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Abstract

As part of a series of investigations of the relative rates of
transfer of heat and momentum in a turbulent air stream, measurements
were made of temperature and air speed distributions in the wake of
an 0.0%18 inech diameterxsteel cylinder. The cylinder was electrically
heated end was mounted transverse to a two-dimensional, turbulently
flowing sair stream. Vertical traverses were made at seven stations
downstresm from the cylinder at each of three bulk air speeds. The
data are presented in both graphicel end tabular form. MNeasurements
were also made of the ;ate of heat transfer from the cylinder as a
function of average cylinder surface temperature.

The analytical problem of predicting temperature and air speed
profiles downstream from a heated cylinder is considered, snd a num-
ber of simple correletions are derived. ' These correlations are
shown to describe the date with accuracy, and are extended to the
prediction of temperatures in the wake of a large heated eylinder
and in the weke of a heated sphere, and to the prediction of concen-
trations in a turbulent diffusion fleme apparatus. Agreement with
experiment is excellent,

An electric anelog computer was used to calculate temperature
distributions in a uniformly flowing turbulent air stream for three
different sets of temperature boundary conditions. The resulting

profiles compare favorably with aveileble experimental data,
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Introduction

For a number of years the design of heat and mess exchenging
equipment has been based upon overall trensfer correlations thg{é).
However, since modern technological advances have presented more
exacting design problems, the ability to prediet values of tempera-
ture, concentratian, and veloecity at a point in a fluid is often
necessary in systems involving turbulent trensfer. During the past
five years an experimental progrem designed to yield informetion on
the relative rates of transfer of heat, materisl, and momentum in e
turbulent eir stream has been conducted in the Chemical Engineering
Laboratories of ﬁhe’Califorﬁia Institute of Technology. The ulti=-
mate purpose of the present program is to provide additiohal know=-
ledge neéessary for the prediction of transfer processes in both
uniform end non-uniform turbulent flow. It is natural to inquire
as to whether relationships derived from uniform flow studies will
be useful in the predictioh of transport phenomens under conditions
of non-uniform flow, end the results of this thesis confirm to some
extentrthe validity of such an approach.

The experimental work at the Institute in the study of uniform
turbulent flow with uniform heat transfer has been directed toward
the calculation of the eddy conductivity end the eddy viscosity,
quantities which are measures of the contribution of the turbulence
proceéses to the transfer of heat and momentum, respectively. These
eddy quan¥ities have been defined for uniform turbulent flow by

meens of the following equations (&), and may be calculeted directly
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from a knowledge of the point values of temperature, thermsl flux,

veloecity, end shear,
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&n explanation of thé s&mbols used in the above equations and in all
succeeding equations is given‘in the table of nomenclature.

Point values of the eddy conduetivity and the eddy viscosity
may also be determined for non-uniform floﬁ from a knowledge of the
pattern of the temperature end velocity fields. The calculations
‘involve en integration of the following partial differential equa-

.tions which may be derived. from Equations 1 and 2 together with en
energy balence and a force balancedon the flowing fluide The velo=-
cities, velocity derivatives, and temperature derivatives at a point

are regarded as known from the experimental data.
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The experimental date reported here are concerned with the
distributions of température and air speed in the wske of & long
heated cylinder placed normel te & two-dimensional, turbulently
flowing air stream., Measurements were made in vertical graverses
at several stations downstream from the cylinder. A study of the
temperature and velocity fields yields direct information on the
relative rates of hegt end momentum transfer in non-uniform flow of
this type. Although experimental data are available for the distri-
butions of veleceity (2,@_,_’_’/,_&_3_,2,_}_@_,_1_}_) and tempersature (_63_,1,_?_,2) in
the wake of a cylinder, detsiled explorations of the wake far down-
stream from the midline of a cylinder have not been underteken, and
one purpose of the present experimental program is to provide such
datas

Previous to the work reported here, experiments of e similar
nature were conducted in this laboratory (lgk;i). These earlier
measurements yielded temperature and air speed distfibutions in the
wake of a relatively large cylinder placed normal to & turbulently
flowingrair streem in en isothermal chennel, Because the diemeter
of the cylinder was targe in comparison With the channel height,
measurements taken more than ten diamet;;s downstream strongly re-
flected the disturbing effects of the channel walls. The distortion
of the wake, while not vitiating any results obtained, merely intro-
ducedianother feactor into tﬁe study of an alreedy complex phenomencn,
In addition the data were chiefly taken in the immediate vicinity

of the cylinder, and as such provided information on the shedding
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of Karmén vortices (lﬁalz)' Thile an in;eresting study in itself,

such an investigation does not provide any significant informetion

.regarding ﬁhe nature of the trensfer occurring in the greater pore-

tion of the wake, but belongs instead in the domain of the boundary
layer theory Q}é). It ﬁas generally felt that more useful informe-
tion sbout the transfer processes could be obtained throuéh a study
of the portion of the wake in whi;h similarity is found to exist.

Geometrical similarity is said to exist in the wake when the dimen-

N - Uo
sionless veloeity distribution, —%?——27— , and the dimensionless
[ -2 Oc
temperature distribution, -7 may each be described in

e = 7,
terms of a single parameter. To minimize the effect of the channel

walls while still utilizing primarily the same equipment, a smaller
cylinder was used for the present investigations,

The integration of Equations 3 and L, yielding point values
of €  and €m » should provide all the desired informetion relet-
ing to the transfer of heat and momentum in the cylinder weake.
However, the shapes of the experimental profiles in the wake of a
cylinder are such that considerable uncertainty results in the cal=
culeted values of the eddy conductivity and the eddy viscosity at
the center and near the edge of the wake. For thig”reason, such
an approach has not been used in the present investigations. The
efforts of the present study heve been directed toward the predic-
tion of tempersture end velocity distributions from an assumed dis-

tribution of the eddy quantities.

It is possible to predict the measured temperature and eir



speed distributions with accuracy in the renge for which experimental
date are available. The most useful correlation is based upon the

solution of the following equations
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in which it is assumed that the eddy conductivity and the eddy vis-
cosity are constants throughout the region of the wake considered,
It is shown that the resulting Gaussian distributions are entirely
adequate for the description of the temperature and air speed dis-
tributions in that portion of the wake throughout which similarity
oceurs. The measurements reported here are found all to lie sub-
stantially in this region.

Transport phenomensa in therplane symmetric.wake have been
studied for a number of years, and several phenomenological theories
of the turbuleﬁce processes have grown out of such work thlZLlétlg)'
These theories are reviewed in some detesil with particular reference
to their utility and to)the degree with which they describe the
available data., It is shown that the eassumed nature of the turbu-
lence has but lLittle effect upon the resulting calculated temperature

and veloecity profiles, and hence quantities of greater significance



are the hest flux and momentum trensfer normal to the direction of

meen flow. These quantities are
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The above terms are primarily reﬁponsible for the spreéding of the
temperature and velocity wakes with distance downstream. Although

no direct eiperimental determinations of the normal heat and momentum
flux are presentéd here, a number of signifieant conclusions may be
drawn from a study of the few such data (2) in the current literature,
and of the values calculated from thé temperature and air speedrdis—
tributions reported in this thesis. Point values of heat flux in

the weke calculated from the theoretical relations developed compare
favorably with values of the normal heat flux determined by integra-
tion of Equation 3.

This digcussion leads naturally to an investigation of the
pertipent work based upon the statistical theory of turbulence
(20,21,23). It is indicated that fof e full understanding of the
transport processes occurring in the weke it is necessary to obtain

measurements of the instantsneous fluctuating velocity end temperature



components and their correlatioﬁs which characterize the local struc-
ture of the turbulent field. Available datea {2{19{22) of this nature
serve to indicate in a‘semiquantitative fashion the reletive rates
éf heat and momentum transfer as a function of position in the wake.
Data are also reported for the transfer of heat from the sur-
face of the cylinder as a function of stream velocity and average
cylinder surface temperature. These data ere sufficient for the
calculetion of gross heat transfer coefficients. A comparison with
the data of other investigators (1,2l) shows coefficients es much
as 50% higher. Good agreement with the data of Mason (1%) is obtained.
The following equation is proposed for the calculation of overall

transfer coefficients throughout the range of flow conditions studied.

0.368
thed _ ;175 [Hedo

& 4

(9)

Many engineering design problems involving turbulent transfer
are concerned with non-uniform phenomene, and often are of sucn com=
plexity as to preclude any analytical treatment, even though diétri-
butions of eddy conductivities, eddy viscosities, and eddy
diffusivities are available, A number of methods for solving such
problems heve been developed (§§t§QLEZt§§)‘ One of the more promis-

ing methods employs the electric analog computer (gg) which is well

adapted to the solution of partial differential equations of the

parebolic type.



The Institute analog computer (22) has been used to calculate
the non-uniform distribution of temperature in a two~dimensional,
turbulently flowing air stream and the results have been found to
represent with accuracy available experimenteal data (ég) taken under

the same boundary conditions.

Equipment and Experimental Methods

The experimental apparatus used in this investigation has been
described elsewhere in detail (él). For the purposes of the pre-
sent study it may be considered to consist of a wind tunnel, 162
inches long, 12 inches wide, and nominally 0.7 inches in height, and
a traversing mechanism for positioning the measuring instruments in
the channel. Figures 1, 2, and 3 show the general features of the
equipment. The upper and the lower chennel walls were of 1/l inch
rolled copper, and served as thermal connections between the air
stresm and two independently circulating oil baths. Avcross-section
of the channel end the oil baths constitutes Figure 4. The baths
were used to control separately'the temperafures of the ﬁpper and
the lower channel walls throughout the range of from 70 to.130°F,

The bakelife blocks which formed the sides of the channel were free
to slide, permiﬁting the posifioning of'the‘traversing gear mechanism
at arbifrary sfafions downstream from the channel eﬁtrance. Figure 5
shows the fraversing gear and the method used to supporf the measur-

ing instruments in ‘the chennel.



By means of a variable speed blower, preconditioned air was
forced through the conduit. The raenge of Reynolds numbers available
was from 2,000 to 70,000, Static pressures in the channel were mea-
sured by means of three piezometer bars (located in the up?er copper
plate) connected to a bank of kerosene~-air menometers. The mano-
meter bank end the cathetometer used in the measurements are shown
in Figure 6, Weight rates of flow of air were determined by measure=-
ment of the pressure drop across a venturi tube of conventional
design. The potentiometers end resistance bridges used in all elec-
trical measurements and the air streem and o0il bath monitoring eir-
cuits were located in the temperature bench shown in Figure 7.

A 11-3/);, inch section of 0.0318 inéh OD stainless steel hypo-
dermic tubing was mounted midway between the wells of the chennel
69 inches from the upstream entrance, The tubing itself served as
the heating element in the experiments. The cylinder was held trans-
verse to the air stream by means of rigid yokes mounted on the tra-
versing gear ways. The yokses appliedbtension to two 0,02 inch pisano
wires silver-soldered into the ends of the tubing. Figure 8 shows
the cylinder mounted in the channel and Figure § shows one of the
yokes.

Potential and current leads were soft-soldered onto the cylin-
der near the ends and were brought out from each side to a junction
box on the yoke.(Figure 9). The effective heated length of the
cyiinder was measured electrically to be 7.9% inches. Current was

fed to the cylinder through the circuit shown in Figure 10 and
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measurements of the voltage drop across a 1500-75 ohm voltage
divider end across an 0.005 ohm series resistor provided the neces=
sary data for the caleculation of the energy input to the cylinder.
These measurements were mede with a Type K=-2 Leeds & Northrup poten-
tiometer and with a White potentiometer, respectively. The instru-
ments were located near the right end of the temperature bench shown
in Figure 7.

Prior to its installation, the cylinder with electrical lsads
attached was calibrated as a resistance thermometer at three dif=-
ferent éemperatures in & well agitated o0il bath., DBefore calibration
the oylinder was strained by applying tension equivalent to that
expected when mounted in the air stream. At each calibration tempera-
ture approximately four hours were allowed for final temperaﬁufe
equilibriﬁm to be attained. Measurements of the resistance of the
cylinder were made with a Mueller bridge and the temperature of the
bath was similarly determined by measurement with a conventional
strain-free platinum resistance thermometer. The energy dissipation
in the cylinder during calibration due to the bridge current was
L.5 x 10°% watts, and this is believed to have introduced an error
due to radial temperature gradients of less than 0.,06°F. While being
calibrated the cylinder was placed in an elongated U section of 10 mm
glass tubing to prevent contact between the cylinder and the oil in
the bath. This arrangement introduced an error due to conduction
to the surroundings which was completely negligible at the highest

temperature encountered in the calibration procedure. The cylinder
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was also calibrated at 80°F and et 100°F when in place in the chan-
nel with tension applied. These data were taken as the limit of the
resistance of the cylinder determined as a function of current flow-
ing, as the current was decreased without limit. It was found that
the results reproduced the original calibration within the limit of
uncertainty of the original measurements. DIuring the course of the
experimental program, several additional celibration points were
taken as a check with no air flowing and with the channel walls at
100°F, The meximum calibration change noted wes 0,5 °F.

Meeasurements of temperature and air speed were made with a
hot wire anemometer which could be positioned at any point in the
channel. Details of the use and calibration of this instrument have
been described (égtéé)' The anemometer consisted‘of a 5/8 inch
long, 1/2 mil platinum wire suppopted between the tips of two
needles (Figure 6). &ir speeds were measured in the wake by con-
ventional constant resistence anemometry techniques. The hot wire
was calibrated at several speeds against an ordinary‘impact head
tube (Figure 6).

Although the single hot wire snemometer is sensitive only to
the absolute value of the locel air velocity, i.e.,, the air speed,
throughout the region of the wake investigated the difference be-
tween the air speed and the horizontal component of the velocity
vector was leés then 0.1%. For this reason the air speed will be
referred to henceforth simply as velocity gnless a distinction is

desired between vertical and horizontal components of the veloeity,
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For tempersture measurements the wire served as a low heat
capacity platinum resistance thermometer. Calibration was made in
still eir, It was necessary to apply corrections to the observed
temperatures in a moving stream to compensate for the effects of
isentropic compression of the air stream near the forward stagna-
tion point on the wire. Since in still air the bridge current
necessary for resistanée measurements caused a heating of the wire
and the surrounding air, an additional correction was necessary for
measurements made in regions of non-vanishing velocity. These cor-
rections have been discussed at length elsewhere (3L).

Velocity and temperature measurements were mede in vertical
traverses at each of seven distances downstream from the midline
of the cylinder for nominal eair speeés of %0, 60, and 90 feet per
second, For each traverse the air entered at 100°F and the channel
walls were maintained at 100°F. Total wattage dissipation from the
eylinder was 21.35‘watts or 2,692 watts per inch. Two edditional
traverses were made at a nominal air flow of %0 feet per second with
no power dissipation from the cylinder to assist in analyzing the
effects of natural convection on the distribution of velocity.

Measurements of the wattage dissipatién from the cylinder as
a funetion of cylinder resistance were made at a number of differ-
ent rates of air flow. The average cylinder temperature was cal-
culated from the measured eylinder resistance and the previously
mentioned calibration data. Because of the uneven distribution

of temperature throughout a section perpendiculer to the axis of the
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cylinder, the observed resistance was not simply related to the
avefage cylinder temperature. However, the effect of the uneven dis-
tribution of temperature has been shown to affect the heat flux
from the cylinder only slightly. The difference between average
surface temperature and average bulk temperature of the cylinder
was less than 0.159F, The uncertainty in the calculated values

of the heat transfer coefficient for low rates of heat transfer is
dependent chiefly upon uncertainties in the temperature calibra-
tion of the cylinder itself. Energy input was calculated from the
measuremenf of the voltege drop across two celibrated resistors.
Bulk velocities were established on the basis of readings of a ven-
turi meter, Data were taken for five different bulk velocities and

included wattage dissipations of from 0.3 to 37.L watts.

Experimental Results

Veloeity calibration deta were obtained for the hot wire anemo-
meter.at‘the beginning and at the end of each traverse. It was
known that the velocity calibration of the hot wire was not constant,
but that it exhibited a systematic variation with operating time (éé).
This drift wes due in part to the accumulation of foreign material
on the surface of the wire., It is felt that the use of soft solder

in mohnting the wire on its needle supports contributed also to the
calibration drift through the gradual flow of solder onto the sur=

face of the wire adjacent to the supports.

Calibration data were obtained at three specified reference



velocities, and the information at each calibration velocity was
plotted as a function of the operating time of the hot wire, 4
smooth curve was faired through the points, This procedure made

it possible to establish an instanbaneous velocity calibration eurve
for the anemometer, and the reported velocities were determined on
this basis, At several times during the course of the experimental
program, ebrupt shifts in the calibfation of the wire were observed,
Such irregularities were prbbably the result of a sudden accumula=
tion on the wire of dust particles, or an accidentel "burning off"
of the wire. Because of insufficient calibration data at some
periods in the history of the anemometer, these celibration shifts
were sufficient to cause uncertainties in some of the reported
velocities of as much as 4%, although for any given traverse the
maximum deviation of the experimental points from the best smooth
curve through the points is'not more than 1%. The experimental
point velocities for each of the flow conditions investigated have
been recorded in Table I. To reduce all experimental veloecities to
the same basis, the point values for each bulk velocity have been

ad justed to correspond to the seme average weight rate of floug‘.
ebsolute pressure, channel height, end humidity. These averages were
taken as the arithmetic means of the values for each traverse st a
given nominal Reynolds number, Several specimep velocity traverses
corresponding to a nominal air speed of 30 feet per second ars shown
in Figure 11, Traverses for nominal air speeds of 60 and 90 fest

per second exhibit the same characteristics as do those traverses



-15-

displayed in Figure 1ll. The relatively smooth profiles obtained indi=-
cate that the complex region of the weke was not entered. The ire
regular features observed by Billmen (12) and by Mason (13) in the
regions close to a cylinder are conspicuously absent from the distri-
butions shown.

AAcursory inspection of the time variation of the temperature
calibration iﬁdicated that the calibration drift was small end that
the calibration could be considered to remain stationary with respect
to time for a given temperature traverse. Temperature calibration
data were obtained at the end of each set of wake measurements at &
given bulk Reynolds number, end at the beginning and at the end of
each period for which the experimental work was haited for any ap-
preciable amount of time., The temperature data have been recorded
in Table I as a function of position in the channel for each of the
flow conditions studied. Because of uncertainties regarding the
value of the recovery factor for the hot wire, the tempersatures
entered in Table I have not been corrected for impact effects.

Figure 12 contains specimen temperature traversss at a bulk velocity
of 30 feet per second. The distributions shown are quite character-
istic of the data for all flow conditions. The devietion of the
experimental temperatures from the smoothed curves is in general
less than 0.03°Fvexcept near the edge of the weke where differences
as great es 0.05°F were noted., It is felt that the hot wire when
used as a temperature measuring device could not in general be

rgelied upon for more precise measurements under flow conditions,
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especially where large temperature gradients result. Mechanical
vibrations have been observed which are sufficient to cause observa-
tional errors as great as 0.1°F in extreme gredients because of the
variability of the position of the wire.

The results of measurements of wattage dissipation from the cy-
linder as a function of averege cylinder temperature are presented
in Teble II, and heve been utilized to calculate conventional heat
trensfer coefficients. The heat transfer coefficient <for conduction

and convection is defined as

°

h Qe
< = (10)
mdlL (7:- T) |

where (3, is the total heat transferred from the cylinder less the
heat loss due to radistion. The coefficient as defined in Equation 10
is presented as a function of the flow parameters in Figure 13 which
is a plot of the Nusselt number vs the Reynolds number.

The data corrslate well with the results of Mason (lé) obtained
~ in this laboratory, and substantiate the trend observed by him.
At low Reynolds number, heat transfer coefficients as much as 50%
above those given by McAdams (l) are found. This difference is
probably due to the relatively high level of turbulence which existed
in the flow chennel used for the present measurements, since it is
known that at low Reynolds numbers the effgct of the level of turbu-

lence on the heat transfer characteristies of cylinders is large (éé).
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Furthermore, in a channel whose height was only an order of magni-
tude greater than the cylinder diameter, & relatively small value of
the length paremeter characterizing the local turbulence scale would
be expected. 4 scale oomparable‘with the dimensions of the cylinder
could be expected to produce anomalous heat transfer effects. It is
suggested that wattege dissipation data be obtained under circum-
stances similar to those eﬁcountered in the experimental work reported
here, snd that s systematic study be made of the influence of the
strueture of the turbulent field on the overall heat transfer char-
ecteristios of cylindefs‘

In view of the uncerteinties associated with the interprete=-
tion of the hot wire calibration data, the overall accuracy claimed
for the reported velocities is mot high. Absolute errors of as much
as Lj are expected for scme of the traverses. Measurements were con-
fined to downstream distances greater than 15 cylinder diameters,

Any errors due to the slow time response of the hot wire are negli-
gible, since in this region of the wake the complex behavior associ-
ated with the shedding of Kdrmén vortices (lgtlé) was abseﬁt.

In general, velocity measurements mede in the immediate vicinity
of & sclid boundary are in error because of inereesed heat conduction
from the wire. However, none of thé present data are subject to this
uncerteinty, all experimental measurements having been obtained in
the center region of the flow channel at reletively large disteances
from the heated cylinder,

Mason (ég) has previously snalyzed the accuracy of the hot wire
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as a temperature measuring device under conditiocns similar to those
encountered in the present experimental work, and reporfs 8 meximum
root mean square error of 0.1,°F. The experimental work reported
here indicates s precision of measurement between 0,03 and 0.05°F,
the latter value being encountered near the edge of the wake,

Because the tempersture date have been corrélated in terms of
& rise above measured free streem temperature for each traverse,
the precision of the measurements is more significent than their
accuracy in the analysis of the present\data.

The resisteance calibration of the cylinder as s funection of
its average temperature was found to be linear to within 0.5°F over
the range 80 to 250°F, A least squares line was fitted to the data,
and it is felt that the reported temperatures are correct to within
+ 0.3°F.

Throughout all of the experimental work in which energy was
being dissipated from the cylinder, the power was meintained within
0.1% of the prescribed value. The wattage dissipation was known
to within 0.1%.’

The error in the positioning of the hot wire with respect to
the boundaries of the chemnel did not exceed 0.002 inches. Since
the temperature and velocity gradients encountered in this experi-
mental work were not extreme, this position uncertainty did not
inject any noticeabls errof into the measurements. In the case of
temperature measurements the meximum possible error which could be

ascribed to this ceuse was 0,1°F, The greatest possible uncertainty
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introduced into the interpretation of the velocity measurements
es & result of errors in the position of the anemometer in the
channel is less then 1%. The maximum uncerteinty in the reported

value of the X coordinete for each traverse is 0.0l inech.

Theory

The snalytical problem of establishing the transfer of hesat
and momentum in the weke of & healted cylinder has been previously
attacked, and several reasonebly successful methods of prediction
of temperature snd velocity fields are available (2&11&5@&12)'

Most of these correlations ere based upon phenomenological consi-
derations of the turbulence processes, yet théy have been found to
represent adequately the distributions of temperature and velocity
in the eylinder weke. The following discussion serves to review
the generel principles involved in the derivation of such correla-
tions, and presents some results which have been found useful in
anélyzing the date presented in this thesis.

Since it has been found practicel to describe the temperature
and velocity }ields independently of one another the follcwing
treatment has been arranged to allow independent discussions of the
hydrodynamic problem and of the problem of prediction of tempera-
tures and of thermal flux under the substantislly non-uniform flow
conditions which are lmown to prevail in the wake of the cylinder.

Osborne Reynolds (36) observed in 1883 that in any fluid which

was ceaused to flow at & velocity exceeding some critical value,
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depending upon the properties §f the fluid and upon the geometrical
constraints imposed on the flow, there were manifest in the fluid
certain irregular motions of a scale less than that of the normel
hydrodynamic motion described by the Navier-Stokes (él) equations,
These irregular motions were entirely random in nature and had the
effect of increasing the transport of momentum and 6f,any other
transferrable quantity such as heat or metter, This increaséd trans=-
fer was the result of the gross movement of eddies of fluid within
the stream resulting from instantaneous fluctuations in the local
structure of the flow field, Since engineering floW'problemé are
often cencerned with.such states of turbulent fluid motion, rather
then with laminar fluid flow in which properties are transferred solely
‘by the mechanisms of molecular conduction, diffusion, etec., the
properties of motion of the‘former type are of great importeance.

The Navier-Stokes equations have been found to represent satisfac-
torily the experimentally observed leminar motion of fluids under a’

considerable variety of boundary conditions. In rectangulaer cartesian

coordinates these equations become, for an incompressible fluid (él),

o0 " Pox 3z o 5w

2U 52U aZZ {)14 rop U, U, U
Z{x ﬁ/ ZJ’ = P2x+y/ )(11)
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The conservaetion of matter throughout the flow field is expressed

anelytically by the equation of continuity (éz).

I
N
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Although strictly speaking, the present experimental work concerns
the flow of air, which is & compressible fluid, it cen be readily
shown that for speeds much less than the local velocity of sound
and for smell temperature differences, 1little error is introduced
through the assumption of incompressibility. Throughout the follow=-
ing discussion all compressibility effects will be entirely neglected,
In & turbulent field, if the flow is steady, each of the compo-
nents of velocity may be conveniently resolved into the sum of two
terms. The first term is taken to be the mean value of the velocity
component at a point, i.e., the average teken over a period of time
which is long in comparison with the period of fluctuations in the
velocity. The second term then represents the instantaneous fluctu-
ating characteristics of the velocity component, end has a time
average of zero. Thus, into Equations 11, 12, 13, and 1 are intro=-

duced

= %+ (15)

U
ﬂ/ = e+ v (16)
W

= )+ "M)“/ (17)
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where
3+A68 g+4¢ B+a6
/ ’ _ / ’ _ / /
5 [* 45 = A [V”{g— A_ﬂ/w 48 =0 (18)
8 ¢ 6

If Equations 11, 12, 13, and 1l are combined and averaged over
8 period of time which is long in comparison to the periocd of random
veloeity fluctuations, yet still short in comperison to the time re-

gquired for measurement there is obtained for steady flow the set of

equations
ua_‘“,Lvﬂk,_w)_’_‘ p—
2X 2y 2Z

Xt 2F 5 Vezc-zzz)+_a_ ezc_—f—) > [ ou =) v
rF aX ax(éx ayﬁﬁy Z”f+j§ﬁ5§’uw' (19)
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For steady flow the continuity eguation becomes

2T 2~ ow ‘
Lo+ = 4 == =0 (22)
X oY oZ
Reynolds interpreted the terms 'z 'z’ , wv’ s  zwl
>’ s s 2w’ s woE s o s and W’ as

turbulent shearing stresses, end if they are so identified, Equa-
tions 19, 20, and 21 are found te assume & form similar to that of
Equations 11, 12 and 13. Of courss, for any given set of boundary
conditions in & turbulent f16W'regimﬁ, the turbulent shearing stresses
still remain unknown. The efforts of experimental and theoretical
investigetors have been directed toward the solution of the sbove
equations with varying degrees of success.

. Equations 19, 20, 21, and 22 mey be applied to the analysis of
the wake behind a cylinder whose center is et the origin of a rec-
tangular coordinate system, The Xaxis proceeds in the direction of
maein flow of the stream, the Y axis perpendicular to the plane of the
weke, and the Z axis parailel %o the axis of the cylinder whiech is
assumed to be infinitely long (Figure 1j). For the two dimensional,

steady case in which there are no forces Equations 19, 20, 21 and 22

reduce to
Paas n _ __rFf , 2 . , 2 +~y] %
w %, o - + (G SE+ 5 (€ 5 (23)

X Y P oax
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where in analogy to the expressions for lesminar shearing stresses,
the turbulent stresses have been replaced by expressions containing
the eddy viscosity, bringing into evidence the contribution of the

turbulence processes to the transfer of momentum in the stream,

S U

- W = 6, /z_ax (26)
— w , 27

- v = émxy _27 + Py (27)
i ‘ 3‘1/" )u—

- T = e, (55 (@)
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Several solutions to the above equations have been obtained for lami-
nar flow where all the components of the eddy viscosity are zero (él).
Because of the non-linearity of Equations 23 and 2l, no exact solution

exists which describes the entire flow region downstream from a cylin-

dere.
These equations may be linearized by the approximate methods of
the boundary layer theory (16). It is assumed that U = U=~ W,

and V7 are smaell, and for a first approximation, all terms which are
quadratic in the velocities end velocity derivatives are neglected.

With this condition it cen be shown that a single equation results,

Up 2% = _ 2P, 2 y) 2%
"ox P ox +2>//('""7+ ))y_ (30)



For the purposes of comparison with the experimental data it is con-
venient to remove the pressure gradient term from the above equation,.
In the epparatus used the free channel flcw may be represented ap-

proximately by

— /€ -+ 2V — — = —
ﬂY/ P xy /AY P ox (31)

where %, 1is a function of Yy <=alone. This description is reason=
ably valid in the center region of the channel even when é;xy is

assumed constant. If the velocity deficiency is defined as

a combination of this definition with Equations 30 and 31 yields

the following expression. It will be assumed throughout the ensu-
ing discussion that the turbulence may be considered isotropic in
the sense that all the components of the eddy viscosity temsor will
be regarded as identical. With this assumption the directional sub-

seripts will be dropped. \

UY J 2 Uy
=9 — Z_Slut V) —

The ebove equation has proved to be one of the most convenient
starting points for the development of the phenomenological theories
of motion in the wake of a cylinder, though analyses based upon
stetistical theories of turbulence employ Equations 19 and 20 and

additional relationships between the correlation coefficients.
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The present date have been found to correlate well with the solution
of Equation 3% under the assumption that ém remains constent through-

out the wake, The solution of Equation 3% for a line disturbance

s (V)
Et
Uy = Up—U = Z{oc/ Z‘Mal/_d e *(%) (3L)
2y X

in en infinite stream of fluid is (38)

Em+V

The above expression should describe reasonably well the distribu=
tion of the deficiency velocity for downstream distances large in
cbmparison to the cylinder diameter.

Letting Y= o0 in Equation 3L there is obtained the expression

u
Z(O - U _ _Tec Z(acC/ _Ol_
e T /my /x (3)

which indicates a linear relationship between the centerline defi-

Z(m = U
Uoe

is shown as a function of /xz for all the traverses reported,

ciency velocity and /7‘(’/— o« In Figure 15 the ratie

The linear relationship indicated in Equation 35 is seen to be ex-
perimentally verified. On the basis of the expression shown above

the slope of the curve of Figure 15 is numerically equal to

Z—//};T % and appears to be substantially independent of Uoc
m
4
From the slope of the curve, the value of —_;f‘;';i/ is calculated

to be 13.3.
It is convenient at this point to associate with the wake, at

any given distance downstream, a characteristic width. This



charecteristic width will be defined, for any specified distance
downstregm as that value of Y at which %,-Z reaches half its
maximum value, o - Zér, « Figure 16 indicates schematically the
method of identification of this width, The above definition when
applied to Equation 34 yields the following dimensionless expression

for the characteristic width of the veloecity wake

/ + (36)

2(06

The experimental values of ;7' are presented in Figure 17 as
a function of the square root of the distance downstream from the

centerline of the cylinder. Agreement with the predicted relation-

Upe o
&t

Figure 17 is 37.8. WNo explanation has been found for the discrep-

ship of Equation 36 is good. The value of determined from
ancy in the two velues of the "turbulent Reynolds number" although
it is felt that neglect of trensverse velocity components in the
snalysis of the weke may have contributed significantly to the dis-
agreement noted.

Upon combination of Equations %4, 35, and 36 there results thé

universal dimensionless velocity distribution,

_(V)Az
A

Z{“ z(a —
m— - | (37)
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which may be used to establish the veloeity at any point in the
wake when Yy and % - X. are known as functions of X. In
Figure 18 are presented in dimensionless form all the. experimental
velocity data of the present investigation. It is notéworthy that
values obtained at all three bulk velocities are correlated by the
same theoretical equation. The agreement with the predicted rela-
‘tionship of Equation 37 is considered quite satisfactory. The date
of Figure 18 represent measurements taken at seven different down-
stream distances for each of the three bulk air speeds. It should
be emphasized that the scatter of the points shown is a result of
the comparison of the data of séveral traverses. The date for any
given traverse define a relatively smooth curve (Figure 11). The
deviations from the theoretical curve encountered for values of

Y

i > 1,5 indicate the effect of the channel walls in dis-
turbing the flow from the ideslized condition assumed. The standard
deviatiop of the points shown from the smooth curve is 0.030.

Thg equation describing the distribution of temperature due to

conduction and convection of heat in a leminar, two-dimensionsal

flow is (gé)

Vo 4
2 277 L. 2 [k 27 _ A7, 7T
aTKax)+ay( aV) Z(N Ty (38)

This relationship may be generalized to apply to distributions in
a turbulent field by introducing the instantaneous fluctuating

velocity and temperature terms. /7 is resolved into the sum of



e time average and a fluctuating component

T = 7+ 7 (39)
where
+A89
Aié_ / rdE =0 _ (Lo)
&

If HZZ and Z)L are replaced by the expressions of Equations 15

\
and 16, Equation 38 may be combined with Equation 39 to yield

A7) —
) 4 2y/’< QX/K )+9y/’€ 2
( 7”%{—/ 7o 7) # (rrr) (7o ) (1)

The time averagse of this equation becomes

2 97— 2 [ ype 27 27 , w27
X ( 2’7’ #v( 2y 7 A JY 1L2X + oy (bE)

which is seen to be similar to Equation 38 upon identification of

u'7’ &and ~’ 7’ as additional turbulent heat flux terms.
In the foilowing discussion this analogy will be recognized
and, in faect, the turbulent heat transport terms will be rsplaced

by equivalent expressions involving the eddy conductivity, which
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expresses the effect of the turbulence in increasing the transport

of heat.
(s o7
- T = écx a_'" (LL3)
fet = 27—
- T écy 2—)/' (LJLL)

Boguations L3 and L, mey be regarded as alternative definitions of
the eddy conductivity (&). In the discussion which follows the
turbulent field will be assumed to be everywhere isotropic so that
all components of the eddy conduetivity will be identical. Equa-
tion L2 now assumes the familiar form
(el + Dlar) L = n+ v )

For a description of the temperature distribution in the wake
of a heated cylinder it has been found possible Yo represent satis=-
factorily the data of this thesis by the4sclution of the above
reletionship under the assumption that conduction downstream and
convention normal to the direction of the meen flow may be neglected,
If Z¢ 1is replaced by the constant 270( and, furthermore, if %,
is assumed to remein constent throughout the wake, Equation L5

becomes

2 .
(6rK) 2T = oo 27 (16)
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The solution of the above equatibn for a line source of heat

in a stream of infinite extent is (j_@_)

U (_Y/g/)z

’ Y < X
&. U o J “tL 4 Xy
T—7= el (L7)
z/7 g; 0 Use o L 24

Equation 47 is seen to be of the same form as Equation 3k for the

deficiency velocity distribubtion downstreeam from the cylinder,
The expression for the centerline temperature is obtained by

setting Y= o0 . The result is

Q 06
T = oo (L8)

Z,)/—— []p U"Z{ac(/L év‘(

Figure 19 is a plot of /7;—7;)Z(oc as a function of /x—d » including
data teken at three different air speeds, and indicates the validity

\
of the linear relationship predicted by the above equation. The

slope of the line through the points yields the value ZZ{O:Z/ = 15.6,
which appears to be independent of the nominal Reynolds number of
the flow.

If a characteristic width describihg the temperature wake is
now defined as that value of Y at which the temperature difference
is one half its maximum value (Figure 16), ‘then upon combination of

this definition with Bquations 47 and 48, the following relationship

results:

Y - JFhT /= /;; | 19)



If experimentally determined valuesg of Y%é/ are plotted as a funce

tion of [/ _X s Equation 19 msy be utilized to establish the value
o

Uoe

of the turbulent Péclet number, s

« ©Such a plot is shown in
Figure 17 from which it is seen that the predicted linear dependence
of y%z; upon Y/;;;- does indeed exist., The value of -%g%i%;— Ob=
tained from Figure 17 is 15,5, It is felt that the agreement between
the two values obtained for the turbulent Péclet number serves to
indicate that the above derived equations satisfactorily describe
the physical phenomena which occur in the cylinder weke,

Schubauer (22) has presented a correlation between the inten~
sity of isotropic turbulence and the average value of the eddy
conduc tivity. The methoa of correlation depends upon a measurement
of the divergence of the temperature ﬁake behind & heated wire of
small diameter., The data of this thesis have been analyzed by the
method of Schubauer in order to éstablish the effective intensity
of turbulence in the wake, The value obtained is 3.8% which com=
pares favorably with the value of the free chennel intensity obtained

by measurement with a compensated hot wire anemometer and circuit

of conventional design.

Ectk

—~= was found to be only 15% higher
Uoc

The value of the ratio
than the average value obtained for the undisturbed chammel flow.
It appears that for small disturbances in the flowing streem the
values of &; obtained from uniform flow studies may be used with
the appropriate partial differential equation and boundary condi-

tions to establish temperature and heat flux distributions under

non=-uniform conditions of transfer,



A dimensionless, universal temperature distribution may be

derived from a combination of Eguations 47, 48, and L49. The result

Z
7 - (VY) Iz
= T
7~ = € (50)

is

which is seen to be identical iﬁ form with the universal velocity .
distribution of Equation 37, differing only in the introduction of
the appropriate characteristic width for the temperature wake. All
the experimental temperature data of this thesis are presented in
dimensionless form in Figure 20, and are compared with the above
predicted relationship. Although the agreement is good the devia-
tion of the points from the theoretical curve is greater in this
case than with the velocity correlation. The data of Figure 20
represent traverses at seven downstream positions, and the scatter
of the points represented is again the result of the comparison of
date for several traverées. The distributions shown in Figure 12
are characteristic of the smooth individusl profiles obtained. It
is seen that there is no significant dependence of the distributions
upon the bulg Reynolds number of the flow. The standard deviation
of the points from the curve is 0.03%6.

The general method of enalysis outlined in the preceding para-
graphs has been exténded to the correlation of temperature data
obtained in the wake of a large heated sphere (QQ) and in the wake

of & large heated cylinder (13). Both experimental investigations



were performed with the same apparatus used in the present experimental
worke. A similar enelysis has been applied to the prediction of con~
centration distributions in a turbulent diffusion flame apparatus (Ql)'
under non-burning conditions of flow. The detailed derivations of
the following results differ from those of the preceding analysis
only by the introduction of additional terms necessary to account
for the increased symmetry.
The expression used to establish the temperature distribution
in the wake of =& sphere is
2 +
Uy (%) (Zé}

. Ak /
T = s //anéé (’ o ‘ 4 X=Xs
=7 TG T U g | K ) X—Xo) e s (51)

where allowance has been made for the existence of‘a‘virtual center
which differs from the true center of the sphere. The constant

X%@é has been determined tohe-0.378. It has been found neecessary
to give the constant xééé the different value # 0.40,

EQuation 51 contains the assumption that ¢ and & remain
effectively constant throughout the weke, that conduction in the
downstream direction and convection normal to the flow may be neg-
lected, and that the sphere is small and is placed in a fluid stream
of infinite extent. It is clearly recognized that these assumptions
are quite restfictive, md the degree to which they describe the
actual conditions existing is open to question. Nevertheless the

results of the analysis have been found to represent the aveilable



experimental data remarkebly well,
If the temperature rise along the X axis is denoted by 7.-7, ,

the following expression may be derived from Equation 51,

-7 - Q, /zzM)/ ) (52)
4‘/7-5/3 (Y‘Z(OC A 557‘15 —Xa

Experimental data are aveilable (ég) for the temperature rise

downstream from a heated sphere of large diameter (0.5 inches)
placed in a turbulent air stream. The smoothed vaiues of 7; - 7,
obtained from the data have been plotted im Figure 21 on the basis

of the relationship expressed by Equation 52. The data substantiate

the predicted linear relationship between 7. - 7, and -X—‘__y‘T .
The turbulent Péclet number calculated on the basis of the above
. . Ao
value for the total comductivity is — = 22.8.
x4

From Equation 51 it is possible to find a meximum value of
7-7, for a vertical traverse at any given value of X and Z ,
The corresponding value of 7,-7, occurs at Y= 0O and from Equation 51

is found to have the form

- X — Xo
T To=(72-7) € 4(/5)( (53)

The characteristic width, Y , for the wake is chosen as that
value of Y for which 7~ 7, = 2’/7”‘1- 7;) in a vertical traverse
et a given value of Z , This definition results in the follow-

ing analytical expression, which has the same form for all



values of Z .

v 2/,,.: ds / );/;XOI (5L)

In Figure 22 vslues of yfd;g determined from the experimental

X =Xy
s

X[/, has the value 0.L0, and it should be noted that this does not

date have been plotted as a function of o« The constant
yield the same virtual origin that was observed to exist with respect
to centerline temperature veriation. Such discrepancies merely serve
to indicate more strongly certain inadequacies of the correlastions
presented here., The points shown represent values of yf/%é deter=-
mined at several different values of Z eand show a large amount of
scatter. It is to be expected thet the correletion predicted by
Equation 54 would be poor, because the relstionship is derived on
the besis of & point source of heat, rather than on the basis of a
disturbance of finite size. The straight line shown was plotted on
the basis of a Peclet number of 22.8 (obtained from Figure 22} end
is seenrto follow reasonably well the distribution of the points
showne.

If BEquations 51, 52, 53, and 54 are combipned, & universal, dimen-

sionless correlation for the point values of temperature is obtained.

(L) ez

= © | (55)
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The above equation is identical with Equation 50 which expresses the
veriation of the temperature ratio in the wake of a heated cylinder,
The experimental data of eight traverses downstream from a
heated sphere are presented in dimensionless form and are compared
in Figure 2% with Equatioﬁ 55 The sgreement with the theoretical
distribution is striking, and illustrates the degree to which point
values of temperature may be estimated under conditions in which the
assumptions necessary to the calculation are known to be very poor,

Data are also available for the distributions of temperature
and velocity in the wake of a relatively large cylinder Qlé) placed
in the same channel that was used for the experimental work of this
thesis., If the additional disturbsnces introduced by the larger
diemeter (0.19 inches) of the cylinder are ignored the data may be
analyzed with the aid of Eguations 48, LY, and 50.

Figure 2L shows & plot of the centerline temperature rise
downstreem from the cylinder as a function of downstream distance,
where the constent xyéé has the value + 1.05., The data correlats
well with the relationship of Equation 48. The slope of the curve
of Figure 2l yields a value of the turbulent Péclet number of 20.1
which is in fair agreement with the value obtained for the wake of
the sphere, whereas the value of 15.5 in the wake of a small cylinder
was approximatgly three fourths this value., It is suggested that

further experimental work be undertaken to investigate the depend-

Uoe &
Ec+K

stream. The results presented here are not sufficient for the

ence of . upon the size end shape of obstacle placed in a
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formation of eny generslization.

The correlation of the wake characteristic widths based upon
the relation of Equation L9 is shown in Figure 25 which conteins
date of eleven traverses and refresents measurements made at four
different bulk velocities. A straight line expreésing the reletion=-

ship given in Equation 49 has been included., The slope of the line

Z(OL 014

= ok (determined

corresponds to a value of 20,1 for the ratio
from Figure 2;) and it is seen that within the limits of scatter of
the experimentel points the theoretical relation is essentially
satisfied,

The experimental data of five temperature traverses have been
presented in dimensionless form in Figure 26 for comparison with
the theoretical expression of Equation 50. Representation of the
points by the theoretical curve is considered guite satisfactory,
in spite of the relatively large diameter of the cylinder,

Relationships have‘also been derived for the concentration of
naturgl gas as a‘function of position downstresm from the outlet of
e gas tube enclosed in, and concentric with, a larger pipe. A photo-
graph of a section of the apparatus with the outer pipe removed
constitutes Figure 27. The equipment wes used to study the diffu-
sion of netural gas components into a turbulent air stream es a
function of the parameters of flow, both for burning (gg) end non=
burning (g&) conditions, Only the non-burning conditions have been
investigated here. The experimental data contain the results of

measurements of the mole fraction of naturel gas as a function of



position in the larger conduit. Measurements were made at bulk
velocities of 25, 50, and 100 feet per second.

By a method analogous to the methods used for the correlation
of the sphere end cylinder data, the following relations may be

readily‘derived:

U d (/z/ojj'

_ Uoc Iy 0/_7' 2+ X-¥o
76 / é,ﬂm)/x_xo)e 7 (56)
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Figure 28 shows the experimental data for three différent bullke
velocities plotted on the basis of the relationship indicated in
Bouation 57. The effects of gra&ity resulting from differences in
density between the air and the natural gas were sufficient to cause

the meximum concentration at a given distence downstream to rise
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above the centerline of the conduit. The theoretical analjsis does

not take into account such phenomena, and accordingly the values of
N, plotted in Figure 28 refer to the actual meximum concentration

for‘each traverse rather than to the concentration at the centerline

of the'conduit. With these corrections the predicted dependence is

uac C/J'

.0 ° is found
¥4

substantiated. The turbulent diffusion number,

to vary slightly with velocity as may be seen from the plot. The

value at 25 feet per second is—%§%§$—=h00, which is considerably
higher than the value for ?izy found downstream from & symmetrical

obstacle in a turbulent stream (see page 35). However, it is to be
noted that the method of introduction of the diffusing gas components
into the stream differs comsiderably from the menner in which heat

was introduced into a stream by the heated shapes considered. The

Uoc d 7

6+ D at 50 and 100 feet per second are 435 and 578,

values of
respectively. It is noteworthy that the position of the virtual
origin varies with velocity (Figure 28). This variation is probebly
a result of the complex hydrodynamic conditions existing at the
point of gas injection. = The values of X%%_are considerably greater
then those observed for the sphere and for the large cylinder.

The characteristic width of the concentration wake has been
presented in Figure 29 as a function of distance downstream from the
exit of the natural gas injection tube. Equation 58 indicates a
linear relation between the variables ﬁiéé_and y——éilkl. The

d.T
Uoe dT

straight line was plotted for the value €7D = )00, Here the dise

agreement between theory end experiment is more striking. It should



be noted, however, that in the case of the jet of natural gas, at

the jet opening, the value of K. is necessarily not zero, but per-
haps more likely equal to 0.59;. As the gas diffuses outward, air
diffuses inward and the tendency is for A& +to remain substantially
constent for some time. Thus, analysis based upon the assumption

of a jet of non-zero dimensions, rather than on the present assump-
tion of a point source, would be expected to correlate these data.

Experimental data from a total of twenty-seven traverses for
the three bulk velocities are presented in Figure %0, The dimension-
less method of presentation has been utilized to facilitate compari-
son with the theory. The predicted distribution of Equation 59 is
indicated by the solid curve. The effects of convection due to
density differences éaused some asymmetry in the concentration pro-
files., However, by the use of different values of K. for each half
of & traverse the experimental points are found to correlate well
with the expression of Equation 59, with the exception of the points
teken 3.25 dismeters downstreem from the point of injection. These
data show & marked deviation from the curve (Figure 30) as would be
. expected since the assumption of a point source obviously fails for

Qz_of the order of unity.

There is a definite trend to the experimental distributions in
that they approach more closely to the theoretical curve with increas~-
ing distence downstream, indicating the desirability of a more accurate
expression replacing Equation 59. Such a correlation is available (ﬁl)

but it does not have the advantage of simplicity offered by Equa-

tion 59.



Comparison With Other Correlations

Analytical studies of the distributions of velocity and tempera=-
ture in the wake of a cylinder are available., The more successful
of these correlations are due to Prandtl (18), Taylor (19), Hu (17),
and Townsend (2) end the results obtained by tﬁese investigations
will be briefly reviewed here and compared with the correlation of
Equations 37 and 50 and with the experimentsl date reported in this
thesis.

The first reasonably successful attempt at a description of
turbulent momentum trensfer in the wake of a cylinder was due to
Prandtl. According to the theory proposed, the distribution of
velocity downstream from a cylinder is controllied by momentum trans-

fer and is determined by the following relationship.

Yo fxﬁd = ;7/ Em j—)zf“/ (60)
Inka further attempt to describe the turbulence processes, Prandtl
introduced the concept of a mixing length to characterize the motion
of eddies of fluid. The mixing length is analagous to the mean free
peth which charaecterizes molecular transport processes, and is re-

lated to the eddy viscosity in the following menner

)¢ 2%

2y = &u (61)



Equations 60 and 61 may be combined to give a differential equation
for the velocity in terms of the mixing length. Prandtl assumed that
similarity obtained throughout the weke and thus that / was propor=
tional to the breadth of the wake. By dimensional analysis the width

!

of the wake was shown to vary as X * and the centerline velocity

7

deficiency, #.- %. , as X *. With this information the solution

to Equation 60 is found to have the form

— Z
U - U, _ ’ . \/ 3/2
R AR .

-

The differences between Equation 62 and Equation 37 are solely the
result of the essumptions made regarding the nature of €, . The graph
of Hquation 62 is shown in Figure 51, where it is seen to compare
fevorably with the curve of Equation 57. Reference to Figure 18 indi-
cates that the distribution due to Préﬁdtl does not deseribe the ex=~
perimental velocity distributions with as great an accuracy as does
Equation 37, although the scatter of the experimental points is toco
great to make possible the formation of eny definite conclusion.

In 1932 Taylor proposed & different mechanism for turbulent transe
fer, according to which vorticity, rather than momentum, was conserved
in the wake. The follcowing partial differential equation embraces the
principles of his vorticity trensfer theory for the flow system con-

sidered here.

QU4
Z{”‘ = 6" ayz (65)



It should be noted thet both Equations 60 and 63 are essentially
identical with Equation 33 if it is assumed that the eddy viscosity
remains constant throughout the weke., However, a distribution en-
tirely different from that of Equation 37 results if Equation 63 is
éolved subject to the same conditions proposed by Prandtl regarding
geometrical similarity. It may be shown that the solution obtained
upon substitution for &€, in terms of the mixing length is indeed
identical with Equation 62, Thus the two basically different schemes
of turbulent transfer yield identicel distributions for the veloecity
as a function of position downstream from a cylinder., Nevertheless,
it will be shown later that the two theories lead to different dis=-
tributions of temperature in the weke of a heated cylinder.

The more recent statistical descriptions of the turbulence pro-
cesSEs (gg,glxgg) may also be applied to the pfediction of veloeity
end temperature distributions in the cylinder wake. In addition to
the hydrodynemic equafions (eeg+, Equations 19, 20, 21, end 22),
expressions involving the various correlation components describing
the field must be simulfaneously satisfied.

Hu has epplied the theory developed by Chou (22) to the ena-
lysis of the cylinder wake. Chou's theory was modified By Hues That
is, the equations involving the triple correlation coefficients were
by the aid of symmetry arguments, ignored. Taylor's microscele of
turbulence was assumed by Hu to be constant throughout the wake, and
it was assumed that geometrical similarity existed. With these

essumptions, Hu was able to arrive at a universal velocity



distribution, which for comparison with the results of this thesis,

may be expressed as

~ 2 4.06
u-w, [ zz5(1=onse V) 6
U, - Uoe - 225 + O0./142 Yz/y» L)
w

Hu determined the constants appearing in the expression by fittiﬁg
& curve to the experimental data of Fage and Falkner (_’_7_). 4 plot
of the above equation is shown in Figure 3l. Upon comparison with
the data of Figure lSyit appears that Equation 6l gives perhaps as
good a representation of the data as does Equation 37.

Townsend (2&&9) has recently performed measurements of velocity
and temperature in the wake of a cylinder. Datae were also obtained
showing the variation‘of intensities and correlation coefficients
ascross the wake. The results were analyzed and shown to indicate
the coexistence of two different mechenisms of trensfer. Both small
and large scale fluctuations were proposed, the former being largely
responsible for ths ordinary production of turbulent shear. The
letter motion was described by Townsend (gé) as the intermittent
production of large jets of fluid, origiﬁating within the highly
turbulent core of the wake, end trensporting the energy of the core
turbulence to thé outer regions of the wake., This letter mechenism
was charged wifh the responsibility for the increased normal trans-
fer of heat in the wake of & cylinder. The resultant of the two

types of turbulent shear was characterized by the existence of a
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donstant, effective eddy viscosity and an intermittency factor which
varied across the wake and could be represented approximately by the

expression

.-
Y = 3a.(l 65)
l;l‘r )’u) \‘ (65)

The equation describing the distribution of velccity was taken to

be

Uy DUy
Uy - < [ Y &, 224
4 2X 2\/ ( 3)/) (66)

Townsend (2) was able to solve the velocity equation in the region
of the wake in which geometrical similarity prevails, and the fol-

lowing expression follows directly from his result.

U-Us

U, -Upe S (67)

The above expression is compared in Figure 32 with the distribution
of velocity predicted by Equation 37. The value of 0.,0470 for the
constaﬁt a wasrcalculated from Townsend's results. Inspection
indicetes that the experimental velocity data are also represented
reasonably well by Equation 67, elthough again the scgtter of the

dete makes impossible an adequate test of this theory. The most
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significant conclusion to be drewn at this point is that the shape
of the mean velocity profile is relatively insensitive to the basic
assumptions employed in the description of the turbulence processes,

Experiment has shown that the region of true geometrical simi-
larity with respect to the statistical quantities of turbulence does
not appear short of 500 diameters downstream (2). Evidently suffi-
cient uniformity exists, however, so that the assumption of similarity
serves to describe sdequately the velocity distribution. The entire
range covered in the present experimental work extends only from
15 to 170 diameters downstream from the axis of the cylinder.

The preceding theories of turbulent transfer have been extended
also to the prediction of the temperature distribution downstream
from a heated cylinder. The approximete equation satisfied by the

temperature distribution is

Uoe 27 . 2 o7

The momentum transfer theory proposed by Prandtl may be shown to
yield for the temperature distribution the following dimensionless

relationship.

: _2

T= | — (0441 —
= 7 o) (68)
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This expression is seen to be identicel in form with Prandtl's theore-
tical velocity distribution (Equation 62), differing only inrthe
introduction of the characteristic temperature weke width, Yr .
The primary assumption involved in the derivation of Equation 68 from
the partisl differential equation deséribing the temperature field
is thet the eddy conductivity end the eddy viscosity are identical
throughout the weke and that the molécular viscosity and conductivity
are negligible. With this assumption the temperature field may be
immediately determined from a knowledge of the distribution of velo~
eity in the wake. Equation.68 is shown for comparison with other
theories in Figure 33%.

The vorticity trensport equations of Taylor may be menipulated
under the same assumptions to yield for the temperature distribution

the result

Y Ki
= / — (0-650__) (69)

Yr

NEN

7
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Equation 69 is plotted as a function of yy&% in Figure %3, and
reference to Figure 20, which contains experimental temperature data,
indiqates that Taylor's theoretical distribution results in a very
poor correlation for XGG_:> 1, It is felt that the success of
Teylor's theory in correlating the data of Fage and Falkner QZ) is
only fortuitous. Comparison of the temperature data was made on the

basis of the width essoeiated with the velocity weke. The date of

this thesis indicete that such & comparison is quite invalid because



of the marked difference in-the characteristic widths of the velocity
and temperature wekes for any given distance downstream from the cy-
linder. Fage and Falkner's measurements are répresented well by
Prandtl's theoretical curve when plotted on the basis of the appro-
priate characteristic width of the weke.

Hu shows that the equation satisfied by the temperature distri-
bution hes the same form, on the basis of the statistical theory due
to Chou, as the equation satisfied by the velocity. Thus the tempera-
ture is treated as a fourth component of the velocitykvector, and

the following dimensionless distribution is obtained.

! 9/

>,z
5,25// - 0.2Z3Z /y;—)

- Z2.z25 + 0232 Yz/yz (70)
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The constants chosen by Hu were calculated on the basis of a compari=-
son with Fage snd Falkner's measurements. The above expression is
shown in Figure 33 where it is compared with the previous distfibu-
tions. There is a certain amount of speculation as to the validity
of the assumptions employed by Hu to represent the temperature dis=-
tribution (gp. No reel results of significance to the statistical
theory of turbulence come from Hu's work, snd it is argued that even
’incorrect pictures of the structure of turbulence in the wake will
give correct descriptions of the distribution of macroscopic proper=
ties such as temperature and velocitys.

Comparison of the temperature and velocity distributions of
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Figures 31, 32, and 3% which have been derived under a host of dif-
ferent assumptions indicates that the prediction of point values of
velocity and temperature is not extremely sensitive to the assump-
tions involved in the analysis of the twbulent flow field. However,
the actual point values of heat and momentum transfer are somewhat
more sensitive to the basic assumptions employed, and serve as a
more rigorous check upon the validity of the various theories of
the ﬁransfer processe.

The equation for the transfer of heat by molecular and turbu-

lent conduction normal to the plane of the cylinder wake is

27 - 27
LT~ (k) T o -k 5 1)

This expression is seen to depend expliecitly upon both the point
temperature in the flow field and upon the eddy conductivity.
The value of jﬁt as e funetion of position in the-wakﬁ may be deter=
mined directly from the differenfial equation for the temperature
distribution. Upon integration of Equation 5 from Y= 92 to V4

there results

. (f" _ e ,LK) a/ /Z(,c( //g’ (71)

If it is recognized that Equations 50, 68, 69, end 70 all contain
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implicitly the following two conditions

Ni~

7. -7, = consty x (72)

7

Y., = const, X = (73)

then they may all be manipulated in a similar fashion to yield 4simple
expressions for the normal heat flux in the weke. The results obtained
by application of Equation 71 to each of the theoretical distributions

are

y 2
7" Uoe (77-73) Y, - ;)%LZ

(&+£)2L — oc (7e-75) Yy V. e (This thesis) (7L)

2 ZX Yr
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o7 AT -T) % Y %%
(4”%)2_7 _ % [ = ) % z[]—(@-%/ YYT) } (Prandtl) (75)
-, 27 Uoe (77 -75) X - Y 3/2
{écf,z)&—; = x )% %,il (0'630 377) :I (Teylor) (76)
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27 <X is
2Y Uoc (74_'72) Y
for each theory a function only of the fractional position in the

It is noteworthy that the quentity (&+x)

wake, 7%%_ , indicating that similarity does exist with respect to
the dimensionless heat flux., BEquations Th, 75, 76, snd 77 form the
basis of Figure 34 in which the theoretical equation developed in
this thesis is indicated by the solid line, There appears to exist
a greater divergence of the theories in the region -%; > 1,5 than
is found to exist for the correlation of point temperatures in the
wake,

Although Townsend (2) gives no expression for the temperature
distribution or for the turbulent heat flux, he has measured the
heat flux in the wake of e 0.0625 inch diemeter cylinder, and his
results are in reasonsble quentitative agreement with the curves of
Hu and Prandtl shown in Figure 3l.

The experimentel data presented in this thesis are sufficient
for the calculation of point values of heat flux in the cylinder
wake. With the neglect of conduction in the downstream direction
Bquae.tion L45 becomes

7 7

2 (brk) T = w2l e (78)
The normal convective term,z*;%;-, may not be neglected. Although
this term does not contribute noticeably to the calculation of
temperature distribution, it hes an appreciable effect upon the

caleculation of normal heat flux, The cmtinuity equation in two



dimensions may be written for symmetric steady flow as

4
o) A€ (79)
o
If Equations 78 and 79 are combined and integrated from Y=o to

Y=Y the following result is obtained

(ém‘k););r: / /)17 )//9“ LAE 47 (80)

This expression, together with derivatives of temperature and velo=-
eity obtained from the experimental date, has been used to establish
the normel heet flux in the weke., Figure 35 presents the results

of the calculations for six traverses at the nominal air speed of
20 feet per second. The results have been expressed in dimension-
less form for comparison with the theoretical expression of Eque-
tion The The lowest set of points shown represents values of the
heat flux for the traverse 1/2 inch downstream from the midline of
the cylinder, and indicate that similarity has not yet been attained
at this point. WNevertheless, the remaining points (for traverses
further downstreem) indicate that similarity does indeed exist.
Agreement with the theoretical relationship is good, and it is evi-
dent that the expressions developed are sufficiently accurate for

an adequate description of both point temperatures and point values

of the heat fluxe.



In the region of the wake in which %;4 l it is seen from
Figures 3L end 35 that the theoretical relations of Taylor, Prandtl,
snd Hu also describe the heat flux with accuracy. However, agree-
ment fails in the region_; > 1.5. It is hoped that further experi-

T
mentel investigation of the point behavior of turbulent heat transport
will be underteken, since such knowledge is fundemental to the under-
stending of the mechanisms of transfer in the wake of a cylinder. In
particular, the experimental techniques developed by Townsend (gb}£b§2)
provide a means for the direct measurement of the contributicn of
turbulence to the normal heat tramsport. It is noteworthy that the
experiments of Townsend (2) indicate that the distribution of heat
flux is not similar for at least 500 diameters downstream.

The normal heat flux has also been calculeted on the basis of
values of eddy conductivity determined for free channel flow in the
same apparstus (éé). The shape of the eddy conductivity distribu-
tion was similar to that of Figure 12, The derivatives of the

temperature were obtained from the tempersture data reported here.

In this case the heat flux was taken to be

]

n
5;cr

-
= — (&4, ;y— (81)

°

Figure 36 contains values of }2 for five traverses at a nominal
#elocity of %30 feet per second. The dimensionless form of presenta-
tion has been utilized, and sgreement with the theoretical curve

(Equetion Tl) is reasonably good. However, the disagreement in



the region 7y, & 0.6 indicates that the uniform flow eddy conducti=
vity distribution is too small, whereas near 2%9 = 1 the eddy
quantity appears to be somewhat too large. This would appear to
indicate quantitatively that there is produced a region of relatively
higher turbulence immediately downstream from the cylinder.

It is to be noted here that the zero value of the heat flux at
the center of the weke does not imply that the eddy conductivity
becomes zero at this point, but is a result of the venishing of the
temperature derivative. Indeed, were the eddy conductivity to reach
zero, the heat flux would not only venish, but show also a nearly
zero derivative at the center. This result mey be seen by considera-

tion of the following expression for the derivative of f% .

/ 2 pa 27 26, 27
_L2R L gyt - 2= (@
Q;U” 2y 2V 2y 2/

27 pr
By symmebtry it is evident that both >y and Sy 8re zero when

Y=0 , Thus, for Y=o , the derivative Of;;i;i with respect to Y

, z
would reduce to & éyé . This quantity, at a nominal velocity of
: z

o

20 feet per second, is only about 1i% of the observed value of - R

i
indicating that & indeed does not vanish at the center of the wake.
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Prediction of Temperature Gradients in Uniform Flow

The ability to prediet with accuracy point values of tempera-
ture and of thermel flux is often of paramount importance in designs
involving turbulent treamsfer. The majority of such problems con-
fronting the chemical enginesr are concerned with non-uniform
phenomene, and often are of such complexity és to preclude any exact
snelyticel treatment. MNevertheless these problems must be solved
at least approximately before the éngineer is able to reach any
reasonable understaﬁding of the importance of end effects and other
disturbances in the design of heat exchanging eguipment,

The parpose of this section is to review the application of
electric analog methods (gg) to the prediction of heat transfer
under cases of non-uniform temperature distribution, and to present
the results of one such study carried out at the California Insti-
tute of Technology. It is hoped that the ideas conbtained herein
will serve to stimulate interest in this field of analysis and to
provide sufficient background information to encourage furthef ap=-
plications of such methods in the field of non=uniform transfer of
heat to turbulently flowing fluidse. It should be pointed out that
the methods reviewed here may be applied with equal éuccess to the
determination of concentrations and to the e&aiuation of materiel
trensfer under & number of similer cases of engineering interest.
For simplicity the ensuing material will be restricted to a consi=-
deration of the problems of heat transfer, although the extension

to diffusion problems should be obvious.



The following discussion concerns the use of an electric ena-

log computer (29) for the solution of the following equation

oT
Y SX (83)

2
— (€ ¥ K
S5y (€<¥K)

which desceribes the temperature field in the cese of a fluid flow-
ing uniformly between parallel plates when conduction in the direc=-
tion of main fiow can be neglected, It has also been assumed that
the properties of the fluid remain constant throughout the region
considered.‘

The principles underlying the successful application of electric
analog methods to the solutions of ordinary and partial differential
equations end the corresponding boundary value problems which de-
scribe physicael processes are not new. It has long been realized
that the equations which govern the distribution of voltege and
current in electrical networks are similar if not identical in form
to many other equations‘of mathematicel physics. Hence, the solu=-
tion to & given problem may often be identified with the soluticn
to @ corresponding problem of electricity. The anelogy does not
stop here. In fact, a host of analog methods are at present employed
in the solution of problems of physical interest, the merit of the
individual method being measured in a large part by the ease with
which & solution may be obtained (26,27). |

The electric analog computer, being well adapted»to the study

of transient phenomena is particularly convenient for the solution

’
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to the problems of non-uniform heat transfer. The wide variety of
electrical components available to the ingenious operator mekes it
possible to treat satisfactorily problems which involve rather com=-
plex initial temperature distributions and boundary conditionsav
Depending upon the total number of elements employed in the computer
circuit it is possible to represent to varying degrees any initial
temperature distribution involved in the solution to‘Equation 83,
Likewise, by the application of arbitrary function generators,
virtually any temperature boundary conditions may be applied to a
given problem. It is not difficult to realize the possibility of
applying conditions of variable heat flux across the boundaries of
the system, Such boundary comditions are encountered in physical
situations in which the surface temperature of the system is unknown,
but from which there is a transfer of heat to constant temperature
surroundings. The surface heat treamsfer coefficient may be a con=
stent or a function of time.

Sclutions obtained by the ﬁse of the anelog computer are not
exact for several reasons. They do not take into account any non-
linearities entering through variation of the properties of the
fluid with_temperature, nor do they consider conduction downstream
or variations of &, end 7¢ in the direction of flow, although it
is possible to include the latter through usse of sufficiently complex
netwofks. For the computer considered here it is necessary to repre-
sent the partial differential equation by its finite difference

counterpart. The convergence of such methods to the solutions of



the original equations has been discussed (43,44). Such limitations
are inherent in the method, snd cennot be resolved. In addition,
practical considerations generally prohibit the use of precision
components in the computer, witﬁ the result that the accuracy of
the solution is decreased. In situations where solutions of greater
accuracy are desired, one must in genersl turn to numerical methods,
including use of sequence controlled, high speed digital computers (22).
However, it is importent to note than an approximate solution in such
a case from the analog cémputsr, when used as a starting point for
the more exact methods, will hasten the convergence for the solution
to such an extent that very little additional effort will be re-
guired.

For the solution to Equation 83 it is convenient to use a net-
work of elements as shown in Figure 37C. Application of Kirchhoff's
lew to the nth node yields the following relation between the vél—

tages and the time

Er?w — E;t _ E;l _E'l-l (h aEﬂ (8)4)
AR ARy, 26

n,nti

Lf;ﬂ/f;’”,, is now chosen to be equal to Al/fan" the equation may

be written as

Eﬂf-/ —Zé; +£’I-/ 35;.
AR 28

(85)
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which is readily recognized to be a finite difference counterpart

of the eguation

2 s .
IR ZE - 25 (85)
2R 26
Hence, if Bquation 83 can be reduced to this form, by application
of proper boundary conditions to the circuit (Figure 37C) a reason=-
ably accurate solution to the heat transfer problem may be obtained.

This result may be achieved by defining a new independent variable

Y .
??/xh) by the relation

ZZ
;0(%) - [?@/77 4¢ (67)
0
Equation .85 now assumes the form
3 _ y; 2/ @) [ég(gﬂ)+/<‘] f}; (88)

op*

and the similarity with Equation 86 is evident. The correspondence
is complete on identification of qp with K , Z((Ed‘k) with £ ,
and X with time. That such identification is reasonable is ap=-
parent. Equal inerements of ¢) represent equal units of resistance
to heat flow across the channel; accumulation of charge on the capa-
citors is identified with the sweeping of heat downstream by the
motion of the fluid. The voltage distribution as a function of time
in the system is similar to the state of affairs observed by an

individual moving downstream with the fluid.
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To complete the solution it is necessary to have available
values for the eddy conductivity end the velocity as functions of
position in the channel, and to achieve the proper correspondence
with respect to the physical boundary conditions.

Since it is desired to illustrate the use of the anslog com-
puter by solution of & heat transfer problem for which experimental
temperature distributions mre actually available, a review of the
experimental work will be given here.

Keasurements have been made (ég) of the distributions of
temperature and velocity as functions of position in a turbulently
flowing air stream. The experimental apparatus utilized wes the
seme as that described in an earlier section of this thesis. For
the experiments, three different boundary conditions were investi-
gated. These were 100/85/100, 100/100/85, end 115/100/85, in which
the three numbers indicete nominally the temperatures of the upper
plate, the entering air, and the lower plate, respectively,

Figure 37A indicates schematically the conditions existing at the
entrance to the "heated section." Traverses of temperature and
velocity were made at several different stations downstream from the
entrarnce to the heated section to determine the nature of the
temperature distribution during the region of non-uniform transfer
of heat, Three of the experimental velocity traverses are indicated
in Figure 38 and show that the velocity profile was substantially
developed at the region of interest, The experimental tempefature

traverses are shown in Figures %9, 4O, and L4l. The experimental
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data for successive stations downstream from the entrance to the
heated section have been separated from one snother by & constant
amount in Figures 4O and 41 to facilitate comparison with the re~
sults of the analog calculation,

To solve Bquation 83 it is necessary to have available values
for &, and ‘ZL as functions of >’/. To achieve best correspond=-
ence with the experimental‘data, the velocity distribution was chosen
as in Figure 38 (heavy line) which represents an arithmetic average
of the distributions obtained in the experimental work. Values for
the eddy conductivity were taken from a correlation of £, as &
funetion of YJ and of the Reynolds number based upon the bulk velo-
city. These values had their origin in measurements (22) involving
uniform transfer of heat. Figure 42 gives the distribution used in
the calculations,

From a knowledge of &, as a function of ?’lthe variable P
may be determined, and once a choice of the total number of cireuit
elements is made, the appropriate value of A4 ¥ may be obtained.

The capacitance at the nth node is determined from the relation

C _ (A¢>z yj/{ K) o .
v s W )

In the above expression AK is the resistance between two

nodes and A is the conversion factor relating time in the electri-

cel circuit to distance in the boundary value problem.

The only limitations upon the cholce of the numerical values
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of zﬁﬁé and C} are practical ones; i.e., the choice is usually
dictated by the range of K and £ components availabls, the time
sensitivity of the switches used, and the desired sweep time of the
oscilloscope used to trace node voltages as a function of time.

1f R is large and ¢ is small, leakage of charge from the circuit
may appreciasbly affect the accuracy of the solution.

For the work reported here the values chosen were

AR = Lb ohms A = 1000 in/sec n = 25

The corresponding values of <, were calculated on this basis, and
are listed in Table III.

To represent properly the physical boundary conditions prevail-
ing it was necessary to consider the existence of resistance to heat
transfer in the oil baths, since it was known experimentally (22)
that the plate temperatures were not uniform with respect to down=-
stream distance under non-uniform heat traﬁsfer conditions particu=-
larly near the entrance to the heated section.

Ideally, the distribution in the oil baths should be represented
by use of additional circuit elements. However, as the oil flows
countercurrent to the air stream such & procedure would require the
use of negative capacities, the use of which, though not impossiblef
was ndt practio%ble in the present study. Thus, rather than repre-
sent point temperatures in the oil streams, the problem was solved
by choice of appropriate boundary conditions at the 0il bath - copper

plate face. It was assumed that the bulk temperatures of the oil
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baths were substantially constant over the renge studied and resist-

ance to heat flow was assumed to reside wholly in an oil film next

to the plate. The heat transfer coefficient for this film was deter-

mined from previous uniform transfer studies in this laboratory.
Consider the boundary of the system at any point downstream

from the channel entrance. Because the conditions are constent with

respect to time, the total heat flux to the air stream at a wall

must be identical with the heat flux to the wall from the oil bath,

The boundary condition at one wail is (Figure 43)
g = -Gok2L = A7 = 7o) (90

In the steady state case, this condition must be true at all down-
stream positions. Referring to Figure 37C, the above condition may

be interpreted also in terms of voltages as

5-£ _ LA -
£ a8 | o)

The latter condition is automatically satisfied if there is no
chargé drain at node 1. Node 1 then corresponds to the channel wall,
and point B to the oil bath.

If Equation 90 is written in difference form it becomes

/lou_ (7074_-7;: ) =£L0U,L/7;'—7—) (90&)
‘ AV pne ’
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Hence

- C o |
e _751 — £ (92)
7; -z ﬁd/L A A 50

There exists & linear correspondence between £ and 7 so that

7 = AE+ B (93)

Upon substitution of this relationship into Equation 92 there is

obtained
70—/1.“ T _ EB -£; — go‘ — /Pw (9)4)
Tw — 72 £ -L bye Yo AP AR
The equation determining A&, is thus
‘ C o
Ko = o a4k (95)

Roe Yo AP

The above relationship was used to establish the proper values of
Ry for each boundary condition. The boundary conditions studied
included three different bath temperatures. The corresponding heat

transfer coefficients varied, and X, was chénged for each condi-
tion. Because of some uncertainty in the values used for é@L ’
and in the thickness of the laminar layer in the air stream each set
of temperature conditions was run a second time with well resistance
three times the value originally chosen. Table IV contains a tabu-

lation of the values of £, used in the solution for each coandition.
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The temperature boundary conditions studied corresponded to the
experimental conditions 115/100/85, 100/100/85, and 100/85/100.
Since the analog solution is based on a linear relationship between
temperature and voltage, the actual conditions on the analog were
chosen as + g/ground /‘é-} sground /g;round/*ég_s and *‘Ea-"/ ground /"'é,; .
In the three cases, ground corresponded to 100°F, 100°F, and 85°F,
respectively.

The circuit slements were connected as shown in Figure 37C and
for each boundary condition the proper value of £, was chosen.

One beam of a double beam oscilloscope was §onnected to the node
whose potential was desired and the battery switches were closed.
A photograph was taken of the beam trace on the oscilloscope.
Figure l); is & semple photograph. Data were obtained at alternate
nodes in the circuit,

For each case photographs were made of the voltage at B
(Figure 37C) which corresponded to the forcing function, and hence
served as a calibration scale on the subsequent photographs. Because
of the variation in voltage across the network it was advisable to
‘use different gain end signal attenuations at different nodes to
facilitate reduction of the data. Calibration of these controls was
made separately.

By adding an inductance-capacitence series leg to the circuit
(Figure 37C) andvconnecting this leg to the second beam of the scope
it was possible to place a timing signal alongside the voltage trace

on each photograph. The theory of such a circuit is well known Qgé)
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end the frequency of the sine wave produced may be readily calculated
from the circuit constants. The wave shown in Figure Lli has a fre-
qﬁency of [j02.6 cycles per second, each cycle corresponding to
approximately 30 inches distance down the channel.

Data were taken directly from the photographic negatives using
a large megnifying glass and & pair of‘dividers. Voltages were read
at points corresponding to the stations at which experimental data
were available. Conversions to temperature were made with the cali-
bration constants for each set of boundary conditions.

& comparison of well temperafures calculated by the analog
“method with experimental values indicated that the true resistance
in the neighﬁorhood of the wall was approximately the arithmetic
mean of the values chosen for the analog solution. Consequently,
comparison with experiment has been made on this basis. The differ-
ence has been attributed to uncertainties in the thickness of the
laminer film in the air stream, and amounts to a& 10% change in this
region of high resistance. Reported temperatures are the average
of the values found for the two cases at each of the boundary condi-
tions studied. Figure 37B contains a plot of the experimental end
the calculatéd values of wall temperature as a function of downstream
distence for the condition 100/85/100. It is felt that the agreement
is quite satisfactory.

Figures 39, 1,0, and L1 are a comparison of the analog calcula-
tion with the experimental data of Mason (29) taken under the same

conditions. Agreement with experiment is excellent, especially in
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the case 100/85/100 which represents the most stringent test of the
solution., In particular, the calculated curves show the same char-
scteristic variations in curvature which are exhibited by the experi-
mental data. This somewhat peculiar phenomenon results from the
actual shape of the eddy conductivity distribution. Because of
uncertainties associated with the absolute values of the experimental
temperatures used for comparison, the 10Q/lOQ/85 and the 115/100/85
cases have been compared on a relative basis only. For the former

case the experimental and calculated solutions were made to agree

’

at the point-z = 0,950, while in the latter case, agreement was

Yo
set at the centerline of the chamnel. The nature of the experimental
uncertainties was such thet for both cases the‘method of adjustment
of the snalog solution consisted of the addition of a constant term
to each calculated temperature,
It is possible to determine the héat transfer coefficient for
the 100/85/100 case directly from the snalog solution eliminating
the necessity for calculations of bulk temperatures. The heat trans-
fer coefficient, ﬁ , is defined by means of the following series
of relationships
K = To) = = —Gok Sl = ko (B70) (%)
where TZ%_is the mixing=cup temperature which may be expressed as
- follows

/

/

4Y
A

-7 = w(7-7;) (97)



with /
£y’
2, = / Ze ZL (98
& Y, )
o

_4;5 is that uniform temperature which the fluid would assume upon
discharge from the secbion in question into en insulated receiver.
Since there exists a linear relationship between £ and 7

as given by Equation 9% we may write
Tme = 75 0= Al (99)

where A is determined from the calibration data. The right side
of Equation 99 does not contain the term £, since for the case
considered £, was taken to be zero (ground). Now 4, is also that
voltage which would obtain in the analog circuit if the cirecuit were
located at a particular instant, g , and may therefore be estab-

lished from the following relation

8
—_ total charge _ 2 o
= total capacitance - < /4 L& (100)
o
where
€ = 2 < (101)

n

Recognizing that the current flowing into the circuit from one end
is expressed by

' Es —£ AL,

/?yv /?W



end that
A= 4x
A 46 (103)
Equations 97, 99, 100, 102, end 103 may be combined to yield
X
ZA
p/S— -
e 7ot ey /AEN 4’5 (10L)

[/

Upon substitution of the above relationship into Equation 96 there

is obtained, with some rearrangement, the following relationship.

é 7;/1. - /_r.v
ﬁ = (105)

(o — 7) —/7:—24)~—u,(/4£ Ve s

Since for the temperature boundaryfcondltlon 100/85/100 the

velue of 7,,— 7, is 15°F, Equation 105 may be further simplified to

yield the final expression

£ = X (106)

2
/5 Z
Z - a5 — —2— /az
4 “ A, < / wds

; 4
for the heat transfer coefficient for the air stream as a function

of the oil bath coefficient, 4 , end the direct information obteained

o/t
from the analog solution. Figure L5 shows & plot of the heat trans=-
fer coefficient 4 for the air stream as a function of distance
- downstream from the entrance to the heated section. The prediction

of Mchdems (l) is indicated. The insdequacy of the correlation of

McAdams in the region less than forty diameters downstream is apparent.



Conclusions

The results of this thesis indicate the possibility of predict-
ing with ressonable accuracy distributicns of temperature, velocity,
and concentration in turbulent fluid systems. The descriptions are
found to be good even in those cases in which it is known thet the
assumptions necessary for simple analytical treatment sre poor., It
is emphasized that amalytical distributions of meen velccity and
tempereture in the wake of a heated body are relatively insensitive
to the assumptions made regarding the actual nature of the turbulence
processes, and profiles derived under a number of different assump=-
tions are shown to have nearly identical forms.

It is suggested that further investigations be undertsken to
determine both the effects of intensity end scale of turbulence upon
the overall heat transfer characteristics of cylinders and other
shapes. Although same such work of this type hes been reported (éﬁ)s
it is not considered to be completes. The disagreement between the
velues for the heat transfer coefficient reported in this thesis
and the values predicted by McAdams indicate that the structure of
the turbulent field is importent in determining the heat transfer
characteristics of cylinders,

& more complete investigation of the healt transfer as & func-
tion of ?osition ir the wake of a cylinder should be conducted. In
particular, direct measurements of the turbulent heat flux mey be

obtained (2), end these may be used to test further the dsefuLness



of the theories of transfer in the cylinder wake. Although the
velues of heat flux in the wake calculated from the data included
here agree with the theoretical predictions developed, it is recog-
nized that the effect of the peculiar geometry of the equipment
utilized may well invalidate any conciusions which might be drawn.
Measurements in an unconfined stream, especially direct measurements
of the heat flux, would be desirable.

The snalog computer is well sdapted for the solution of the
heat conduction equations for turbulent fluid systems, end is a
particularly useful toel for the direct utilizetion of information
concerning the point variations of the eddy conductivity and the
eddy viscosity. The computer also provides a simple method for the
analysis of the behavior of systems in which end effects or entrance
effects are controlling. In éystems of this type, the simplifica-

tions usually introduced for the calculation of heat transfer coeffi-

cients are not valid,



Nomenclature

English letters

a dimensionless constant

A calibration constant for snalog computer, ©F/volt

8 calibration constant for sasnalog computer, Op

Cp isobaric heat capacity, Btu/lb OF

< molal concentration of natural gas, mnl/ft3

Ce initiel molal concentration of natural gas, mol/f’c3

Com maximum molal concentration gf natural gas at any
downstresm distance, mol/ft

Ca capacitence at nth node, microfarads

d dismeter of small cylinder, in or ft

0& diameter of large cylinder, in or ft

d; diameter of sphere, in or £t

Q} dieameter of gas injection tube, in or ft

v molecular diffusivity, ft2/sec

£ voltage, volts

é; battery voltage, volts

£n voltage at nth node, volts

9 locel gfavity, f’c/sec2

h overall heat trensfer coefficient, Btu/sec °F f£°

Ae heat transfer coefficient for cylinder, Bth/%ec OF £t

él\-
~

oil side heat transfer coefficient, th/sec OF ft2
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thermal conductivity evaluated at mean of free
stream temperature and averége cylinder surface
temperature, Btu/sec °F £t /Tt

Prandtl mixing length, in or ft

heated length of eylinder, in or %

mole fraction natural gas

initial mole frazeocbtion natural gas

meximum mole framction natural gas at any downsiream
distance

a subscript indicating 0! node in enalog circuit
pressure, 1b/in2 or lb/ftg

rate of heat transfer per unit ares, th/sec fta

rate of normal heat transfer psr unit area, th/sec fta

rete of heat transfer from cylinder by conduction
end convection, th/sec

rate of heat transfer from sphere by conduction and
convection, Btu/sec

position variable, radius, /x%y? , in or ft
resistance, ohns

characteristic width of concentration wake, in or ft
wall resistor in enalog circuit, ohms

resistance betwesn nodes in enalog cirecuit, ohms

resistance between 28 and n+15% node in analog
gircuit, ohms

& position variable, general, in or ft
time average btemperature at a point, OF

instantansous temperature at a point, OF
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N
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(3

temperature et center of wake at any distance
downstream, OF

maximum temperature in weke at any distance
downstream, °OF

mixing cup tempersture, °OF

temperature at position corresponding to oo

in analog circuit, ©F

node

initial or free stream air temperature, oF
bulk temperasture of oil bath, °OF

avarage surface temperature of cylinder, OF
channel wall temperature (air stream side), OF
instenteneous fluctuating component of 7_', oF

time average components of velocilty vector at a
point in X,Y,2Z, directions, respectively, ft/éec

instantaneous components of velocity vector at a
point, ft/éec

centerline velocity at any distance downstream,
deficiency velocity, Z,-U, ft/éec

th

velocity at position corresponding to n*" nods

in enelog e¢ircuit, ft/éec
free stream velocity, ft/sec

maximum free stream velocity, ft/sec

instantaneous fluctuating components onZ,Q%:ZQZ ft/éee

position varisbles (Figure 14), in or ft
coordinate of virtual origin, in or ft

position varisble measured from lower wall of
channel, in or Tt

height of channel at any valus of X, Z, in or ft



X2z

V7, Ya

Greek letters

b4
€.

‘{cx, éf)'l 6¢g

Gﬂfﬁ)n

(€erk),

Myx )

€m

~

>

> A

T v oW %

Xy“.

T

X, ¥y2 components of external force, 1b

characteristic widths of temperature and velocity
wakes, in or ft

" intermittency factor

eddy conductiwity, ft?/éec

components _of eddy conductivity in non-isotropic
field, ft%/sec

tgﬁal conductivity at position corresponding to
n"" node in analog circuit, ft?/sec

total conductivitg determined from uniform flow
measurements, ft%/sec

eddy diffusivity, f£t2/sec
eddy viscosity, ft?/sec

components of eddy viscosity in non-isotropic
field, ft2/sec

dummy varisble of integration, eny units
time, sec
thermometric conductivity, ft?/sec

factor relating distance to time in analog
eircuit, iq/sec

fluid viscosity evaluated at mean of free stream
temperature and average cylinder surface temperature,
1b/ft sec

kinematic viscosity, ft?/sec

dummy verisble of integration, eny units

density, 1b sec?/fth

specific weight, 1b/ft’
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Pl
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Miscellanecus

.shearing stress, lb/ 42

normel shearing stress, parallel to XZ plane, 1b/ft2
resistence varieble for enalog circuit, sec/ft2

increment in ) between nodes in analog circuit, sec/Pte

natural logarithm
denotes time average of quentity under bar

denotes ebsolute value of guantity between bars
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Figure I}i. Specimen Oscilloscope Trace
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519
532
«5lib
. 560
5Tk

Table I,

Yo ©

102,70
104.26

105.L6

106,18

105.84
106,10
105,98
103,97
104.08
103,05

102,28

Temperature and Air Speed Distribution
in the Wake of a Heated Cylinder

Part l.*

P

ft/sec

37.8
38,0
37.8
3746
5743
%.2
246
33.0
3.
30.6
30.4
31,7
3%.3
3L.9
26,1
36,7

* Bulk velocity = 33%.3 ft/sec

Akverage cylinder temperature - 282°F

/¥,

«260
.288
2301
o315
.328
32
+3%

101.61
101.04
100,60
100.47
100.22
100,15
100,04
= 1,00 in
= 0,735 in
99,59
99.70
P77
99.93
100.06
100,51

100.93

ft/sec

5740
374
3745
3767
377
37.6
375

%67
37.L
377
3746
37.6
577
378

Rate of dissipation of energy from cylinder - 2.692 watts/&n

& Experimental temperatures uncorrected for impact effect

Experimental air speeds corrected to average y,» T fluid
composition, and measured weight rate
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*369
397

451
1178
+505
533
560
587
61L
6L2
655
669
682
6%
.718

»180
.210

239

yO

X

y

T
op

x = 1.00 in

[¢)

= 0,735 in
101,11
102,03
102.66
103%.33
10%.7%
103,79
103.61
103,35
102,73
101.76
100,99
100.66
100,47
100,22
100,15
99.99

1.5 in
0,708 in

0"

99.86
99483
99.92
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Table I, Part 1 (Cont'd)

u
ft/sec

377
37.1
36,2
35.2
33.6
33.1
3ls0
35.2
3646
3Te3
38,0
38,1
579
37.8
375
3743

3L.8
357
364l

/¥,

.168

2225

100.04
100.27
101,02
101.71
102,68
103,1%
103.16
103,02
102.46
101.64
100,88
100.26
160.13
100.05
100,00
99497
99.99
x = 2,00 in
¥, = 0.701 in
99.7%
99.8L

37.0
57.2
375
57.1
3548
34,8
3Lie5
35.0
36,2
37.0
3743
57,3
%647
36.0
36.0

3L.8



v/
[+]

253
282
«310

+367

181
.516
«539
+567
62k
681
710
.738
767
792
.819
W8L5
.881

«909

T
oF

x = 2,00 in
y, = 04701 in

9997
100,27
100,57
10144
102,25
102,55
102.69
102.69
102.64
102,50
101,77
100,99
100.6L
100.35
100.1k
100,01

99.95

99.96

99,94

99.9L
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Table I, Part 1 (cont'd)

u
ft/sec

35.8
351
55.1
551
353
258
36.8
37.1
370
3648
%.2
36.1
35.5
3L.8
3348
32.5

¥/,

133
162
<190
220
249
.288
#5335
378
22
450
L79
+508
«537
+576
623
670
+708
<737
768
796

X

Yo

T
op

2,50 in

nou

99,78
99480
99.85
99,96
100.12
100,51
101,04
101.54
101.96
102,12
102,2l
102,26
102.18
102,02
101.56
101.03%
100454
100.25
99.99
9.79

u
ft/sec

3242
32,9
330
3l.1
3Li.8
3640
36,1
3640
3546
35k
35.0
3L.9
35.0
355
36.1
%6.3
36
3642
35.8
351



y/y

«825

853

912

<141
+ 170
199
256
313
<571
;28
186
L3
.600
658
» 715
o TLL
772
.801

«83%0

X

Yo

T
oF

= 2050 in
= 0,694 in

99,70
99.59
99.49
= 3,00 in
= 0,697 in
100,00
100,01
100.02
100,40
100.9%
101,52
101,99
102,22
102,18
101.86
101.L1

100.82

X 100056

100.33
100.16

100.04L
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Table I, Part 1 (cont'd)

u
£t/sec

3L.8
34.0
31.7

3243
333
33.9
3549
3643
3643
3549
3548
3546
3642
36.6
3% .4
36.1
35.8
3501
3145

¥/¥,

.858
+887
«916
«9L5
o975

.019
«095
+150
2209
«265
322

«380

<192
«5L9
607
618
691
«719

100,29
100,50
100.80
101,13
101.43
101.61
101.68
101.59
101.%9
101.18
100,94

101.13

3346
32.5
51.3
29 .2
2ly.3

13.2
3046
5343
31449
36,1
36,8
57.1
3743
373
374
37.2
3743
572
37.2



¥/Y,

« 718
176
+80L

.861

<918
96
975

.989

100.47
100.12
100,05
99.97
99.93
100.00

l]l7=

Table I, Part 1 (cont'd)

u
ft/sec

3649
3643
3449
3L9
31.2
29.4
23.1

16,0
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Table I, Part 2x

/o 3: ftj:ec /%o oF £t/ sec
X = 0,50 in
Yo = 06% in

255 100.03 66.0 657 100,07 67.8

28l 99.97 67.L 686 9995 67.0

312 100.01 673 «725 9997 6li.6

e3h1 100,04 68y o Th3 99.95 6548

370 100,42 68.3

, % = 1.00 in

39 100.98 67.1 Yo = 04681 in
W27 101.92 6561 216 100.00 63,0

1356 102,51 60.4 <260 100,03 6l.2

70 102,80 583 30k 100.07 65.8

L85 102,90 56 o6 326 100,18 65.7

99 102,95 5547 326 100415 65.8

51l 102,87 5643 348 100,50 66.5

o542 102,57 60.4 377 100,92 65.9

571 101.57 65.7 107 101.L2 6449

59 100.97 667 436 101.85 62.6

628 100,3L 67.5 451 101,98 61.3

¥ Bulk velocity = 59.1 ft/sec
ALverege cylinder temperature - 2,2°F
Rate of dissipation of energy from cylinder = 2,692 watts/in

% Experimental temperatures uncorrected for impact effect
b Experimental eir speeds corrected to average Yo F» fluid
composition, and measured weight rate



/Yo

oLib5
.L180
195
+509

-550
583
612
656
«700
oThly
.788

222
266
.310
354
383
12

o)427

X
yO

T
Op

1.00 in
0.681 in

0o

102.13%
102,19
102,29
102.28
102.25
102,06
101.55

101.17

100,16

100410
100,02
99.97

= 1,50 in
= 0,685 in
100,01
100,07

100.24

~100.70

100.99

101.51
101.46

Dl]A9‘l

Table I, Part 2 (cont'd)

u

ft/sec

60.3
59.0

- 5843

58,2
58 6
60.7
6349
6L.8
66.0
65.9
6L.2
62,6

6L..0

66,0

667
67.0
6647
65.7
6li.ly

/¥,

oLl
470
470
L85
«500

L 51[;

543
558
«602
blb
689
733
762

.821

o1l
203
252

262

101.5%
101.67
101.71
101,71
101,81
101.76
101.77
101.75
101.57
101.25
100,78
100.3L
100.66
100,00

99.93

nou

2.00 in

99.97
99,98

100.18

59 ol
62,5
63,8
6546



¥/,

0291
« 350
<1109
o138
468
497
526
556
615
HT3
703
o732
. 762
.91
«821
«350
879
«909

.156

X = 2.00 in .
yo

X
Yo

g‘F
= 0,680 in
10051
100,75
10117
101.38
101 .47
101.54
101.53
101,143
101.12

100.61

100412

100.19
100,07
100.01
99.98
99.93
99.96
99.90

2o 50 in

99,97
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Teble I, Part 2 (cont'd)

u
ft/sec

6647
67.1
65.9
65.2
6lL.3
6L.0
6lLi.2
6L1.8
67.2
68,1
68.2
67.3
6646
65.8
6ly.3
62.8
61.0

5548

61.6

/v,

21
2h3
272
«301
«3%0
«359
.388
o117
oLif
oL76
504
«535L

592
650
679
.708
<157
o T66
+ 795
.82l

o3
e}

100,02
100,13
100.21
100,40
100.56
100,78
100,96
101.12
101.25
101,32

101.%2

110132

101.27
101.1,

100.85

1 100.6%

100.143
100,29
100.20
100,11

100.05

u
£t/sec

6L.2
6542
6640
6b .l
664
6540
6548
6lye3
63.5
6340
6247
6340
63.5
63.9
654
65.L
65.4
65.2
6543
bLie3
63t



853
0882

«159

+217
o246
273
« 303
0 3%2
¢ 590
1419
.hhé
L76
;505
536
566
621
650
679
<707

Op

2,50 in
0,689 in

B ou

100,04

100.02

[

99,78

99.88
100,01
100,11
100,31
100.L6
100.81
100,93
101,03
101,08
101,10
101.08
101,02
100,81
100.65
100.51

100,33
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Table I, Part 2 (cont'd)

u
£t/ sec

61 58
59.9

59.8
62.5
63.5
6li.1
65.1
6543
6543
6L.8
6L.7
6L.7
6li.2
65.0
65.2
65.8
65.8
65.5
65.4

¥/¥o

736
+ 765
o T
«823
«853
»881

+909

024
.038
- #067
097
+155
213
271
«329
.392
L6
«50L

.552

100.23
100,08
100.00

99.92

- 99.90

99.90
99.90

=
=

5050 in

99.73
99.76
99,78
99,80
99.87
100,02
100,17
100.35
100.55
100.64
100,74

100,68

u
ft/sec

65.3
615
63.8
62.7
61.7
6046
57.0

L1.5
L6 .8
51.3
5.0
5842
60.L
62.8
6L..3
6.8
65.2
6542
65.3



v/y

621
679
o737
« 795
«853
912
9Ll
970
.98l

X

T
Op

= 5,50 in
= 03687 in

100,60
100.45
100.29
100.12
100.01
99,95
99.92
P91
99.91

Teble I, Part 2 (cont'd)

.
ft/sec

6542
65.5
63l
61,7
5847
5L1.8
5144
L5.8
36.8



Table I, Part %%

/Yo 18 uP ¥/Yo T u
OF ft/sec oF ft/sec
x = 0,50 in
Yo = 04693 in
.310 99.81 98.1 T 100423 97.1
«339 99.8L Rl o TL3 100.23 97.3
«339 99.87 100.4
368 100,04 101.0 yj - é:$g5i?n
 «397 100614y 100.2 +259 9965 101,0
426 100.97 98.2 .288 99.68 102,5
1155 101,51 9345 316 99.80 103.9
1483 101.78 89.1 «3U5 99,99 104.0
498 101.85 87.1 373 100,26 103.4
.512 101.82 87.2 401 100,57 102.4
541 101.77 91.h4 130 100.80 100.0
570 101.44 95.3 458 100,96 9%.3
<597 101.02 99.8 1486 101,00 OLely
.625. 100.64 101.3 2515 lOi.OS 9&.8
657 150-35 101.3 o5U3 100.98 9744
685 100.22 P.7 571 100.78 100.0

* Bulk velocity - 90.0 ft/sec
Average cylinder temperature - 220°F
Rate of dissipation of energy from cylinder - 2,692 watts/in

2 Experimental temperatures uncorrected for impact effect
b Experimental air speeds corrected to average y,, P, fluid
composition, and measured weight rate



/v,

«600
628
657
686
713
«7h2
<764

.231
.259
288
.316
o345
375
o2
130
459
487
.516
«Shly

100,00
99.79
P73
99.70
99469

= 1,50 in

= 0,702 in
99.75
9975
99 .84
99,90

100,04

100;2&

100.43

100.65

100,71

100.73

100,79

100,78

«12lie

Table I, Part % (cont'd)

u
ft/sec

102,0
103.8
103.9
10%,6
102.4
101.3

100.0

99,1
100.8
102,1
103.3
105;1
105.8
104.5
103.0
101.7
100.2
100,0

101,5

/¥,

573
601
530
658
687
715
STl
o772
»801

155
o213
2U2
«270
299
«358

Ji15

L72
+501

T u
oF ft/sec
100.67 10L..9
100,56 105.0
100,35 10640
100,22 106.5
100,03 106.8
99.92 105.7
99.77 1045
99.73 103.
99,68 101.2
= 2.00 in
= 0,693 in
99,70 91.9
99,72 9645
9977 97.6
99,86 9.1
99.98 1000
100.28 99.2
100.57 97.3
100.67 96,5
100.79 9544
100.80 96
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Table I, Part % (cont'd)

40 gF ft;sec /%o gF ft;sec
x = 2,00 in
¥, = 0+693 in
+530 100.79 9545 156 100,79 103.2
<560 100.76 97.3 48l 100.84 102,3
617 100,57 100.2 513 100.83 102.3
HTh 100,25 - 101.3 o552 100.80 102.2
+703 100,12 101,1 571 100,78  102,3
o732 100,01 100.4 «600 100.7h4 10L.4
«761 99.95 100.2 529 100,62 104.7
+790 99.87 98.8 686 100.16 105.6
819 99.85 97.2 +715 100.34 105.0
818 99.85 9544 4l 100.21 103.5
«905 9983 88.8 773 100,15 102,54
.802 100.19 9943
x = 2,50 in
Yo = 04693 in , 831 100,15 9.6
167 99.82 92.2 860 100,08 15
.225 99.91 100.2 889 100,03 90,3
282 100,02 102.5
' x = 5,50 in
311 100,18 103,5 ' ¥, = 0688 in
30 100.29 104.5 .020 99.81 70,1
<369 100 .04 106 »0%3 99.83 718
+398 100,57 104.8 06l 99.81 82.0

127 100.69 10443 »151 99.92 92.3



v/¥,

«266
.38l
o2
+500
+558
616
o732
.790
-8L9
<907
«959

«980

x
Yo
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Table I, Part % (cont'd)

T

u
oF ft/see
= 5050 in
= 00688 in
100,09 996
100,33 102.1

100 ol.{.o 102 L] 7
100.444 103%,0
100439 103.8

100.3h 10kl

100,10 101.9
100.01 9.8
99,95 %.L
9995 91y
99.91 82,2
9949 72.5
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Teble I, Part ly*

/¥, T ub A T u

oF ft/sec oF ft/sec

x = 0.50 in
y, = 0.703 in
.259 9 .66 37.6 600 99.73 38.8
o3k 99.68 38.8 629 99.7L 39.3
316 99,61 38,7 657 99.72 39.3
.287 99.59 38.2 686 99.7h 3940
.287 99.66 38.2 71l 99473 3845
.316 99.60 38.7
x = 1.50 in
3L 99.65 39.2 ¥, = 0.693 in

<367 99.73 39.L 223 99.67 36,3
L0l 99,72 39,0 . .280 99.69 37.L
1130 9.77 379 309 99.68 37.5
158 99.73 3545 .338 99.70 37.8
Li79 99.76 3340 367 99.71 7.8
Li86 99.75 32.4 125 99.7% 36
515 99.76 32.0 L5l 99.77 35.7
543 99.80 3.9 .82 9.71 3.3
572 99.76 3745 511 99.70 zh.1

* Bulk velocity - 33.7 ft/sec
Average cylinder temperature - 100°F
Rete of dissipation of energy from cylinder - O watts/in

& Experimentel temperatures uncorrected for impact effect
b Experimental air speeds corrected to average y.» P, fluid
composition and measured weight rate.
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Table I, Part L {cont'd)
v/ T u
_ © oF ft/sec

X = 1.50 in
yo = 0-693 in

+5L0 99,72 24,9

569 99.7h 35.5
.598 99.73 3.5
620 99.70 .7
656 9.76 37.2
68l 99.75 37,0

«713 99.7% 374
L2 99.75 7.0
JT71 99.77 36.4
829 99.77 35.2



Table II.

Power
Dissipated
watts/in

a

=129

Heat Trensfer from Cylinder as a Function

of Averege Cylinder Surface Temperature

Average Surfeace
Temperature
oF

u,, = 11.6 ft/sec

0,295
0.587
1,178

1.786

u

ocC
0.219
0.318
0,548

1,107

u

oc
0,212
0.305
0,517
1.018

0
0,582

1.177

128,.5
152,0
216.8

27%.2

= 12,3 ft/sec

118.5
128.7
151.6

20267

= 20.2 ft/sec

11%.9
12,7
139.0
1707

u = 33,5 ft/sec

1h):.0
182.1

Power
Dissipated
watts/in

1.732
2240

3.0%6

Average Surface

Temperature
Op

221.5

23,7
307.0

u,, = 23,6 ft/sec

0.211
Os BOL’.

04515
1,016

113.0
120.5
1359
168.6

= 70.0 ft
w = 70.07 /sec

0.295
0.582
1,177
1.7%2
2.2%8
3,058
50593
L.162

Calculated from measured weight rate of air flow

11,1
1%0.3
161.6
190.6
216.2
256 .1
28%.5
311.3
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Teble II., (Cont'd)

Power Average Surface
Dissipation Temperature
watts/in OF

Uge = 103.8 ft/sec

0.295 111.8
1.178 153,2
1.751 177.4
1,163 278.6
u = 1049 ft/sec
0.153 103.6
0.218 108.3
0.317 112.L
0.542 122.8
0.9%1 141.0

1.155 150.2



Teble II1I, Circuit Elements used in
Anelog Computer Circuit

Node | Cp Node Cn
microfarads | microfarads

2 0.02 21 0,17
3 0.0L 22 0,07
N 0.07 23 0.0L
5 0417 2L 0,02
6 0.33 |

7 0.6L

8 1.3k

9 2.L8

10 3,29

11 %.20

12 ‘ 2.79

13 2.63

1 2.79

15 %.20

16 %+29

17 2.8

18 1.34

19 0.6L
20 0.33

AR% = 16 ohms

2 Nominal setting on computer panel



Teble IV, Wall Resistors used in
Analog Computer Circuit

Case Boundary Condition Upp;;awall Lowg:;Wall
ohms ohms
E 115/100/85 bl 82
F 115/100/85 194 21,8
G 100/100/85 82 72
H 100,/100/85 | 2h8 216
I 100/85/100 72 72
J 100/85/100 216 216

2 Nominal setting on computer panel
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Propositions

l. Townsend (l) has suggested that there exist two separate
regimes of turbulent transfer in the wake of a cylinder. The more
important of these has as its mechanism the production of relatively
large scale jets of fluid within the highly turbulent core of the
wake, An experimental method for qualitative and semi=-quantitative

investigation of this phenomenon is proposed.

2. No systematic investigation of the effects of intensity
snd scale of turbulence on the overall heat transfer characteristics
of cylinders has been underteken. It is proposed that such a study
would yielid interesting information which would be of value in the

design of shell and tube heat exchangers.

3, The analysis of Martinelll (g) applied to the calculation
of heat trensfer coefficients for liquid metals flowing inside tubes
involves the sssumption that & I/d x is independent of radial posi=
tion within the tube, where T is the temperature of the fluid at a
point and x is the coordinate in the direction of motion of the fluid.
Such an assumption is invalid, particularly for fluids having low
Prandtl numbers (liquid metals). A method of correction is proposed,

Previous attempts at prediction of heat transfer coefficients
for fluids flowing inside tubes and conduits have not been success=
ful in correlsting the available experimental data for mercury (g).
A new analysis is proposed which gives results that represent the

aveileble date for mercury to within the scatter of the experimental

pointse.



i, It is sometimes necessary to determine the diameter of
a circular pipe which will deliver a specified volumetric rate of
flow of a fluid under en available pumping head. If the flow is
known to be turbulent, the utilization of the usual friction fac-
tor vs Reynolds number chart leads to a trial and error calculation.
The choice of & different set of dimensionless moduli to correlate
pressure drop date for flow in pipes has the advantage of eliminat-
ing the necessity for trial and error methods of calculation.

5., Experimental deta on interfacial temsions in the methane=
water=-AISI 316 steel syétem have shown that at high pressures the
steel is methane-webt, whereas at low pressures the steel is water-
wet (2). It should prove worthwhile to investigate the wettebility
of typicel oil bearing sands under similsr circumstances, since
the results of such a study might provide more information concern=

ing the mechanism of multiphase flow in oil reservoirs.

6., Present methods for the correlation of pressure drop at-
tending flow through porous media are theoretically unsatisfactory(é).
The determination of the characteristics of a given oil sand requires
rather extensive experimentation if it is desired to obtein informe=-
tion outside the region in which Darcy's law applies. A more satis=-
feetory method of correletion of date for homogeneous fluid flow
is proposed, and a single curve relsting the friction factor to the

Reynolds number is obtained for both consolidated and unconsolidated

sancse



7+ It should be possible to produce three-phase alternating
current from a single direct current source by the use of three

spring~-coupled reed vibrators.

8. It has been demonstrated that the assumption of a special
breskaze mechenism leads to the conclusion that the products of a
size reduction process will be distributed normelly with respect
to the logarithm of the particle size (2). It has been observed
empirically thet such special distributions result from meny grind=
ing operations and from the productions of drops in nozzles. It
is proposed that further study of such phenomensa, by both experi=-
mental and analytical techniques, might yield informetion concern-
ing the true mechanism of formetion of small particles of colloidal

size and larger.

9, Certain boundaery value problems in physics and engineer=
ing give rise to Sturm-Liouville problems in which the calculation
of eigenvalues and eigenfunctions is difficult. Although simple
methods are available for the determination of the lowest eigenvalue,
the computation of higher eigenvelues is often tedious. In parti=-
cular, the calculation of higher eigenfunctions requires the use of
e trial function which is alreedy orthogonal to all lower eipen=
functions. An iterative method is proposed which does not require
previous orthogonalization, and which in principle yields solutions

of eny desired accuracy.
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10. The equation of state of a2 gaseous, monomoleculer surface
£ilm, such as tridecancic acid on water, may be calculeted using
e radial distribution function of the form g(r) = exp =V(r)/kT
where V(r) is the potential of intermclecular force for hard spheres.
The effective radius of the molecule may be determined from epproxi=-
mete values of atomic radii (é). Spreading pressures of tridecanoic,
tetradecanocic, and pentadecanoic scid films calculated according
to this method represent accurately the available experimentel data(7)

up to the point of condensation of the films.

11. "Reynolds Wrap" has been found to have excellent heat-
insulating qualities when applied as an exterior layer to the roof
of & dwelling. The observed efficiency of such insulation may be
explained in terms of the known variation of the eqdilibrium absorp-

tivity of aluminum oxide as a function of temperature.
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