are 1n accord ‘with

the film concapt, as will be shown sﬁbsQQuently 1n detail.

BEffect of Amplitude: ; , ,

| The effédt of amplitude is kiliu‘atratad in fig. 9.
Holding other variables cénstant ﬁhis figure‘reveﬁla an . |
increase in h With an increase in amplitude. Thia is in
accord with the film concept and follows rrom the 1ncreasad

' udiaturbance and thinning of the film that results from an
1ncrease.1n amplitude. The term "diaturbance" 1s-nsed
rather than "turbulence" because it 1s not really known
whsther the air motion 1is laminar,_turbulent, or both.

This figure also ahowa‘that a given increase in

amplitude produces a smaller increase in h at hlgher valuea

of At than at lcwor values of At. n other words, the
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effect of amplitude diminishes as At increases. This
can 59 explained in terms of the increasedldisturbanqe af
the film due to natural convection currents produced by a
higﬁ' A t. TUnder these conditlions the additional distur=
bance caused‘byian 1ncfease in amplitude reprééents a
smaller prbpqrtion of the total disturbance than it does

, fbr'ths situation with a low At and feebler naturai conQ

vection currents. In the extreme this results in a nggaé

tive slope at high amplitude in fig. 9, Further discussion

of this point must be deferred until the Reynolds number
for vibration 1s introduced.

Efrectvof'Freguencx

The effect of frequency is 1llustrated in fig. 10.:

Hblding the other variables constant, this figure shows
~that an 1ncrease in frequancy 1ncreases he ‘This follows
from the increased overall disturbance at the film produced

by increasing the number,of vibrations per second and hence

the number;or’times per second & disturbance at the film i

'creatod.k°fhe-figdre also shows that frequenéy has a greater
v}erfect on h at a largnr amplitude of vibration than at a
amaller amplitude.l This 1s to be sxpeeted since incraasing
the number of times per.aecand_that_a largerdisturhance
| occurs results in'a greater overal}'disturbance at the film

than would result rrdm,cdrrespondingly inocreasing the fre-

-
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quency of a small disturbance.

| Analogous with the case of amplituda diacuésed
previously, fig. 10 qhnws that a given increase in fre-
quency produces e smaller increase in h atvhighar values
of At than at lower values. Again paraileling the case
of amplitude, this may be explained by the dacraasoﬁ»ra-
lative effect of the disturbance at the film §u3¥to vibra-
tion’wﬁsn compéred'to the 1ncreaséd natural convection

disturbance resulting from the increased At.

Efrect of Diameter:
- The erfect of diametor is 111ustrated 1n fig. 11.

The frequency parameter could not be held conatant over

' all three diameters because the 0 0810 inch diameter wire
is comparatively much.more maasive than the other two

" thinner wires and therefore vibrated in a 1ower frequency
range. Accordingly, the parameter chosen 1s the average

- weloeity of vibration ¥ in feet per second. This ¥ is the
diaﬁancevéoverod by ths~wire in one vibration divided by
the time elapsed. 'Thus; | |

v = 2HF | o - (12)

Further mention will be mado of v 1ater whan tha Reynolds
nunber for vibration is 1ntroduced.
 Dotted lines for the stationary w;fes (v =0)

are shown in fig. 11. The points for these lines are not
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" shown here for the sake of clarity but gay,bg found'ink
figs. 4, 5, end 6, | 3
~Inspection of”fig. 11 ahcvl\that h increaées

. as the dlameter décreasea, holding v and A+t constant.
This may be explained physically by the decreased hind=
rance to natural convaétion currents offered‘by a'deéreaae
inﬂwire diameter. A thick wire tends to block rising
'naturalrcoth¢tion currents thns.diminishing,thsir of-

fectiveness 1n‘reducing‘f11m thickness. The figure,

however, abows,that‘thq effect of diémeterfehange“dé-

creases as the everage velocity of vibfation'incruésea;

In other words, the lines in the f'ign'm'_’becogxe e.loab:é
togather as v 1ncreauéa. This rollows:from'ths deorsased
rglative‘impbrtancgfuf dismeter hindrance to natural con-
vection currgntsi(inwarfocting £film thiéknéaa) when com=
pared with the 1ncreasédvdiaturbance produced by 1ncr§aa-
ing vibratioh.» L )
|  Pigure 11 also shows that an increase in aver-

- age velocify”ﬁauaee a smaller increase in h at highgr
values of At than at lower values. This is due to the .
decreased relative effocﬁ'on the film of the disturbance

| due to vibratiénvwhsn compared with the 1ncraased natﬁral

v vconvggtion disturbance_resuiting-fromnth»'increéaed» At.
 Th1s stemé from the qorresponding 1nd1vidua1 effocts rbr.

“amplitude and frpquehcy,discusaed previously. As with
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fige 9 the slope 1s negative for high values of the para-
. meters Further discussion of this point mist again be

.postponed to a later subsection.

 Effect of Dxreétion of Vibrations
The direction of vibration has no effect within
the limits of experimental error. This can best be seen
from figs. 13 end 14, The solid points represent verti-
cal vibratibn;and the Hollow‘points represent horizontal
vibration. No difference in trend between the two types
-of points can be discerned. Furthbr diacﬁssion 6f these

figures appears‘létera

"~ Physical Picture:

With regard to a physical picture, all that 1s
known with certainty is that the wire moves back and forth
(or up and down), constantly accelerating or decelerating,

in a non~homogenous field of rising convection currents.
Tho actual film phenomena 1s undoubtedly quite complicated.
.ﬂevertheless,-the experimental data do seem to indicate,
at least as an approximation, that within the limits of
the pfesent range of variables the vibrating wire does

v ggg,carry the film back and forth with it as represented
‘in fig. 12-A, but rather that the film su:rdunds the en-

- tire vlbrating path as represented in fig. 12~B. The
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evidence to support this contention is threefold.
1. If the wire did carry its film back and forth
‘there would be something of a vector summation of velo=
cities at right angles between the horizontally moving
wire and-the risiﬁg eonvection current, as shpﬁn in fig.
12-C. This vector sum would never be 1esa‘than the verti-
cal 6urrent itseif, and except for the two instants at
eithér creét_of the cycle, would always'be greater. On
the othervhand;.the'Vector summation for a vertically
‘moving iire’would result in a net addition half the time
ahd in é ééncelling subtraction‘during the other half.
Thus the average effective #eloclty over,afcycle for
vertical ﬁibfation would be less than that for horizontal

'fvibrétion. This would mean a thiecker film and therefore
a lower h'for Verﬁical vibration as compafed with hori-
zontal vibratioﬁ;; Now, as pointed out in the pfevioua
subéection, no 51frerence could be discerned between the
éffécts of hgrizbntal and vértical vibration. Therefore
it appears unlikely that the wire could have carried its
£film back and forthlin the manner indicated in fig. 12-A.
This means the wire must have "stretched" the film out,
as indicated in fig. 12-B. |

2 The shape within the stretched film (shown.
shaded) would prdbably_have much the same réte of natural
convective heat transfer in a horizonﬁ&l position as in a

vertical position. While the author knows of no data for
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such}a'conriguration, dOrrelations (23) afe available for
plane éurfdces (fig. 12-D) in air at moderate conditions of
temperature and presﬁuretwhich indicate that h~f¢r § verti-
cal plate,-aé‘compar&d to that for a horizontal plate facing
downward,‘aﬂ comﬁared to that for one facing upward, is in
the ratio 55;71:35 for laminar flow and 1n the ratioi
13:17:8 for turbulent ‘flow, all for fized dimensions and
At. Thus for laminam flow a horizontal plate loses heat
from both aurfacea at a rate proportional to 71 4+ 35 = 106,
while a vertical plate loses heat at & rate proportignal
to:55 + 56 = 110. The4r91atively close agreémentgbetween,
the two sums is evident. The corrvésponding,smtioﬁa for
- turbulent flow ave 17 +8= 25 and'1$‘+ 13 = 26, Hbfe
again the close agreement is evidenﬁ.f Thus, while this
does not atrictly prave that the shape shown in fig. 12-B
has nearly the same acefficient in a vartical or horizantal
position, it does represent strong evidence in that direction.
3. A aimple experiment was conducted wharein a lit
cigarette was hsld under one of the wires in horizontal vi-
~ bration. 'I'ha smoke appeared to curl up and around the vi-
_ brating path, as illustrated in fig. 12-E. No smoke was
observed passing'ﬁhrouéh the vibrgtingjbath. This would
" seem to indicate the existence of gwétreﬁchsd'film.
It might also bé"pcinted. out that even on an

intultive basls it seems more reasonable for & rapldly
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8

vibrating wire with moderata or small amplitude to stretch
out its film rath@r than to carry it back and forth¢ The
comparatively sudden and‘rspeated changes 1n_direction»
make 1t difficult to visualize a moving film that would
keep up iith the wire. In other words, while for a ﬁira
‘gently wafting over an extremely large horizontal amplitude
of perhapa 19 faet this would probably be true, the concept
of a stretched f£ilm appears more reasonable for the smaller
,amplitudes and highar frequencies employod 1n this 1nvest1~
gation.
Admittedly, these argwmenta do not repreaent a

rigorous proof of this stretched rilm coneept. However,

in the cpinion of tha author, they do conatitute rather

- 8trong evidence 1n its favor.

COrrelating,the Datag

Thb_dgﬁa was taken with an eventual overéll cor=
relation as the goal in mind. ‘A mmber of different at-
»tempts were made to arrive at such a oorrelation. The
equation of Martinelli and Boelter discussed previously
~in the vibrations survey and modificationa thereof were
tried, but without auccess. Various other theoretieal
vand empirical«attempts were made but prdvéd uﬁaatiafactory.

~Among these ware attempta based on the stretched
}film eoncept. The internmal dimensions (shaaed~portion) in
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tig.'iz-B are detéfmined'by the amplifude and wire dia-
meter. In fact, the increase in h with 1hcr6aaing ampli-
tude ean even be explained qualitatively as being due in
part to the resulting increased circumference of the -
stretched film. However, the thickness of the streteched
£1lm depends in part on the frequency, and no method for
relating the two could be devised. -
AtﬁQmpta were also made to agcountﬁfor:thé re-

sulting h in terms of a known natural convection effect
added to a khowﬁ‘forcod convéction effect. This waa done
by trying in some way to "ada" an efrect from eq. 8 for

. natural conveetion to an effect rrom the corrasponding

v?akncwn}(loaj equation for forced convection which is of
the form | ' | R ‘

M= ()P Ry 3

This also failed. e

Other unsuccessful attempts at correlation 1n- ﬂ

volve cartain terma not yet defined, and are outlinad in

ftha following sectio The only me thod of attack which

. d44d pruve_suoceasful was that of dimensional analysia‘i_

}Dimenaional Analyala and Fbrm of aanaral corrolationz

 The coefficlent h.may be written 1n terms of
variablea a8 '

h = ¢x(°:/uv k, :ﬁ'o”ﬁ: A't’ g, H, F) (14) |
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or $s (‘3)/0('0 k, h, D, SO pn At, g, H’lF) =0 | (15)

.whara each subscripted ¢ appearing both here and'laiar
représenta some function. Now the various terms in eg. 14
can be 'arranged in dimensionless groups. The first ate-p,
tharefcre 1s to find these groups.

The basic dimensions are heat q, time 7*, mass M,
absolute temperature T, and length L., Then,

=o'l By M5 06 g% (At)‘a g?E W r-’“‘u (16)

arns(gl) ) (ﬂr) ML.)"«% (L) s(n.,.)‘i (%‘v

()® (%)é’(n)‘m (%_)a“ - an

: where W represents some dimenslonless quantity and each
exponent a 1s a constant. '

For each basic dimension,

a3 51'+o.3+a4-=o | sl (18)
M "'f‘z","-‘s -8, - 28 “‘?11 =0 | ~_v_;‘“"’-'
M;s. -a.]"v-c- aé’- +tag =0 | - = o  (2£‘)) =
Ty -8y - ‘s.:s -, -n,, + é.e = 0 : , ‘ (.21‘)‘ :
Ls éag-as-2af‘+g5-3§6+§.g+a10=0 | (22)

Solving for 54, ag, :"7' ag,‘a‘n’d ali in terms of the others »
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ag = ‘3- - 8y (245

8, = 84 - (25)‘

Lt = - 8y + 3%?2;3 + 2a . a0 (27)
'subatitutv.ing hﬁveqo 16, o ,
’w,z . 1/;2 e B D“ 5 172 6% (pp)"8 1"9‘2"‘3 5"10

11‘10 . 1+3a2+233+2a5+2g10 n : o (28)

»mup:l,ns.._ | S DT SR o | ‘
'w- 358 ( )"2( ) (””)ﬂpm)a(s)“’ (@)
Since DF' haa tha same dimansions as g 11: can be aubntitutad |

for g in any of the <11mensionless ‘groups of eq. 29. Similar- o

. 1y, aubstitution of Dk for h, H for D, ﬁﬁ for /u, and |

2/3 4/3

A—/(.Tz%- for F". lesds to the groups o
' D& -] . '
() (). (8). (52%) vav. ()

(‘1‘:‘"“) (m-—%) (P-:ﬁ-'-& ,-(ﬂA.t),v (%) ‘(‘3\:‘;‘)

80 “that
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%% From eq. 12 the quantity 2HF 1s the average velocity V.

o

Aceordingly, a factor of 2 may be included in the group

(Rg/iﬁ) to giire a t‘ype of Reynolds numbeif.*

a-QDHF/a-B DY N

Re = =4 (31)

Modifying eq. 30 slightly to include this factor of 2,
\  /2DEF 2 %) | H '
e, [(), (222), (2%). 000, (§)] o
R iR T A » o -
‘The next major step is to determine the form of |

the function. Among the different forms investigated was
that of writing 64 as a produ_etz' of gﬁoﬁps raised to powers,

= na:helfyf . ,
" | Gy fome « s 8.\a LR
k()™ () (24 e oo™ (" o

where K 1s some constant. |
N ‘Now, when ax_n.bl-_i‘tude H is zero, that 1s, when the wire 1is - u
a’tatio'n’ary, %gmust‘be some poéitive"finite*mmber since |
oo there will still be heat transferred by ordinary natural
o cénvveetioni.v This means that @, = « ag. Hovever. this in

S turn means that H is without e,ffactv’on h since the net

*Note: It might be pointed out that this concept of a vibra=-
tional Reynolds number was devised independently by the
present author before he managed to locate the obscure
work of Martinelll and Boelter (105, 106) who used a
somewhat similar idea, as indicated in eqs. 9 and 9a.
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exponent on H 1s zero.‘ This 1s contrary'to experimental

evidence presented earlier which shows that the amplitude

P T
: ,y‘\ B nE

has a marked effect on the coefficient. Therefore the
fbrm of ths function glven in eq. 33 1s unsatisfactory and
some other form must be devised. |

}Qonsidering again eq. 32;-vhan vibration is ab-

‘sent so that H dquala zero this equation reduces to

h [ (’3?—-”—-5) , (B At)]

However; as discussed in tha heat transfer aurvey,,previoua
¢ investigators bave shown that eq. 8 holds when vibration

1s absent, or
- ¢\1 (D’@ ggat)

This indicates that (27fl_ﬁ> and (ﬁ At) 1n ede 34 can be

combined to give the Grashof number. Substituting into
eq., 32 and writing the effects of vibration as a "correce

tion" to Q(Pr x Gr), .
a=[oeee x om)| 2 + dg0m0, o, Pr, BAE, 5]

o the wvarious forms of ¢5 examined with the ex-
~ perimental date, the form that proved best was

S vi (pay)’d
95 = s (R W]
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-where v}, v4 and v} Are' constants. No effect for H/D
could be found exparlmentally and Pr is virtually con=
atant for air and other dlatomic gasraa. Subatituting
eq. 37 into eq. 36, | | |

{¢(pr x Gr)} {1 + o [Re)'fi “'E"_)T'(( A;Yﬂl (8)
= b ' vyi (BAt) '
or Nu | Hu& fl + Q [(Ra) —%};-)?TJ} (39) -

where Nu} 1is the Nuansolt number for the same wire with-
out vibration but at the same At as with vibraticn, ‘that
is, at the same value of Pr x Gr aince room tempez-ature
ty varied only slightly and t, = L }At. : ‘I'hererore,
for corresponding values of thermal conductivity, k = k}
where}‘the 'a'u,bacri’pt and prime have the same significance
" as before. Then, from the definition o‘f}‘Husselt_ ‘numbér’,

B _,.h _ g I e
- Fu 1 h} o (40)

where h} 1s correspondingly defined as the coefficlent of
_heat transfer without vibration at the ssme A t, which
mesns the same Pr x Gr, a8 with vibration, all for the

 same wire. Substituting eq. 40 into eq. 39, o
B o_iag vy (pAan)TR|

which 1s the form for correlation I. v
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A further step 1is poasiblé, thus
=mat (2
Similarly q) = h&‘ A At ST (42)
where q§ i1s the heat tranaforred withput vibration at the |

S same At (same Pr x Gr) as wi.th vibrat.ion, 811 for th& same

wire.
Dividing eq. 2 bj eq. 42,

‘- ) ) E 2
" ‘ ‘ Q = . . h ’ ‘ . . )
or 'fz 5% = —§ o , . (44)

~where Q and Q) are the wattages for the entire heated 1ength

%; of wire aorresponding to q and q} respectively.
Substituting in eq. 41,

% [ IR - HERR 'Y v1 (pas)Td o '
E | oy 1 q& 1 ba kl ¢ [(RO) —;L——)—ﬂ-] ” (45)

‘ | Digreaaing'for & moment, some of:tha more interest-

éf , ing of the "other unsuccessful atfempts” at correlat1on men-
tloned at the éoncluaion of'tho previoua'subsection are e-
numerated here in'thevfonm of inequalities., Essentially,

" these involve attempts‘at/relating the increase in coeffi-
ciént'or Nusselt number, or the_deérease-in réaist@nce or
reciprocal Nusselt numbér,.directlj'to the Reynolds number.
Certain qﬁantities.ju$t derined or abéut to be definéd are
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involved, hence the appearance of these inequalities at

this point in the dlscussion.

Nu # Nu} + 6(Re) , | : '(A)_
Nu ¥ Nu, + é(Re) | 3 {35'

b hgt +6(ReY (c)

h# he + 8(Re) (D) -

1,1 | e

B v T 6(Re) | (E)

1* 1 e(R | " : ,

&7 5o - 6(Re) (F)
WFEgce®) (@

MAgo-e®e) @

The symbol © represcnts any runction. The significance
of a g subscript without a prime 1is explained immediately
below. These inequalitiaa are significant in that they
point out apparently;plausible hypotheses which actually
are not‘valid. |
Returning now to the @ain trend of discussion,
a8 an alternate to egs. 41 and 45 the rollowingkﬁay be

written, which is the form for correlation ITI.

t

B 1 ae [(reyra ARl ~
orm o eagn]
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where h@ 1s the coeffieient of heat. transfer for the same
wire without vibration but at the same haat flux. (same q)
as with vibration, rather than st the same A t. The
quantities Y1s Tas and yp are constants. Thlis eq.. 46 could
-also be arrived at 1ndependently by dimenaional analysia
and subaaqnont reasoning similar to that for eq. 41 by
first 1ncorperating by in the right hand side of eq. 14
‘and utilizing the fact that Pr for dlatomic gaseu is vir-
tually constant so that ¢ ‘ané k could be omitted frum eq. 14.
~ No ralationahip could be found between h} and by

from which eqs. 41 and 46 could be further related.

As before,_a further step 1s possible.
q = hA At
Similarly, q = h,& Ato

where zlto is the tamperature difference without vibration

o~
at the sama_hgat.flux as,with vrbration, all for the same

wire diameter.

Combining_gqé.‘z and 47,
h _ At
Sy ¥
Substituting in eq. 46,

'A'Zst'“t -1= '*’3-7"]'1‘ - bs [( Re)Yr (BOE)T

Bo ter)Ye
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Final Correlations:

All guantities are calculated at the avardgev
fiim temperature. Attéﬁpts at utilizing the bulk fluid
temperature, that is, room temperature, for determining
fluid properties uorrelated poorly. .

After may trial plots it was found the data

| correlated best when the retios v{ 3 vL s v} and
Yi3 Yst vs were in the proportions 1.00 3 0.16 : 0.20.

o ' : O.16
h : (E¢ﬁt% *
Fi.g. 13 shows & plot of [ - 11 against l:Re :

for which the tabulated values are given in table 2.
For convenlence in calculating, thg quantity
h/h} was computed directly from eq. 44, ,.

' Flg. 14 shows a plot of [%% - 1:] against

(341)0-16 | SRR ;
Re -E—————zﬁw « For convenlence 1n calculation h/h,
(a)0e<0 | | | |
was computed diréctly from eq. 48. In computing the gb-
 sciassae for both figs. 13 and 14 the humidity and baro-
metrie pressure were 1ncluded even though their effect 1n
changing //0 18 small. This was done because the overall
effect of the abscissa is large; that 1s, the slope in

thcse'rigures is ateep.

Quantities [-I-- 1l and [ﬁ% - ] in figs.

15 and 14 are the 1mprovements in coefficient resulting o

Th

[}
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from vibration. For exaﬁple, when %% -1 QQuaié 1.2 1t

represents a 1209, increase in ceéffieient. Actually
~"th;éé»£1gures show some 1ncreases of over 200% which
corralpén&n to more than tripling the coefficlient,
| | ﬁaving the final correlations‘in terms of the
ratida of cogfficients'has other advantages besides that
| of‘EOQYGniencé. ‘Any errors in the determination of coef-
gficient,“such as errors in temperatﬁrévmeasurement,lfénd
'to-cﬁncel each other in the ratio. This point was also
 mentiocned earller in connection with radiation. In addi-

ﬂ"};tion, due to the generality inherent in the forms

A %%,- 1  and %% -1 ihich 1gvolve only the improvement
k7causedﬁﬁykgibration; the correlations may alspibe appli-
éable, at 1eaat!ih a generasl way, to bodies thet are not
o éylindrical in;ghapa;
£ Curves representing these final dimensionless
 corre1at1on$‘aré drawn in flgs. 13 and 14. These curves
are not the Samévalthough they have the same trend.‘ The
- average errpr;yas messured by the avefage deviation of
the experimental points from the curves, is 13% for
correlation I and 9% for correlainn 11, where the %
: fefers to percentage 1mprovément‘in écefficient. For a
given h§ or hgy, the ﬁ#érnge error in h 1tsélf would be

even smaller; 8% for correlation I and 6% for correla-
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tion II. fn view of the different e#perimen#al variables
and t’heiz: ranges, this 1s considered -quiten}gt’iva'féctory.
For improvements in coefficient of over 10%,
which covers most of the experimental range, equatidhs‘
closely ﬁpproximating these two final dimensionless corre-

lations aré as follows:
Correlation I3

e
«76 + 0,0030
Y = ©

o (Gl‘) o %d .b

Correlation IIg

-é- = 0,75 + 0.00432 (Re) : At s i
B = 7t e __(®$3ﬁ-~

' By using elither of these correlations the effect
of vibrations on heat transfer coertig':ientah:caz/z be esti-
mated. If not already known the values of 6aaff1cient'
‘without vibration, namely h} or hy, may be estimated by
any or‘the‘existingzmethadsvin the literature such as
that of McAdems or Rice discussed earlier in the survey
on heat traﬁsrer. &ltérnﬁtively:thz solid curve of fig.

é developed here for stationary wires may be used. Such
a relationship, aymboliied by eq. 8, may be combéned with
egs. 40 and 50, thus ' | | "

| | 2.05 (4 A 410328
Fu - (Re) (pAt
JTeF x Py - 0075 * 0.00%08 (om0~ 4T
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Eqe. 8'¢ou1d be simllarly substituted into eqe. 51 but the
result would involve dimensionless groups evaluated at

- two different temperatures. ’
Substituting eq. 8a (which represents McAdams' curve for
¢) into eq. 52, and utilizing the faét (198) that as a
close‘approximétion for diﬁtomic gases Pr = 0.74, results

in the relation
1 a

| I 2.05 0.328 | J
Mu = [é.vs + 0.00308 {Be) ((6)6“%i" ‘}{é 63 + 0.383(ar)®| (53)
‘ | ar)° o

Thus eqg. 53 gives Ku for vibration in dlatomic gases di-
rectly 1n terms of dimensionless groups for improvemonta
greater than 10%. " |
Referring back to‘tho earlier discussion of
figs. 9 and 11, the‘negative slopes 1h these plots now
may be resdily explained in terms of the Reynolds number
“and the final correlations. Since the room temperature
var‘ied only very mpderately, an increase in At ‘corre-
apon&ed to an inéreaae in average film temperatufe. This
in turn decreaséd denéity and 1ncrea$ed viscosity, so
that for a fixed v,ainplitude and frequency the‘Rekynolda
number decreased. Now, at high Re (cbrreépqndingvto high
ﬁarametric values in'rigé. 9 and 11) this small decrease
in Re 1induces a considerahle dééreaée in h,’despite the
increase in Gr occaaioned by the increase in At. Stated

in another way, at high levels of vibration the vibration
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itself, which 1s characterized by the Reyno;d$ numbef.
has & greater effect on h than does the natural conve o=
_tion itself, which is chﬁractefized by the Grashof'nhm-
ber. Thus the increase in At redueea the effect of
the vibration and deoreases h.

Extension to Other Fluidss

In an efrort to extend the range to inolude
other fluids tha;data of Martinelli and Boelter mentioned
eaflier was considered. A plot was prepared'simiiar to
that shown in fig. 13 where, as before,ﬂcorresppﬁding
values of h and h} were taken at the same Gr x Pr. This
was accomplished with the aid‘of the soiid curve of fig.
15. The results so plotted did not correlate’with the
results for air. This, however, 1s not surprising. The
correlation for air contains no allowance for a ehange
in the nature of the fluld because Pr for aip 18 virtual-
ly constant. Accordingly, after a number of trial plots,
the Prandtl number was taken into account by multiplying

“the abscissa‘of fige. ls.by the quantity [9.80/(Pr)°'7€].

- For air and other diatomic gases (Pr)o 7 = (O 74)0'75=0.,80,

so that the quantity reduces to un‘ity_leav‘ing the ooé:_#o-
lation unchanged. V ” L :
Fige 16 shows this final plot for both the water

date of Martinelli and Boelter_and the air data of the
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present investigator. The general trend of the results
of Martinelll and Boelter are in agreement with the re-
sults of ﬁhe present author althqugh the former havé'
the greater scatter. A curve based on the combined data
and 8 curve baaed on the author's data alone are shown
for comparison. |
It is interesting to note that the trend of the
water data_appears to bear out the slight eurvature &t
’the uppef_end of tha'plot. A possible explanation for
 this curvature mey be arrived at by considering‘the situ-~
ation where Re incregaes.to a veryylarge‘ialue; Under
'these‘circumstancqa- ﬁ% -1 becomes.veryvlarge}aoithat
l’%>> 1. "I'he effect of forced motj.dn is thén mucb
greater.than that 6f natural convectlon, and in the limit
will predominate. Now, for aimple forced convection at
- right angles to a cylinder (108), and for given physical
,prnperties, a plot_of log h agalnst log Re ylelds a slope.
dependent oﬁ Re*but'éOnSiderably less than the slope in- x
 d1cated at ths upper end of either curve in fig. 16.

, Therefcre it may well ‘be that as the abscissa increases

“the slope in fige. 16 (or fig. 13) will decrease to a
nllimit tbat equals the Slope of the simple foreed conveetion

curve.f Similar reasoning may - also be applied to the slope

in fig. 14.
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Attempts at mbdifying correlation II, that is,
the abscissa of fig. 14, to include the water data did
notvprove a8 successful. This faet, together with fhe
rather non-fundamental nature of the definition,fbr he
[1nvolﬁing equality of g rathser than equélity of Gr x P:]’
would saém'to indicate that correlation I, despite its
aomevhat‘greater average error when based on air alone;
is fheIStrpnger of the two correlations. |
With regard to the two curves shown 1n fig. 16,
the suthor believes that if a single correlation 18 to
be selected for all fluids, 1lilquid and gaseous, the curve
besed on his data hlon@ should be chbaén; This cOnten~
tion ia supported by the greater scatter among tha plot-
ted results based on tha work of Martinelli and Beelter,
and the doubt cast on the validity of their data by
Boelter and Mason. This latter point was discussed
earlier in the survéy. Therefore, moﬁifying eq. 50.to
include the 5frect of 8 change in the nature of the fluid,
’that 15, the effect of Pr, yields

h

5 = 0,75 + 0,0022 (54)

for improvements in coefficient of ov‘ex-‘ 10%.& Similarly

modifying eq. 53 for ﬁmprovements greater than 109, yields,
2

2.05 (o 4,00-3287] | 1 )
Hua[o 75 + 0.00z2 {Re) ~ _(p 4% Ho.szs + O.Sﬁ(erPr)sJ (55)
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 Thus the solid curve of fig. 16, or alternatively eqs.
54 or 55 make possible an estimation of fhe effect of

vibration on heat transfer in other flulds as well as

in air.
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SURVEY OF SURFACE TEMPERATURE MEASUREMENT

Generals

One of the important experimental stéps in this
investigation is.the determination of surface temperature.
Aecordingly, a survey of the various methods proposed in
the literature fpr accomplishing suchndéterminations is
presented. Earlier reviews on the subject include those
of Othmer and Coats (126) in 1928 and Colburn and Hougen
(40) in 1930, ' The method finally selected together with
reasons for the cholce 1s discussed in éetail"1n a'pra-

vious section describing the experimental apparatus.

Thermometer,method:“

e One of tha‘f1rst methods proposed 1s that of cal=
lendar and'ﬂicolsdn {31) who placed thermometers in holes
drilled axially in'the two inch thick wall of & pipe at
varjing distances from the cqnter. The pipe carriéd steam
inéide and wﬁs bqoled.by water outsidp. The temperature

~of the inside wall surface was estimated by extrapolafing

- the thermometer readings.

~ Thermocouple Methods:
The commonest methods in use today dépend on a

thermocouple as the SEnsing elément. Bowden (24) deter-
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mined the température'aﬁ the surface between éliding dis-
“vaimilai,metals by using the metais themselvés a8 a thermo-
gouple. This; however, 1s not a usual applicaﬁion. ,in
general pressing or uecﬁring althafmoccuple junction'td
the surface in question, or else in some way embedding the
junction béloﬁ the surface is usually 1nvolvod. Uﬁfbrtuné.:,4'
atelj, aimply securing (by welding, brazing, solderiﬁg,;' ". F g
etc.) the junction directly to tha surface can sometimes >
introduce errer, depanding on the situation. : '

This error can stem from two sources.. First,>
ths thermocouple 1eada pass through the surreunding fluid.
Therefora heat can be conduoted along ‘these leada uausing
the junction temperature to differ from the true surrace
temperature, The magnitude of this error haa been shown
by Nusselt (122A) to be a function of (On k'/ka) where
kw and k are the thﬁrmal conductivibies ‘'of the thermo-

;couple wire and surfaaa mgterials respectively, D 18 the '
thermocouple wire diamet;;, and h 1s the coefflc;snt of
heat transfer to the surrounding fluid, This.préblemJis
discussed by Bailey {6) and a somewhat similar problem 1is
analyzed by Rizike and Rohsenow (142).

The second source ot error involvas the local

disturbing effect of the 1eads on the fluid at the junction.
This disturbance can alter the fluid flow pattern at the}

point where the temperature measurement 1s being madee
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Large diameter thermocouple wires tend to increase this
source of error since thej increase.this’diatuﬁbance.
The effect is also likgly to 59 greater in forced cone
vectionvthén in natural chvection due to the increased
coefficlentss | |

| In short the error may be large or small depend-
ing on circumstances. For the case of a small diameter ‘
.thermoéoup}e'éttaghed'to a hot surface in natural éonveo-
tion‘ﬁith air, for which situation h is small, the error
waul&'not Be great. Colburn and Hbugén (40) soldered a
GOpper-constantan thmrmocouple directly to the aurraco of
a ateam drun with lead wires extending 1nto the surround-
ing air and reported an error of only 2% 1n temperature.
Kratz‘agﬁ Broderick (92) fastened a thermocouple with ad-
‘hesive vellum to a surface 40° C hotter than the surround-
ing slr. An error of only 0.5° C was reported.

Other investigators who employed thermocauplea )
on eylindricsl surfaees include Comings (40A) whose sur-
face was a 3/8 inch cylinder in eir and Farber and Scorsh
(54) who used;a'thérmocauple of 0,013 inch wires welded

to a 0.040 inch wire which was heated éleétrioally under /f

P

- water. - ' !
'Ricé (137)‘ao;dered junctiona 1nto ho1ea[in
ecopper tubes of 4.3 to 11.4 om. outside dismeter in air.

~ Kreisinger and Barkley (93) end Smith (154) describe a
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méthod for pééning thermocouple wires into surfaces.

For pressing against boiler walls, King and
Blackie (88) employed a thermocouple backed by a copper
disk acting as s radiation screen. Other arrangements
for pressing the junwtion to a heated wéllrare'described
| by Dutton end. Marley (48) and Fairweather (53). Meens
for applying external heat to the thermocouple to balance

" heat losses rrcm ths Junction are given by Bayer and Buss
(13) ané Sasaki (147). Thornton (164) discusses indus-
trial méthods,or uaimg thermocouples to measure surface
temperatures in a boiler. Temperature meaaurementafbf,

tha far surface of a wall (aeparated from the surface

1n question by the wall thickness) can somatimes be mader
and the results ad Justed where necessary by calcnlation _
involving the wall's‘thermal resiétance. Langmuir {(97)
did this for plane surfacea, while Kirst (89) anﬂ qumley
(31) used this method for hollow c¢ylinders.

Altnough as shown above the error involved with
air, where the ébefficient of heat transfer 1s lbw; is
small, thé‘prrbr 1nvoivéd in cases sﬁqh'as condensing
vapors, where the coefficient is very large, may be con-
sidérable. For such cases and others, variOus,methods
'hAvé been suggested toward eliminating‘the effect'vof
conduction along the leads and the local aisturbmg of-
fect of the junction and leads. The conductidﬁ effect
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can be practically eliminated by submerging the leads
" from the junction in an isothermal zone (108) for one or
more inches of their length: This zone is often avail-
able énTor’preferably under the surface. Jordan (82)
and Webster (173) threaded a thermocouple through a ‘thin
tube which was then attached to the surface; Uhfcrﬁunate-
1y, th§ auxil1ary tube presents a disturbing effect on the
main aﬁrrace.g;Othmer and Coates (126)‘present a metgod
usedklatér-in Investigating condensatibh coefficlents
(124) ihéfe‘one thermocouple lead is embedded in similar
}meta1 piéted on the surface in questibn.. Thekjunction
‘48 tlus the entire interface betwegn}the main surface
and the plate rather than just a sﬁall aréé;subject to
the disturbing 1nf1uence of the leads. fimitations to
“this method have been pointed out by Colburn and Hougen
- (40). Reiher (135) and others (51, 68, e, 86, 143, 169)
embed the wiras in grooves cut in the surface or other-
wise submerge the léads beléw the suiface. These grooves
) are cemented overvﬁnd smodthed down, Thus advantage can
‘be taken of an 1sothermal zone withouf greatly disturbing
the surface. Hebbard and Badger present a method (71, 73)
~ that has been used (7'2 116, 128), aometimes with modiﬁ.-
f.cation (11). In principle it involves inserting-a thermo-
'couplc’junction in a hole drilled through the chord of a

tube wall, so that the junétion 1s between the inner and
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outer surfaces of the tube . The leads are carried around
to the other side of the tube 1n grooves." ‘Thus the sur-
face 1is substaﬁtially free of disturbing 1nfluencoa.
Knobiauch Qnd Hencky (90) suggest bringing the leads out

: axially through the wall itself. This'was done forfhcl-
low cylindera (78, 79) with holes drllled axially through
the metal, and for ‘s plate (120) with a hole drilled in
the edge. Othmer and White (127) prOpoae a methﬂd used
in vapor condensation studies (125) where the leads are.

brought oqt through g solid metal rod.

Resiatance Methoda:

The second et of methods commonly amployod de~
pends on change of electrical resistance with’ahange in
temperature. Among‘thé metals, plétinum'and nickel arqi

most often used. Thé temperature bbtéined by this method
1s an aversge for the entire resistance element, be 1t
tube, wire, or/aome‘othsr shspe. waevor, this average
is frequéntly sufficiently’close to the surface tempera-.
ture that 1ittle error is introduced. Furthermore; when
local surface temperature 1rregular1tiea occur, as in
drOpwiae condenaation, thia average can be advantageous.

Ayrton and Kilgpur (6) studied heat transfer

from electrically hmatad platinum wires in air, using

the wires themselves aa,rasistance thermometers. Similar

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




- 99 -

studies were undertaken by ‘ot.hAers (44, 96, 111, 119, 130,
133, 163). Bedi (18) and others (5, 45)’atudied the
change of wire resistance with traction. If the tenaién
on a wire used as a resistance thermometer is altered,
recalibration méy‘be‘neceSSary. Even bending‘ia not ad-
visable (76). Tube wail surface temperatures have been
determined by using the tube as a resistance thermometer
(10, 12, 19, 31,570)» This 1s generaily more difficult
-to accompl;sh than with wires since accurate measurement
of a much lower resistance is usually»rQQuired. Giesecke
(66) and others (114) suggest attaching-a resistance wire
to the surface in question. This téchniéﬁg 1s 1ikely to
disturb the surface in much the seme manner as direct
attachment of aAthermocoﬁple might. Becker;vet.al. (15)
d1scuss thermistors which have a large change in resis-
“tance- for a givenéhsmge in temperature. Fischer anﬁ |
Norris (57) used fhemﬁistor beads to determine surface

'temperatures-onfthe nose of a V-2 rocket 1n_flight.

Radistion Methodss

The third set of methods-in common use 1ﬁv01ves
radiation, either in the optical region or thﬁ_infra-red.
An advantage here is that no physical contact with the
surface is necessary. ‘Ih the optiqal pyrometer, the

visibly glowing surface 18 compared in intensity with a
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glowing standard. This instrument is widely used in
matallurng |
Wire temperatures have also been measured by
optical pyrometers (46, 50, 54). In a radiation pyro-
meter (101) radiation usually impinges on a thermocouple
or thermopile. Nsubert (122) determined temﬁeratureé
between 300°'and 500° C with a phosphpreécent screen
excited tongOWing by blue or ultraviolet 1ight. vThe
infra-red radiation of the hot surface was then directed
on to thé screen where é dark image was formed. The ex-
tinction of the phosphorescence wés proPortional to the
temperature diatribution of the surface.- Fischer (56)
and Schwgbe (151) determined surfaée témperaturea abo#e
250°'G‘by 1nfra-r§d~photography.» The dhangeslin refrac=
tivé ihdex”o;.the surrounding fluid with changes in tem-'
perature have been used (149) to estimate temperature
distributions around heated bodies by means of so called
Schlieren phbtographﬂ. ’Kennard (85) preaeﬁted a me thod
‘using an 1ntefferdmeter and monochromatic 11ght whereby
interference fringes were determined and temperatures

calculated.

Extensometric Methodass

The temperature change of a body can be deter-

mined extensometricaLly by measuring 1ts change in length.
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This has been done by Stanton (157) and others (156, 160,
179). This method usually rQQuires'rrequentvrecalibration
and is not widely used. | ‘

Melting Point Methods:

Surfaée temperatures also can be approximately
measured by eoéfing e portion ofyth@ surface with a thin
layer bf a materisl with a known'melting'or'softening point.

This may be done with Tempilstiks (172).

Indirect Methodss

Certain methods exist whose purposos are to a=-
vbid the necessity of making the surface temperature mea=
: aurement directly. In heat transfer studies the method
| of Wilson (176) has been widely épplied (14, 33; 61, 63,
91, 113, 156) 1n both condensation and convection studies.

In essence 1t 1nvolves plotting %» against 55"5 wh&re

U 1a the overall hﬁat transfer coarficient and G 1s the
mass rate of flow, &nd then extrapolating to where '~?;1;

oquala zero while holding conatant the thermal resistances
that do not involve G. Chu, et. al. (37) presents s modi-
fication of Wilson's method. For the case where the ther-
mal resistance of one fluid and the separatiﬁé wall 1s

negligible compared to the thermal resistance of the other

fluid, the wall surface temperature can be taken as easen-
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tially equal to the temperature of tha’firatiflnid. ‘An
-example of this is steam transfering_heat to air through
a tube wall (36). |
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CALIBRATION OF THE STROBOSGOPIC LIGHT

The  stroboscopic light was calibratod'bvoriita fre-
quency range against an A.C. driven (éohstant speed)
grinding wheel by a technique that 1s simpler and more

 acourate than the ususl cumbersome one requiring a |
machine with a differont speed for each frequency.
 The method 1s babed on the various spoke-like
patterna\which‘appear~whan the atroboacoﬁio light shines
'onvthe s.ide of "avrotmbinfg wheel that has been previously
markod w1fh chalk along one radius. FPor example, when
the F?H (flashes per minute) of th§ light equal the RPH'
of the wheel, one radial line or spéka w111 ay§oar.
A uinglo‘line willlalao appear when ﬁha ratio ér PPM
to RPM 13 any one éf‘ﬁhe velues 1/2, 1/3, 1/4, 1/5, etc.
 Similarly, two opposite radialylinos will appear when
this ratio is 2/1, 2/3, 2/5, 2/7, ete. The general
ruiosagplioghlgté any ﬁattern is as foliows:‘ The number
:ar_radial 11ﬁ§§'épp9aping (always oqually_spaced) will
equal Ehe‘ndﬁaiatof'of’the fraction reproaenting’the
ratio, provided that fraction 1s peduced to its lowest
terms. For eiample; the ratio 6/10 can be reduced to
| 3/5. The numerator is three; therefore three radial
lines will appesr. | |
| The procédure,‘therbfﬁbe, conslsted 6r»rirat marking

the side of the grinding wheel with chalk, starting it
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up, setting the strolboscape i‘@r maxirmam frequgn_o'y, and

~ shining it on the rotating chalk mark.. The stroboscope
frequency was then glndnn.‘lly docroased and overy pattern
of seven or fewer 1113&: recorded together with t-he stro-
boscope scale reading. Limiting the recorded patterna
to those of sovéh or fewer spokes provided a surficient
number af pomts for calibration without nacassibating
eonaidaratian of the more complex patterns. The ro-
tating wheel was ocarefully ciﬁad at 3583 RPM using a
Nvolutian-caunteé aind stopwatéh. This RPK »ius then
31110 the true FPM ror the eorretpondmg ,ac_-ale rea.,dingo
The results of the calibration aru‘givdn in\tnew£ab16 below
and shown in the figure following. )

STROBOSCOPE CALIBRATION - TABLE A

Number of ' | Stroboscope

Radisl Lines Ratio of Scale Reading Ratio x 3583
per Pattern FPM to RPM in FPM = True PPM
g 5/ 3230 ~ Ty
co 4/3 3820 LWT77
1 75 Lolo 5016
3 32 300 | 5375
5 'S/R ’ %790 . 5972

7 1/ | 069 6270
2 2/1 . - 7166
7 7/3 , 6800 o 8360
5 /2 7300 - B958

A brief paper by t»he. suthor describing this technique
of calibration has been accepted for publication (99) and
‘will é.ppeﬁ_r‘ khqr&ly.
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RELAXATION CALCULATION

The worst jcase for conduction alang,fhb wire is
'for the run wi the largest producﬁ of wire dross-

, section times temperature driving force élong the
wire.' This 1s run 137 for the thickest wire of O. 0810
inch diameter. _

The 1nfcrmation required from table 2 is 21.5

- wWatts for”a,héated length of 39.271nches,'roum temperature
of T6°F, At at center of 115°F, frequeney of 53.5 vi--
bratibns pef second, smplitude at center of 96.1 scale

| divisions, b at center of 9.21 BIU/hr.ft. °F, and h, of
,5’20 BTU/hr.ft. °F which equals h at the ends where
there 18 no vibration. Thermal conductivity k ror

 nichrome (45) 18 7.k BIU/hr.feh °F/ft.
B ‘The method 1s as follows: |

The 36.3 1nches of vibrating wire is divided into
15 equal alementa, each 2.u2 inches long. Then a heat
balance is written around each element. For element n
bordered by elements m and p the balance is

| Yn * O = Inp * 'y |

where q_ 1s the rate of heat transfer by conduction
from element m to qlgment n, Uy, 18 the rate:otheaﬁ
trensfer by conduction from element n to element p,
Qn iis ﬁhe raté of eleétrical heat generation in element

n, and qn‘is tne rate df heat dissipation by convection
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for elembht,n. A reéidual R, may be defined as

| T Uy *Qn T Y T Y
‘This reéidual should be zero if the other terms in the
above equation are known exactly. " In practice a close -
apprda¢h of Rn to . gero is sat‘isfactory in so far as the
solution ib’ concerned,

Now, by Four_iar"s Law, with due regard for sign,

=Y

Substituting, \
= - J.LTx (0 081) x 12
qrm u,xumxaua (M:)‘mn
or

/ Uy = = 0.001313 (at)

Also,
| q, = "(hAAt)n
Subst uuung, ,\,} g%*
T a1 (hat),
or

q, = - 0. 001/4.28‘ (hAb)

The heat generated electrically is

wils Lir
Q, = 2l.5 x 2.1;.2 X 56.92 x 60 = 453 BTU/hr.
39.2 x 1000

L
The arc of the vibrating wire is a sine wave at

" eny instant. Accordingly, the position of the center
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of each element corra8ponds to a certain number of
angular degrees as shown in colurm 2 of table B. From
this ﬁhe average amp]itude of each element can be cal-
culated knowing the amplitude at the center, as in
- column 3. Trial and error calculations using rigure‘lé*
- are outlined in the remainder of the table. The elements
are numbered consecutively starting with ﬁhe oné located
at the left end. Thus element number 8 is the central
element. Since the wire 1is sﬁmmetfic#l about its center
only computations for the first elght elements are ‘
necéSsary} the remaining seven follow by symmetry. ThQ /
velues of t, in column 17 are sufficiently close to
‘those of column 11, and the residuals R in column 21
are sufficiently close to zero that further trials are
unnecessary. :

'As'dhownfin column 22,

Net heat flow by conduction into central element

= 0.3%

Heat generated in central element

Also,

Greatest heat flow by conduction angwhere along wire = _0.0262 = 0.04%

Total heat diasipatad by wire 15xl.53

In conclusion, this demonstrates that the heat

conducted along the wire 1is negligible.

* For convenience 1n anleulation, a straight line approximation
was actually used for the eorrelation shown in. fig. 14, rel-
ating the ordinate Y to the abscissa X by Y- o.oooovl X

i
¥
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SAMPLE CALCULATIONS

Stationary Wires#
| The following illustrates the calculations‘involved
in preparing taﬁle 1 ahd fles. 4, 5, 6, and 8{
Run number 10: Wiire dlamoter 0.0253 inch.
Temp. Qiff. At = tg - tp = 159 - 7L = 68°F
Wattage Q for the entire heated length of 38.5 inchés
is 3.04 watts. ' |
Substituting in'eq. 2 and msaking the proper unit conver-
sions, '

L o= 2294 x 56,92 x 60 x 12 x 12  _
1000 x 8.5 x w x 0.0253 x 68

8.35 BIU/br. ft.? °F

\

' Q and h are then plotted against At in fig, 4.

g + % _ 139 + 71

= = o
te = 5 5 = 105°F

Reading at 105°F from therral conductivity data (118) and
figl 7,
'k = 0.0157 BTU/hr. ft.® °F/rt.
o2 C" e ' IG» & -1
,4£L£_§*~= 1e22 x 107 (rt.° ©°m)
Ak o
By the definitlion of Nusselt number using the diameter of
0.0253/12 = 0.00211 ft., |

_ 8.35 x 0.00211 _
Nu 0.0157 = 1.2

logyie Nu = 0.050

‘Substlituting in eq. 10,
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® x (0.00211)° x 68 = 0.778

Gr x Pr = l.22 x 10
logio (02 x Pr) = - 0,109
The quantity 0,060 is then plotted against - 0.109 in
fig. 8. | |

Vibrating Wires:

The following'will'illuétrate the calculations in-
volved in preparing table 2 and rigs. 9, 10, 11, 13, and 14.
Run number 98: Wire diameterb0.0SQG inch. Q for'thé : |
entire heated length of 38.0 inches is 5.94 watts. The
oslcuiations for At and h are similar to tbésé for the
sStationary wire.

Temp. diff. At = t_ - tp = 141 - 75 = 66°F
From eq. 2, | |

5.94 x 56.92 x 60 x 12 x 12
1000 x 93.0 x o x 0.0096 x 66

‘h = = 9.33 BTU/hr. ft.? °p

to= % (t, + tp) = & (141 + 75) = 108°F
The bérometric‘preésure ls 50.2 1nches of mercury. The
umidity as determiﬁed from a psychrometric chart (7)
1s 04,0086 ib..moisture per 1lb. dry air. Reading the
specific volume at t, from this chart and multiplying

by the small pressure and humidity correction of

29.9
30.2 x 1.005 &

ives 14/0 = 14.3 ft,a'per lb. of moist

airs

The strobosccpe scale reading 1s 4380. Reading
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from the stroboscope calibration chart in the appendix
and dividing by 60 to convert to seconds gives a fre-
quency # = 90,9 vibrations pev second. The amplitude

i1s 60.8 microscope scanle divisions. Using the scale

calibration of 0.00186 inches rer division, the average

velocity Vv is calculated froy. 0. 124
v = 1.71 feet per second

Thé'viscosity (94 ) at a temperature of 108°F is 0.0192
centipoiée. Substituting 1ﬁ eq. 31 and converting
units to rake the result dimensionless,

D ¥ /° _ 0.0896 x 1.71 x 1488
L T TIZ x 145 x 0.0192

i

Re

Re = 30.6
As discussed eaglief.in~the survey on heat transfer B
feQuals the reciprocal absolute temperature for gases
which approéch ideality, This is the case for air

% under the conditlions of this experiment, so that

P N op
g = T-I-:.. w5155~ 0.00175/ R’ .

By the definition of Grashof number,

= D° ﬂ"/ﬁ;ﬁﬁdt

Gr
Substituting andjcoﬁvarting units to make the result

dimensionless,
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or = (0:0596)° x 32.2 x 0,00176 x 66 x (1488)%
1728 x (14.3)* x (0.0192)%

Or = 3.956

BAt = 0,00176 x 66 = 0.116
0.l6 0.16
Re & A_to = 30.6 x LQ:.l.lﬂm = 16.5
(6r)”° (3.95) *<Y .

From eq. 44,

..l!.. .g... ....._.5'94
By S i w1 i

where Q} 1s'readvrrom fige 5 at At of 66° P,
Then, é%V- 1 = 0.53
- which is then plotfed against 16.5 in fig. 13.
~ Alternatively, h§ could be read directly from fig, 5 at
v, At 6f 66° F and then used to compute the ratio h/hj.
From'eqo 48, | | |

Beg-Bara

where At, is read from fig. 5 at Q of 5.94 wattse
Then, |

if‘—o- -1=0.4

which is plotted agsinst 16.5 in fig. 1l4.
Alternatively, hy could be read directly from fig. & at
Q of 5,94 watts and then used to compute the ratio h/hg.
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However, because of the comparatively flat slope of the
coefficlent line in fig. 5, for the sake qf accuracy.

thlis alternate method wda not used,
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TABULATED RESULTS
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STATIONARY W

MRE1 . -he-
|
. 2 3 4 5 7 8 9 10 1 12 1 TR
Run  Wire Q, =~ Tire surface =~ Room temp,  Temp. diff. Coeff. h,: : - , . . ;
Diam, Watts temp. t,°F  t,,°F  At, °F  BI/hrft2 % Average filn Themal ABze Grx Pr log(Gr xPr) M log
anwwm - ; temp, .«H.u Cond. w. A\MM.W,DMVIH ' ©
o BTU/hr. v n | c
£t2°F/It. , . 2
1 9253 0.7 92 7% % 7,15 0.0153  Lsxdod 0.218  -0.662 0.985 £
2 A Y 12 76 36 7.99 0,0155  1,33x10 | 00449 ~0.348 1.09 =
3 n2.68 128 m 51 8.45 0.0157  1.24xa06 0:593  ~0.227 1.1 g
4 " 5,10 187 ” % 9.10 0.0161  1.07x10 0,903  ~0.044 L9 5
o5 " 8.00 208 78 1% 9.87 0.0167  9.13x10° L1l 0.045  1L25 E
6 " 12,3 267 78 189 00 173 0,017 7.46x20° 1.32 0,121 1.27 E
7 no 2. 416 78 338 12.1 247 0,091 . 4.46x107 Lo42 0.152 1.33 3
8 " 0,82 88 0 18 7.35 ] 0,0151  1.50x10° 0,253  ~0.597 1.03 £
9 "6,07 180 n 109 8.9% 126 0.0162  1,03:00 1,05 0.021 1.6 2
10 " 354 1% 7n 68 8.35 105 0,0157 1.22x10 0.778  -0.109 112 S
. ,. e
1 "16,3 312 72 20 10.9 192 0.0178  6.5x107 147 0167 1.29 s
2 2,3 122 75 pet 8.14 99 0.0153  1.27x10¢ 0,285  -0.545 1Li2 =
13 0,039 0.43 88 7 10 42 83 0.0152 - 1,46210° 0,52,  -0.281 0.959 g
L " 1.27 -105 78 27 4.89 92 0,0154 w.&upoo 1,32 0.121 105 B
15 " 5,39 167 78 89 6.28 123 0,062  1,06x10 3,38 0.529 1.28 5
16 " 7,58 194 78 116 6.79 . 1% 0.0165  9.6200 401  0.603 . 1% -
17 "1 244 78 166 6.94 161 0,0171 . 8,11x10° 4,83 04684 134 2
18 "10.8 © 230 % 156 7.19 152 0,0169  8,60x107 81 0.682 1,40 =
19 § 26 112 7% 338 9409 243 0,0190  4,61x107 5,59 0747 1,58 it
20 "2, 350 75 275 8050 213 0.0183  5:65x10% 5,60 0.748 1.53 =
; (]
-2 " 2,60 123 7 W 5.74 100 0.0156 H.M,EOM 2,14 0,330 1.21 S
22 " 0.93 96 76 20 4.8l 86 0,0153  1.43x10, 1.03 0.013 1.04 o
* 23 "0.58 88 7 12 5,01 82 0.0152  1.47x10 0.633  -0.199 1.09 =
24 " 12 279 7 208 7.10 175 0.0174 ﬁ%&bw 5.6 0,737 1.35 2
25 " LhS 284, 72 212 7.10 178 0.0175  7.20x10 5,47 0.738 1.3 >
2% " 28,8 426 % 350 . 8,55 21 030192 f&ﬁ.oM n 0.7% 1,47 °
2 " 2,50 115 70 45 5.68 93 0.0154  1.35x107 12,18 0.339 1.22 <
28 " 6.85 174 70 O, 6.84 12 0,061  1,07x10, 14,00 0,602 1,40 s
29 " L1 93 70 23 5,01 82 00152 1.47x10; 1,21 0,083 1.09 m
30 0,080 2,70 13 8 39 3.41 164, 0.0157  1.23x10 L7 1.167 1.47 ks
[}
31 " L4l 105 8L 2 3.31 95 0.0155 CEOM 8.51 0.930 1.40 2
32 " 5.6 153 84 69 4.02 119 0,061  1.09x107 23.1 1.363 1.69 =
33 "7.92 178 85 93 4.20 132 0.0164  9.91x10 28.3 1,452 1.73 g
3 "15.5 239 85 15, 4o%6 162 00171 m.oEoW 3748 1,578 1.9 <
35 " 23.6 306 85 221 5026 19% 0,0179  6.,36x10 43.1 1.635 1.98 E
36 " 368 121 76 48 38 | 100 0.015  1.270 18.7 1.272 1.63 8
37 L X 165 . 76 89 L8 | 12 0.0161  1.08x10 29.5 L.470 1.79 S
8 "o 2.8 108 7% 2 s R 0.015,  1.35x106 13.3 1,224 1,54 8
¥ Wild run, b &
: b 2

R




VIBRATING aﬁm

.ss.dl.

#Wild run — omitted
from figs. 13, 1l 16.

5 8 1L 12 13 L
: m : » " v 1iude Average - Average
: . - Humidity, Berometric Strobs  Freq. £, Eﬁ g rorags |
e . Thro sprtace H i Vib./sec. in scale velocity filntemp
wcn, sw“:MWm?y wwnwmgos amm*,m teap. «m. ' _.ENO\F. Gy / divisions v, ftysec, ﬁ. s°F
" Vibratiom op
0.1 1003 668 216 &7
B 00 vertdeal 222 0 | 0r00% o1 w2l 6 2 mm
i , . o ooa 0,005 0.1 0.9 8.2 &
2 . ‘ gy . 0.005 0.1 w0 8 2B 8
e . . e et 0,005 0.1 9.9 26 L 1Y
" ) ‘ i 7 0,005 0.1 9o 01 1ab
o " . W.MM Wm 0.005 3.0 1.3 k8.9 LB
n t . ¥
: 0,005 30,0 1.3 58.6  Lb H@m
% . __ ey 8, 0.005 30.0 afg w1l 2: L
S " . L ety 0.005 3.0 7 56 Lsk
P X . . 0.005 0.1 sz 75 20
pi ; . g P 0,005 0.1 1033 67.2 - 215
50 " . 219 103 0.00 .
! 0,009 29.5 68,0 83.4 m 6 X
s " " hor 2 % | 0,010 0.3 9.4 48.8 ngo o8
52 " horizontal WL% waw _ orong o Nwaw HWWM meco 20
. . . : : ; 20, 3 . 99
- o B2 g3 owo 3@
" H
i ._ ) | o.007 | 0.1 82,9 8.6 2.2 Ww
56 " # 6.86 151 ..“ ouooq | o 109.4 12 mew 5
57 n " ML..M. W..WM _ b 007 Y1 Hmwnm wwom ) wq 1
0.0 ... i o, 30.3 ; . 2.
*Wm 10,0396 vepbical 2.34. 86,5 m,w% o 91 1004 ook %
° .. ﬁ. " " | 2.68 12
15.1 165 0,007 umw www wa 2 L2
n #" . . u . .
Mw . . P o .01 Wo:o. , g2 Tk 202 10}
o " ) o ot 0.007 3.2 g2 Tk LE
o X ) po - 0.007 0.2 9.1  67.0 8
65 " n 2.2 383 . N .
0.006 29.4 w61 .3 18
66 n " 1.4k 97 | oooom oy | Tood s W, W 120
67 n " 6,87 168 o.ooo e b %3 vwk. 0
o " . ey A 0.006 29.4 w3 X4 o8
& ' " s s 000 29,1, 85 295 .
70 " " 7.15 173
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. _ , 22 23
1 15 16 17 18 . 19 21 = 2
Run  Viscosity, Specific Re ne (st 0.1 h, , :o. 4 g sa. f ) o - Why
centipoise  volume o) /by, ££20F o o £t O
H\\.umww\w? Eavoomo BIU/hr. ma:\i..‘m BTU/br W?
3 7.61 1,96 2,15
0,0186 13.8 26,5 19,2 .4 i
Mw 0.0192 1.3 25,5 18.6 17.7 FNQWQ ; WWW www
10,0203 15.4 27,0 19.7 20,3 . 7 m,mu
42 0,0185 13.7 3hob 25.1 224 Ww 270 3.22
43 0,0200 15.1 16.0 11.6 1L N.S W 110 H.uu
4, 0.0188 14,0 17.4 12.5 0.7 801 | .hs L3
i5 - 0,0189 1.1 16.2 11.6 9,50 . i . .
b 0.0189 1.2 ©19.5 14.0 10.1 momw WMW WMW
47 0.0197 149 217 15.6 1.6 Nm L L L
48 - 0.,0200 15.2 15.8 1.5 1.5 3 NGG -0
10,0188 13.8 24,1 20.5 17.5 ﬁt... | _ H,..m 248
50 0.0187 13.9 %,1 19,0 14.2 Tobk . 2
51 0,0187 u.:m 20.8 15.0 12.8 weww ﬂ Www .Ww.m :
52 0,0186 13.8 18.4 13.3 9.51 140 | Hoaw L2
53 0,0189 14.1 12,9 9.26 9,13 8.2 | N.S B
5,  0,0186 13.7 36.8 27.0 2ol “Mw 289 mumw_
55  0.0187 339 25.2 18.3 16,5 7 X
8,90 1,55 1,70
0,01 145 22,6 16,2 15.1
Ww OOSNN_, .6 16.6 12,3 .94 7.96 ww wmw ,
58 0,0197 1449 16.2 11,7 10.8 N..ww h; L3
59 - 0,0184 13.6 5hols 30,6 23.1 % 416 o
60  0,0187 13.9 56,6 31.0 2.4 .__,m, . :
. , ; 6,57 2,25 2,68
0.01 4.6 462 25.1 17.6
MW , ,O.SNW 13.7 395 21.8 13.1 472 w w.w Mm
63 0,019 1.1 37,1 20.1 12.4 \_?wm H.m p“mm
64 0,0201 15.2 31,9 17.6 10.9 M m 1.2 122
65 - 0.0222 17.4 23.8 1.1 10,9 .5 .
66  0,0185 14,0 23.2 12,7 5.99 Mww W.%m Wm
67  0.0195 14.9 21,2 11.5 743 o% H,os L2
68 0.0222 17.7 16,3 9,60 9,40 9% H,oﬁ .08
69 - 0,0188 .2 1504 8.35 6,26 M 0 L. e
70  0,0195 15.0 13,7 747 7.35 : 75 X
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(continued)

1 2 3 4 5 6 7

71 0,0396 vertical 3,36 95 73 2
72 n .. 6,66 123 7% L9

73 " " 13.8 192 75 117

T " : . 2,48 9, 76 18

5 " " 1.80 106 6 30

76 " " 5,98 162 M g5

m " " 27.7 387 (i 310

78 " L 6.99 165 78 87

79 " " 6.91 173 78 95

80 " " 6.94 163 78 85

21 " hortzontal (.97 8 70 8

82 " " 2,40 90 72 18

83 " " 4.3 187 73 114

84 " " 5,81 117 74 43

85 t " 27.8 258 7, 184

.86 " " 1.02 .92 73 15

87 " " 2,52 1L, 73 Al

88 " n 5.70 156 73 83

89 u n 1402 268 - 69 199

90 1 " 32,2 434, 69 365

91 " " 1.2 265 69 196

92 __ " 1.00 83 71 12

93 " " 2,62 103 71 32

94 " " 6,06 L8 72 7%

95 " " 1.5 248 72 176

9 . L 29.8 391 72 315

97 n " 1.49 92 75 7 e

98 . 0 " 5.94 Ll 75 66
99 " " 13.8 230 75 155 {
100 " " 32,0 393 75 318

101 " n 2,60 107 75 32

102 " " 6,18 118 75 43

103 "o " 1,04 i 70 7

104 n " 6.01 107 70 7

105- n " 2,16 84 70 iy ‘
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(continued)

-9~

95
123
192
94,
106

162
387
165
173
163

393

107
18
7
107
84

SEL

199
365

196
12
32

176
319
b

155
318

~

<

43
37

OO0OOO O

10 12 13 1
009 30.2 5770 70.4 2,59 8
.009 30,2 5770 65.1 1,20 99
009 30,2 5950 58,1 2,21 134
009 30,0 5690/2 124.3 2,26 85
006 30.0 5730 36.7 1.34 91
0.006 30.0 5750 3544 1,30 120
0,006 30,0 5830 36.0 1.34 232
0,006 0.0 5750 kYA 1.26 122
0.006 30.0 5550 28.8 1.02 126
0.006 0.0 5570 168 1.66 121
009 30.1 4310 83.6 2.31 7%
009 30.1 4310 84.0 2.32 81
009 30.1 4290 80.6 2,23 130
009 .1 4310 82.5 2,28 96
.009 P.1. 4400 79.2 2,24 166
30,0 4350 37.8 1.06 83
30.0 4310 35.7 0.99 A
30.0 4330 37.1 1.03 115
30.2 4370 8.7 1.09 169
30,2 L40C 35.8 1,01 252
0.2 4400 37.8 1.07 167
20,2 4330 59,0 1.64 M
30,2 4320 5746 1,60 87
0,2 4300 57,0 1,58 110
0,2 4300 57.1 1,58 160
30,2 4310 5809 1.63 232
30,.2. 4380 58.8 1.65 8,
10,2 4380 - 60.8 1.71 108
30,2 4390 59,0 1.66 153
30,2 4400 6005 1.70 <234 -
0.2 4400 59.1 1.67 91
30,2 4970 ' 76.1 2.43 97
30,2 4970 7946 2,54 T
30.2 ! LY80 80,1 2.56 89
30,2 5000 80.6 2,58 m
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(continued)
1 15 1% 17 18 19 20 oA 2 23
n 0.0185 1307 50,2 27.5 15.8 519 4.82 2.% 3029
72 0.0189 14,0 Lholy 24,0 Lol 679 5.7% 2408 2.46
13 0.0198 L9 3.6 20,0 12.2 7.6 6.93 171 1.77
7 0.0185 13.8 434 24.0 .3 5.05 4,78 2,53 3,06 ;
75 0.0187 1.0 25,2 13.8 6423 5.33 5,15 1,17 1.21
76 0.0195 1.7 2,k 12,2 7,30 6,60 6.49 1.13
i 9223 17.5 16,9 9.96 9,29 8,75 8.60 1.079
8 0.0195 1.7 2.6 11.8 8,33 6483 6.55 1,27
L9 0.0196 .9 17.2 9,36 7455 6.83 - 6464 1.1
.80 - 0.0195 o7 28.6 15.6 8046 6.79 6,48 1.3
81 0.0182 . 13.5 46.0 25: 12,6 4Tl 3.90 3.23
82 00184 13.7 45.2 248 13,8 5.60 4.61 3,00
83 0.0197 15.0 37,0 20,2 13,0 742 6.88 1.89
8 0,018 - L.0 40,8 22,1 14.0 6455 5.50 2.53
85 050206 15.8 33,7 18,8 . 15.7 8,75 7.61 2,06
86 0.0185 13.7 20,5 11,3 5458 4.81 4065 1,20
gz 0.0188 1.0 18,4 10,0 6.39 5065 5.50 1.16
88 0.0193 1.5 18,1 9.79 7.3 6.58 5.63 - Looms
89 0.0207 15.8 16.3 9.25 7.43 7:10 7.06 1,051
90 0.0227. 17.9 12,2 7.3 9.15 8,92 8089 1.03
. 0,0206 15.7 16,2 9.00 7052 7.09 7405 1,067
0.0183 13.5 32,7 18.2 8,60 4.75 4.2 2.04
0,0186 13.8 .8 167 8.50 5:66 | 5,19 1.64
0.0192 U3 - 28, 15.2 8,29 6463 6.3 1.32
0.0205 15.7 24,1 13.5 8,56 710 | 9,20 1.19
96 0,0223 17.8 20,2 11,9 9,71 8484 8,61 1,12
9T 0.0185 13.6 2.2 17.8 9,10 5.15 467 195
98 0,0192 1403 30.6 165 9433 6.6l 6.11 1.53
99 0,023 155 25.9 L.3 9224 T | gy 1.25
100 0,0223 17.9 21.0 R 10.4 893 | 8,65 1.2
101 0,0187 13.8 3L.7 17,3 8445 5.75 5,20 1.63
102 0.0189 1.0 45.2 24,6 14,9 6470 5,57 T
103 0.,0182 13.4 51,0 28,9 1544 4281 3,78 4,08
104 0.0186 13.8 48.8 2604 16.9 6.65 5.% 315
105 0,0183 13.5 51,4 28:h 16.0 5047 4.37 266
_ " i
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(contin
: : o 8 9 10 1 12 13 1
1 2 3 4 5 6 7 A
| 2 2.5 165
tal . 264 70 190 0,003  30.2 4950 102,3 80.2
%w o,cwg gzmg ) www 160 il 89 150,003 3.2 5020 103.8 78,9 w.ﬁ mev
108 " " bl 16 75 A ] 0005 2.8 %% 75k 95 23 %
109 n " 15.2 183 7% 108 0,005 29.8 3650 76,0 96.5 .27 2
110 " " 32,5 261 75 186 0,005 29,8 3650 76,0 12044 2484
ﬂ | G
2, 106 7 33 0,007 29.8 5940/2 61,2 75.6  Lakk 9
Ww d ” o,m 144, su. 70 0,007 29.8 6000/2 61.8 75.5  lokk WS
13 " " 32,2 401 75 326 0.007 29,8 6020/2 61.9 72.3 1.39 8
114 " " 2455 19 . 75 I9A 0,007 29,8 5700/2 58,7 45.0  0.82 Nm,
15 " " 2:54 % 0 0 10,007 30.2 5740 118.5 6ho2 236
o ) g "
: f " 13.6 170 7% 9% 0,007  30.2 5780 119.0 64.9  2.39
Ww : " ww& 310 Th 236 0,007 30.2 5710 L17.5 65.0 2.3 192
118 n " 1.05 83 75 8 0,007 30.2 5550 114.3 63.6  2.40 qm
HH@ L n @aHm HNO ‘Nm bm OaS\N SoN m\oHO HH“—..m Om.m W-N@ NO
120 0.0810  vertical 2.73 89 80 19 0,010  29.7 4490/2 1465 9644 039
| . 1.40 100
" " 5.72 118 82 3% 0,010 29,7 4150/2 43,0 1047
W.W " " 477 16 82 3k 0,010  29.7 1150/2 43.0 100.4 - L.34 Nwm
123 " " 7.80 1, 8 52 0.010 297 4130/ 12,9 107.3 143 0
12}, " " 2,82 92 80 22 0,008 29.7 3790/2 39,5 113.1 rwo @m
125 " n 2.70 16 80 36 0,008 29.7 3740/2 8.9 51,4 0,62 9
, ,, 6.7 0.76 122
: " " 7.50 163 80 83 0,008 29,7 4200/2 4345 5
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" RUNS FOR FIG. 9 - TABIE 3

Frequency = 90 vibrations/sec.

Amplitude-inches - * Run numbers

0,19 59-61
0,11 92-101
0.07 86-88, 90
0 13-29

i

RUNS FOR FIG. 10 — TABLE 4 °

Amplitude ~ inches  Frequency- vib./sec. ’ Run nurbers

1 0.15 103 103 ~ 107

0.15 : 90 81 - 85

0.15 62 111 - 113
0,07 , 1L 6668, 75-77
0 a07 » ) 90 . ' 86‘88 ? 90

0 0 13-29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




RUNS FOR FIG. 11 - TABLE 5

Average velocity - ft/sec. Diameter-inches ° Run numbers

2.8 0.,0253 41, 42, 54
2.8 0,039 59, 60, 110
1.5 0.0253 4345, 48, 52, 57, 58
1.5 0.039 9%, 95, 111, 112~
1.5 0.0810 120, 121, 123, ¥24, 186
0 0.0253 1-12 o
g 0.03% 13 - 29 y

0.0810 | 30 - 38
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