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Abstract

Detailed measurements of the temperature and velocity
distribution in the two-dimensional wake of a heated cylinder are
Presented. Neasurements of the temperature distribution on the
surface of the cylinder for various rates of heat dissipation
are also included, and these data are correlated in the form of
dimensionless parameters. The cylinder was 12,15 inches long
and 0,190 inch in outside diameter and was placed midway between
the uppser and lower parallel walls of a horizontal conduit of
rectangular cross section through which air flowed normal to the
cylinder. The walls, which were spaced 0.75 inch apart, were inde-
pendently maintained at desired temperatures. In one series of
measurements of the temperature and velocity distribution in the
wake the rate of heat dissipation from the cylinder was maintained
at a constant value of 5.42 watts per inch length of the cylinder
for Reynolds numbers of 4,270, 7,630, 15,200, and 26,900 based on
the free cross—-section area of the conduit. In another series of
measurements at a Reynolds number of 15,200 the rabte of heat
dissipation from the cylinder was maintained at 1,70 watts per
inch and 3.20 watts per inch. In each of the above cases the
temperature of the walls of the conduit was maintained at 100°F,
identical to the bulk temperature of the entering air. In ad-
dition measurements at a Reynolds number of 15,200 were made with

the entering air at a temperature of 1CO°F, the upper wall at 130°F,



the lower wall at 70°F, and a-rate heat dissipation of about
5.43 watts per inch., Point values of temperature and velocity
" were obtaihed as a function of position in the wake of the
cylinder. From these data values of eddy conductivity and eddy
viscosity were calculated. Analysis of the data on the basis

- of Prandtl's momentum transfer theory and Taylor's vorticity
transfer theory is included. The results are given in tabular
form, and a number of graphical presentations of the data are

included.
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‘Introduction
' The Chemical Engineering laboratory of the California

Institute of Technology has undertaken an investigation of the
fundamental mechanism of .transfers of momentum, heat, and ma-
terial in a turbulently flowing air stream. The experimental
results on the temperature and velocity distribution in the wake
of a heated cylinder presented herein represent but a part of the
overall transfer research program. The nature of the whole pro-
gram will be briefly outlined as a means of presenting in per-
spective the relationship between the heated cylinder work and
the other investigations of transfers in turbulent air streams.
The investigations were carried out in a wind tunnel of rectangular
cross section through which air flowed at a desired bulk velocity.

One phase of the program involved an investigation of momentum,
heat, and material transfers in a turbulently flowing air stream
when no obstacle was in the chamnel, The random motion Qf particles
of the fluid in turbulent flow is manifested in fluctuating com-
ponents of velocity, and the instantaneous velocities u and v in
two-dimensional flow can be described in terms of the time average
fl&w whose components are T and ¥, and the superposed turbulent
fluctuations whose components are u' and v', the time average
values of which are zero (upper portion of Figure 1). u is the
velocity in the longitudinal or x-direction; v is the velocity in
the vertical or y-direction. For two dimensional flow between
parallel plates, s, the velocity in the lateral or z-direction is
zero. Explanation of the nomenclature used is given on page 4k.

The interaction of the fluctuating velocities causes an



intérchange of ‘momentum with the development of a corresponding
tangential shearing stress. Thus, superposed upon the tangential
stress due to viscous sliding of adjacent fluid layers over one
another is the stress due to the turbulent agent, and the aggregate
stress can be expressed by the differential eguation for momentum

transfer (1):

q;x ='—K(€mj + _V) g—;—“—- (1)

The term €ing, the eddy viscosity, represents the forces arising
from turbulence; whereas, ¥ , the kinematic viscosity represents
the molecular viscous forces, Similarly for the transfer of heat

to the flowing stream from the upper wall of the conduit:
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€cy 1s the eddy cénductivity arising from turbulence, and A

is the thermometric conductivity for molecular conduction of heat.

For the evaporation of a volatile material from the lower wall of

the conduit into the gas stream (Figure 1)

M=K(Eay+ D)g—fj‘— (3)
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é%é-: is the eddy diffusivity arising from turbulence, and D
is the molecular diffusivity.

There exists a relationship between the manner in which
momentum, heat, and material are transferred in turbulent fluids.
Reynolds in 1874 suggested the fact that the various modes of
transfer occur in an analogous manner (2). As a consequence of
Reynolds analogy, the eddy quantities €. , €,, , and €gq should
ve equal in turbulently flowing gas streams (3). To what degree
the Reynolds analogy applies under various conditions of turbulent
flow remains to be found from precise experimental data.

In the investigation of two-dimensional flow with no obstacle
in the channel, the values of the eddy quantities can be accurately
determined from Equations (1), (2), and (3). In these equations all
physical guantities beside the eddy quantilties are either exper-
imentally determined or are known properties of the fluid. By
Equation (1) E;% is derived from measurements of point velocity in
the y-direction, 4;x being determined from static pressure measure-
ments along the channel, and # being a property of the air., By
Equation (2) E%g is determined from measurements of the tempersture
distribution in the channel and the rate of heat transferred to
the air per unit area of the wall (Figure 1), Cp, @ , and K
are properties of the medium. By Equation(3) €,is determined from
the measurement of the concentration distribution in the channel
and the rate of transfer of material into the gas stream. D is the
property of the gas. Thus for the simple case of uniformly de-

veloped turbulent flow in the chammel these eddy quantities can be



readily determined_experimentally.

Of interest to the chemical engineer is the investigation
of transfer of mohentum,and heat in the wake of obstacles of
various shapes. This investigation represents another phase of
the transfer research program. The investigations in the wake of
obstacles of various shapes were initiated with the measurements
of the temperature and velocity distribution in the wake of a
heated cylinder pre ented herein. Incomplete datas on the velocity
distribution in the weke of an unheated cylinder and temperature
distribution in the wake of a heated cylinder are available in
the literature (4,5,5,7,38). However, no thorough investigation
of the temperature and velocity distribution in the wake of a
heated cylinder has been made at various distances downstream of
the cylinder and for various ieynolds numbers and rates of heat
dissipation. The temperature and velocity data of the present
investigation are discussed primarily from a qualibtative point
of view. Gquations derived subsecuently are used with simplify-
ing ascumptions to caleculate values of €, and €,from tie temper~
sture and velocity distribution data (Figure 1). The Reynolds
analogy is tested by a comparison of the ratio of the eddy
quantities to the theoretical ratio of unity.

Prandtl's momentum transfer theory and Tavlor's vorticity
transport theory (9) vpresent ideas as to the mechanism of turbu-
lence and provide the engineer with convenient ecuations for
predicting the temperature and velocity distribution in turbulently

floving stresams. The validity of tnese contrasting theories can



be tested by means of the heated cylinder data.

ithereas the eddy quantities are point concepts, the idea
of over-all traﬁsfer coefficients represented by the heat transfer
.coefficient and friction factor is the most powerful tool presently
at the disposal of the engineer., Data are included as to the over-
all heat transfer coefficient from the cylinder as a function of
‘Reynolds number,

In the present measurements point values of temperature and velo-
city were determined in a substantially two-dimensional air stream in
the wake of a heated cylinder. The cylinder was located midway between
the walls of the channel, normal to the flow, and temperatures am
velocities were determined at a large nmumber of poinis downstream
of the cylinder in a vertiecal plane intersecting the longitudinal
mid-line of the c¢cylinder. 1In this plane vertical temperature and
velocity traverses between the walls were made at frequent intervals
dovmstrean from the eylinder so as to show the temperaturé and ve~
locity distribution in detail.

The temperature and velocity distribution studies were carried
out for buik air velocities of 6.99, 12.7, 24.8, and 44,7 feet per
second, which correspond to Reynolds nurbers of 4,270, 7,630,

15,200, and 26,900 based on the free cross-section area of the flow
channel or 562, 1,221, 2,285, and 4,440 based on the outside diameter
of the c¢ylinder. The temperature of the wallé of the conduit and
the.bulk temperature of the inlet air were maintained at 100°F,

In addition one set of measurements at a Reynolds number of 15,200
was made in the wake with the upper wall at 130°F, the lower wall

gt 70°F, and the entering air at 100°F. A rate of heat dissipation
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froﬁ the cylinder_of 4,460 B.t.u. per hour per square foot .
corresponding to 5.42 watts per inch length of the cylinder was
maintained at-eabh Reynolds number in the above measurements.

In additicn, for a Reynolds number of 15,200 the temperature and
velocity distribution were determined for rates of heat dissipation
of 1.70 watts per inch and 3.20 watts per inch.

At each of the above Reynolds numbers the rate of heat dis-—
sipation was varied over a wide range and the average surface
temperature of the cylinder was measured as a function of these
rates. At bulk air velocities of lh.k and 23.8 feet per second,
which correspond to Reynolds numbers of 1,160 and 1,920 based on the
cylinder diameter, the circumferential temperature distribution on
the surface of the cylinder at its longitudinal midline was measured
for several values of heat dissipation.

Description of Equipment

The equipment consisted essentially of a closed horlzontal
flow channel 13 feet in length of rectangular cross section, 0,75
inch in height, and 12 inches in width. The apparatus is described
thoroughly elsewhere (10,11), so that only the most general features
of the equipment will be discussed herein., The general arrangement
of the equipment is shown in Figure 2., Air was supplied to the
channel A at the desired bulk velocity by means of blower B. The
temperature of the upper and lower plates which comprised the top
arnd bottom of the conduit, was maintained at a predetermined value
by means of olil rapidly circulating in baths C external to the plates,

The temperature of the oil in each bath and the bulk inlet air
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tempe}ature were éqnﬁrolled by appropriate electronic circuits.
Suitable traversing equiﬁment'was employed to pe?mit the careful
location of the instruments which measured the point temperature
and velociﬁy in the waké of the heated cylinder.

The cylinder used in most of the measurements consisted of a
vstainless steel tube 0.190 inch in outside diameter and 0,170 inch in
inside diameter. The tube itself was used as the heater element for
- the conversion of electrical energy into heat. The cylinder was lo-
cated midway betWeen the walls normal to the direction of flow, 6 feet
from the entrance to the conduit. In Figure 3 the steel cylinder is
shown positioned in the channel. 1In an insert to this figure the de-
tails of construction of the cylinder are shown. In order that the
rate of heat dissipation per unit length of the cylinder in the region
near the lateral midline of the channel could be determined indépenn
dently of the nonuniform dissipation near the ends of the cylinder,
potential leads were connected to contact rings located on the inter-
ior of the tube as indicated at A and B. These rings were soldered
to the inside of the tube, and the distance between them was carefully
established. From a measurement of the current flowing through the
cylindér and the potential difference between the contact rings it was
possible to establish the rate of heat transferred per unit length of
the tube, The electricai resistance of the cylinder was determined
as a functibn of temperature when the cylinder was maintained in an
isothermal bath at a series of known temperatures. To determine the
resistance of the cylinder the potential between the contact rings
was measured for known, small values of current flowing through the

cylinder,



The’steel cylinder.ﬁas‘employed in all measurements of temperature
and velocity in the wake.

A brass cyiinder of the same over—all dimensions as the steel
cylinder ﬁas used for‘the estimation of the circumferential dis-
tribution of surface temperature at the longitudingl midline of
the cylinder. The cylinder consisted of a brass tube split lon-
gitudinally. A nichrome wire heater was placed inside, and copper
constantan thermocouples were imbedded in the walls of the tube.

The brass cylinder is shown situated in the chanﬁel in Figure L, and
in the insert to this figure are shown the details of assembly of
the thermocouples and the internal heater in the brass tube.
Potential leads for the determination of the rate of energy addition
to the heater were connected to the nichrome heater element. An
estimate of the circumferential variation in surface temperature for
various rates of heat dissipation was obtained by means of the
thermocouples,

Fach thermocouple was placed in a small hole drilled fadially
in the surface of the cylinder, 3ix holes equally spaced about the
circumference were drilled in the middle of the cylinder. Eight
other thermocouples were located lengthwise along the cylinder for
a check of the longitudinal qniformity of temperature on the cylinder,
The hot junction of each thermocouple was located as nearly flush
with the outside surface of the cylinder as possible and was insulated
from the adjacent metal by a small layer of bakelite cement. The
physicél disposition of the thermocouples made it doubtful whether
or not the actual surface temperature of the cylindef was measured.

An instrument, which will hereafter be referred to as a therm~-

anemometer was used to measure point values of temperature and veldcity.
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'Thé.thermanemmmetef, Whichbconsisted of a O.5~-mil platinum wire,
together with a pitot tube, was suspended in the air stream by means
~of two plano wires as shown in Figure 5. These piano wires in turn
were rigidly connectéd to the traversing equipment which enabled
loﬁgitudinél and vertical movement of the thermanemometer in the
wake. The O.5-mil platinum wire suspended normal to the flowing air
-stream on two platinum needles was used to measure the temperature
and velocity at ‘a’ point in the air stream. Since flow was essen-
tiélly two diménsional there was no temperature or velocity gradient
along the wire, and therefore because of its small diameter, the wire
was capable of measuring essentially point values of temperature and
velocity. Current flowed through the wire when it was used as a hot
wire anemometer (12) for determination of velocities., The wire was
also used as a conventional four-lead resistance thermometer (13),
and its dual use in both temperature and velocity measurements gave
rise to the use of the term thermanemometer.,

It should be emphasized that the thermanemometer as used was
incapable of detecting the vectorial characteristics of velocity,
and ohly the magnitude of this vector quantity, or speed, was in-
dicaﬁed. Flow in the channel with no obstacle was probably uni-
directional, but in the wake close to the cylinder velocities were
not necgssarily in the direction of bulk flow, Thus the term
velqcity will be used with the reservation that it designates only
fthe magnitude of this vector quantity in certain regions of the wake,
A piﬁot imﬁact,tube was used to calibrate the thermanemometer as a
speed measuring device. The thermanemometer was used in most of the

‘speed measurements in preference to the pitot tube due to the rapidity
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With which measurements.could be madé and the fact that the di-

- mensions of the wire allowed measurements close to obstacles to be
made,

o The cirquit employed in connection with the thermanemometer is
shown in Figure 6, This circuit permitted the use of the 0.5-mil
platinum wire either as a device for measuring temperature or speed.
For speed measurements switch S''! was closed in the down position
and for temperétﬁre measurements in the up position Figure 6). The
circuit was designed for the measurement of speeds either by the
constant‘resistance or constant current method of anemometry (12).
In the present work the constant resistance method of operation was
used exclusively in speed measurements, and in the application of
this method switches S, 81, and S''' were closed (Figure 6). The
thermanemometer, ¥, in sefies with ﬁhe 0.05 and 0,50 ohm resistors
comprisaione.leg of a VTheatstone bridge whose balance was indicated
by galvanometer G. The adjustment of settings on resistors D, P,
and R determined the constant operating resistance (and therefore
temperature) assumed by the wire when current flowed through the
balanqed bridge circuit. The amount of current flowing through the
wire necessary to maintain this operating resistance was a function
of the speed at the point where the wire was located, For a given air
speed, resistors D', P', P'', and R' were adjusted until the bridge
was balanced as indicaﬁed by galvanometer G,

A type K-2 potentiometer and a White double potentiometer were
available for potentiometric measurements., A recently calibrated
Type K-2 potentiometer was employed to measure the pétential across

the steel cylinder or across the heater element of the brass cylinder,



This potentiometer was alsc used to measure the current flowing
through the steel cylinder or the heater element of the brass cylinder.
From these potential and current measurements the rate of heat dis-
sipation from the steel or brass cylinder and the average resistance
and hence temperature of the steel cylinder were determined. The

K-2 potentiometer was also used to determine the current flowing

- through and the potential across the thermanemometer. The surface
temperatures on the brass cylinder indicated by the copper constantan
thermocouples were read by means of a White double potentiometer.

A Mueller type bridge was used in the measurement of point
temperatures when the thermanemometer was used as a conventional four-
lead resistance thermometer, This bridge was also utilized in measure-
ment of the bulk temperature of the air stream entering the conduit
and the temperature of the oil flowing outside the upper and lower
copper walls of the channel,

Experimental Methods and Sources of Error

The bulk temperature of the air entering the channel and the
temperature of the oil circulating outside the upper and lower walls
of fhe channel were maintained within 0,02°F of a predetermined
value, A steady rate of thermal energy dissipation with an uncertain-
ty of ‘£ 0.3 per cen£ was maintained in the cylinder. The average
temperature of the steel tube was established with an uncertainty of
approximately X 0,5°F. The temperatures indicated by the thermo-
couples imbedded in the brass tube were nown with a precision of

b od O.loF. However, it is uncertain whether or ndt the actual sur-

face temperatures on the tube were indicated by the thermocouples.
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~Traverses~werefmade at a suitable number of different longi-
- tudinal positions downstream of the cylinder, and at each position
the témperature'ani air speéd were:detenmined at approximately
twenty‘different elevations between the upper and lower walls.
Check measurements were made in the wake at several longitudinal
positions, and the data weré found to be reproducible,

In the application of the thermanemometer to the measurement
of air speed the wire was meintained at a constant resistance
representing a temperature of approximately 200°F., The cﬁrrent
required to bring the wire to a predetermined temperature is a
function of the air speed, the temperature of the air flowing past
the wire, and the temperature of the wire as expressed by King's
equatian for forced ccnvection from a small heated wire in a steadily

flowing air stream (12,14):

Ul = @@+ bW)(Rhw— Ra) @)

a and}b are constants which are a function of the physical properties
of the air and the wire,

The thermanemometer was calibrated under isothermal cornditions
as a speed meaduring device by means of a pitot tube (Figure 5) of
conventional design (9). The value of the current, i, required to
méiﬁtain the selected value of the constant hot wire resistance,

Ryws was measured for several velocities indicated by the pitot tube,
5

and an essentially linear calibration curve resulted when was

) hw ~ Nau
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pl&tted Vs ﬂﬁﬁ (Figure-?) as is predicted from King's egquation,
There was a tendency for the calibration curve to shift with timeg
so the thermanémometer was calibrated at frequent time intervals.
With incfeasing time the wire required less current to maintain it
at the operating temperature for a constant speed. This behavior
was consistent with the assumption that the heat transfer coef-
-ficient for forced convection from the wire decreased with time, and
a plausible mechanism for this phenomenon was the accumulation of
foreign material on the wire from the air. This mechaniém was
verified by £he fact that the calibration curve was restored to its
original position when the wire was raised to a temperature high
enough to burn combustible foreign material off the wire.

The simple hot wire anemometer has inherent features which
limit its ebility to measure accurately the velocity at a point.
As’has been‘already mentioned one feature of the hot wire is that
it is incapable of indicating the direction of velocity so that only

’the magnitude of this vector quantity can be measured. Néar the
cylinder well known Karman vortex trails are encountered in the
wake<(h,9,l5,lé,17), and in this region the velocities may be fluc-
tuating both in magnitude and direction, Thus the hot wire measure-
ments in the wake near the cylinder yield no information as to the
direction of flow, and these data are therefore not amenable to an
analysis such as a mass balance where a knowledge of both the mag-
nitude and direction of velocity is required. Further downstream
in ﬁhe wake, however, it is probable that the direction of the point

velocity is the same as that of the bulk air velocity, and thus both
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‘the:magnitude'and»direction of the air speed in this region are
assumed to be known. The previous discussion assumes that the hot

Wire-is'able’to-respond to fluctuations in air speed without lag
‘.and té indicate the true mean alr speed irrespective of the amplitude
of the air speed fluctuations. The validity of these assumptions for
actual operating c0ﬁdition$ will be discussed,

The fact that fluctuating velocities are encountered both in the
vartex trails behind a cylinder and in uniformly turbulent streams
restricts the accuracy of the measurement of instantaneous air speeds
with a hot wire anemometer under certain conditions. There is an
upper limit to the frequency of velocity fluctuations to which a given

hot wire can respond without lag., The ratio of the measured instan-

taneous speed to the actual speed isﬂ;&éz;ﬁh depends on the dimen-
sions, physical properties, and operating conditions of
the wire (hj. The wire will lag behind the impressed instantaneous
air speed by an angle whose tangent is thp .

Even 1f the wire responds to varying air speeds without apprec-
iable lag, fluctuations of large amplitude cause error in the
measured average speed. The instantaneous resistance of the wire,
Ryye Will be related to the instantaneous speed in accordance with
Equation (4). Since Rpy is small compared to the 0.55 ohm resis-
tance in series with it in the leg of the Wheatstone bridge, the
current through the wire is essentially constant and unaifected by
‘the fluctuations in Ryy (Figure 6). A galvanometer with a high
moment of inertia was used in the circult so that an effective linear
avérage,ﬁhw, of the resistance fluctuations was measﬁred when the

galvanometer indicated a balance. The current needed to maintain
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the wire at Ry is a measure of the time average value of the
square root of the instantanecus speed as indicated by a mod-

ification of Eqnétion (4):
L* R, = (a+ bYoU )(Ry— R (5)

A difference between the timé average of the square root of the
speeds and the desired time average of the instantaneous speeds is
involved, and thus the speed indicated by the instrument is not the
same as 1f the flow had been steady at the true average speed, The
error involved increases with the amplitude of the fluctuation as is
shown in Figure & for sinusoidal velocity fluctuations.

The probable accuracy of the thermanemometer used in the meas—
urement of air speed in the wake of the cylinder will now be de~
termined. Since no equipment was available for measuring the
frequency or amplitude of fluctuating air speeds, experimental data
taken under comparable conditions by other investigators are used
in the ensuing analysis. Of primary concern is whether or not the
wire fesponded without lag to the frequency of fluctuations encoun—
tered in the wake, and pertinent in this respect is the magnitude of
the value of Kth « It appears that the fluctuations in the Karman
vortex tralils were acproximately sinusoidal with a maximum frequency
of 90 cycles per second (15,16,17). With the O,5-mil wire used under
the most adverse operating conditions of these experiments the max-—
imun value of Kh was 0,002 seconds. The corresponding measured

speed was 0,66 times the true speed for a frequency of 90 cycles
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per‘second. Thus the effect of velocity fluctuations led to
appreciasble error in the measurement of air speeds in the rel-
atively restricﬁed zones near the cylinder where vortex trails
were encountered ()., For average frequencies found in normal
turbulence the error in the speed measurements “was. negligible,
Thus the wire measured the air speed accurately in most portions of
the wake,

The error in speed measurements due to large amplitudes of
speed fluctuations is significant only in the vortex trails, where
the ratio of the maximun amplitude of the fluctuating speed to the
mean speed reaches é peak value of Q.44 at a distance of 0,1 inch
downstrean from the centerline of the cylinder (Figure 9). For
sinusoidal fluctuations this ratio represents a value of the ratio
of the measured average speed to the true average speed of 0.975
(Figure 8). For normal turbulence where amplitudes are small, the
error is negligible,

ithen used as a conventional four-lead resistance thermometer,
the thermanemometer was calibrated at a series of known temperatures
in stagnant air in the charnnel., The influence of alr speed on the
measurement of the free stream temperature was taken into account by
the use of an impact temperature correction (18), for bulk air velo-
cities in excess of 4O feet per second. At 60 feet per second this
correction amounted to —O.OAOF, which was applied to the apparent
temperatures. This correction was established by an actual measure-
ment of the apparent temperature indicated by the thermanemometer
as a function of air speed for isothermal flow. Uhere lag in response

was negligible, the wire followed the temperature fluctuations, and
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the temperature indicated by the wire represented the desired time

average value,

Experimental Results

The results of the investigation of the temperature and velocity
distribution in the wake of a heated cylinder for bulk velocities
of 6.99, 12.7, 24.8, and 44,7 feet per second are presented in Table
I, Parts 1 to 8 and in Figures 10 to 36. ‘In most cases the walls
of the cornduit and the entering air were maintained at 100°F, and
the rate of heat dissipation from the cylinder was kept ét approx—
imately 5.42 watts per inch length of the cylinder. Two traverses
at a bulk velocity of 24.8 feet per second were made for a rate of
heat transfer of 1.70 and 3.20 watts per inch for the above temper-
ature conditions. One traverse at 2/,.8 feet per second was made
for a rate of heat dissipation of 5,42 watts per inch, and the
temperaﬁure of thé upper wall was maintained at 130°F, the lower
wall at 70°F, and the entering air at 100°F. For each of the four
bulk air Qelocities the temperature and air speed distribution are
presented in two different fashions. In the first case the fraction
of the distance between the walls is plotted versus the temperature
‘or.éir speed, and each curve represents a traverse in the wake at a

»partidular position downstream from the cylinder (Figures 10 and 28),
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In éhe second-case'the-data Just deécribed are cross plotted and
presented as fields of temperature or air speed in the wake.
Fraction of disfance betwéen the walls is plotted versus distance
 doWns£ream from the cylinder, and lines of constant temperature and
velocity respectively are shown (Figures 11 and 29).

For a bulk velocity of 6.99 feet per second the temperature
‘data are shown in Figures 10 and 1l and are tabulated in Table I,
Part 1. The temperature of the walls and entering air is 100°F,

The Reynolds number based on the channel is 4,220 and 562 based on
the cylinder diameter. The average temperature of the cylinder for

a rate of heat dissipation of 5,42 watts per inch is 368.2°F, It

is noteworthy that for traverses near the cylinder relatively complex‘
temperature profiles occur. Some of the details of the traverse at
0.15 inch downstream from the centerline of the cylinder (Figure 10)
will be anaiyzed. The temperature of the air remains at 100°F from
the upper wall to the reglon opposite the upper edge of the cylinder,
’Where a sudden rise of temperature occurs. A temperature of 250,8°F
is attained at an ordinate of about 0.65. The upper and lower edges
of thé cylinder are represented by ordinates of about 0.63 andv0.37
respectively. Close to the cylinder, the Karman vortex trails are
known to exist in the zones near the upper and lower edges of the
cylinder., After reaching a high value opposite the upper edge of the
‘cylinder, the temperature decreases to about 216°F and then rises to
260°F at the center of the wake. In Figure 28 the corresponding

speed traverse close to the cylindér is shown, It is evident that the
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fise-in temperature'at the center,of’the wake (Figure 10) occurs
in the region where the speed is low (Figure 28),

The’temperéture distfibution is relatively symmetrical about
‘the 0;5 ordinate except for the fact that the value of the high
temperature attained opposite the lower edge of the cylinder is
below the value of the high temperature reached opposite the upper
edge (Figure 10). One possible explanation of this effect is that
natural convection causes the upper part of the wake to attain a
higher temperature than the lower part. The phenomenon is more
prominent at low bulk velocities where the surface temperature of
the cylinder is high, and forced convection does not obscure the
effect of natural convection. Further downstream in the wake the
temperature distribution becomes less complex. At 1.29 inches
downstream from the centerline of the cylinder the temperature distrib-
ution is relatively simple, and it is assumed that the eddies causing
the complexity of the profiles near the cylinder have been dissipated.
The velocity profile is also relatively simple at 1.29 inches down;
stream (Figure 28).

It is noteworthy that the width of the wake, yg, increases with
distance downstream (Figure 10)., The edge of the wake is defined as
that point in the wake where the undisturbed stream temperature is
reéstablished. The width of the wake is found to be directly pro-
portional to X% as will be discussed in more detail subsequently.

Due to the relatively large diameter of the cylinder, 0.190 inch,
compared to the distance between the walls, 0,75 inch, the edge of
thé wake approaches the walls at a relatively short distance down-

stream of the cylinder (x=1.29 inches in Figure 10). At 9.43 inches
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'dowhstream the tempEPature_at the center of the wake is 107.3°F,
and the temperature at the center of the wake in general is found %o
vary directly with X—%.

In ?igure 11 the temperature field is graphically portrayed,
and very high vertigal and horizontal temperature gradients in the
vicinity of the cylinder are in evidence. The cylinder is drawn
to scale, and the magnitude of the width of the channel and the wake
are shown in relation to the diameter of the cylinder,

For a bulk velocity of 12,7 feet per second the temperature
distribution is shown in Figures 12 and 13 and is tabulated in Table
I, Part 2. The walls of the channel and the air are at 100°F. The
Reynolds number based on the channel is 7,630 and based on the cylinder
diameter is 1,221. The average temperature of the cylinder for a
rate of heat dissipation of 5,41 watbts per inch is 210.80F. jAgain
is evident the asymmetry of the upper and lower maximum points in
the temperature profiles, attributed to natural convection. At a
distance of 0,19 inch downstream from the centerline of thé cylinder
and opposite the upper edge: a temperature of 179.7°F is attained
(Figufe 12). The corresponding temperature in the lower part of the
wake is 176.3°F, 3.40F less than in the upper part of the wake. The
increase in the widbth of the wake with distance downsbream is again
evident in Figure 12,

‘The temperature field is portrayed in Figure 13. In Figure 14
is presented a photograph of air flowing past a heated cylinder (19).
Becaﬁse of the change of refractive index with temperature, the hot

air appears brighter than the cooler air, and pictorial evidence of
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an isothermal region in the wake is 6btained. There is a marked
similarity between the shape of the 147°F isotherm in Figure 13
and the outline of the isothermal fegion in Figure 14,

‘ For a bulk velocity of 24.8 feet per second, the temperature
distribution is included for three rates of dissipation of heat:
1.70, 3.20, and 5,43 watts per inch in Figures 15 to 18 and Table I,
Parts 3 to 5. The walls of the conduit and the air are at 100°F,
The Reynolds number based on the chamnel is 15,200 and on the cylinder
diameter approximately 2,285 for the three cases. The avérage temp~
eratures of the cylinder are 152.1, 198.3, and 265.8°F respectively.
Common to all temperature traverses is the fact that the curves for
various distances downstream intersect at a common point in the

uppér and lower portions of the wake (at about 103°F in Figure 17).
In Figure 18 this phenomenon is illustrated by the fact that both
103°F,isothefms are horizontal for a relatively large distance down-
stream.

By a comparison of Figures 15,16, and 17 it is obvious that the
spatial extent of the complex temperature profiles diminishes with
decreésing rates of heat dissipation. The width of the wake however
remains constant in spite of variation in the rate of heat dissipation.
In Figure 17 the maximum air temperature at a distance of 0.15 inch
downstream from the centerline of the cylinder is 147.2°F in the upper
portion of the wake and 146.6°F in the lower portion. Thus the pro-
files near the cylinder become more symmetrical with increasing bulk
velocities as is seen in Figures 10,12, and 17 for 5.43 watts per inch.
Figure.lS‘portrays the temperature field for 5.43 watts per inches

at 24.8 feet per second.
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I~For a bulk velocity of 24.8 feet per second with the upper

wall at 130°F, the lower wall at 70°F, and the entering air at 100°F,
‘the témperature'distribution is shown in Figure 19 and Table I, Part
6. 'The average surface temperature of the cylinder is 285,20F at
a rate of heat dissipation of 5.42 watts per inch. The undisturbed
stream temperature profile‘is similar to the S-shaped curve for a
distance of 9.43 inches downstream (Figure 19). It is interesting
to note that by‘superposing the profile at 9.43 inches (Figure 19)
on the profiles at various distances downstream in Figure‘lﬁ, that
the profiles of Figure 19 are approximately reproduced.

At a bulk velocity of LL.7 feet per second the temperature
distribution is shown in Figures 20 and 21 and Table I, Part 7.
The walls of the charmel and the entering air are at 100°F. The
Reynolds number based on the channel is 26,900 and on the cylinder
diameter is.u,hOO. The average surface temperature of the cylinder
is 206,2°F. The effect of natural convection at a distance downstream
of 0413 inch {Figure 20) is obscured within the precision 6f the
measurements. Figure 21 gives the temperature field at this velocity.

A review of the temperature distribution data presented in
Figures 10,12,15,16,17, and 20 indicates that the region of complex
temperature profiles in the wake decreases in spatial extent as the
bulk velocity is increased or the rate of heat dissipétion decreases,
However, the width of the wake at a particular distance downstream
from the cylinder is indeperdent of the bulk velocity or rate of heat
dissipation. In Figures 11,13,18, and 21 at a distance of 0.5 inch

ddwnstream from the centerline of the cylinder the average temperature
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in thé.wake decreases with increasing bulk velocities for a
constant rate of heat dissipation. This phenomenon is obvious
from the fact that the change in the bulk tempersture of the air
is approxiﬁately invarsély proportional to the mass of air flowing
past the heated cyiinder in unit time, for & constant rate of heat
dissipation. |

In Figure 22 is plotted the temperature at the center of the

oy

‘wake versus x < for four bulk velocities. A linear relationship
exists between,the functions for a given bulk velocity. In Figure

23 is shown the linear relstionship on a logarithmic plot between
the width of the wake, yg, and the distance downstream, x. The
points shown represent data for four bulk velocities, and it is

seen that the slope of the line is not = function of bulk velocity.
From the slope of the line,'it devel ops: that y% is a linear function
of X%. 'This felationship is compatible with dimensional analysis
~as will be discussed subseguently.

The vsriaztion in the surface temperature of the brass cylinder
around its circumference was measured with thermocouples, and the
results are presented for various values of power dissipation at
bulk velocities of 1li.4 and 23.8 feet per second in Figures 24 and
25 respectively and Teble II. Inithese figures polar coordinates
are utilized to show the circumferentizl temperature distribution.
The polar angles designate the position on the circumference of
the cylinder relative to the direction of the flowing stream, and
the radial‘distances denote the maghitude of the temperéture at a
givén position on the surface of the cylinder. As wouid be expected

the average surface temperature of the cylinder at a constant rate
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of énergy dissipation is higher the lower the velocity. In Figure
24 each curve demonstrates the fact that the leading edge of the
cylinder apparently is at ' a léﬁer‘temperature than tﬁe trailing
“edge, - This phenomenoh could be explained by the fact that the air
speed is low diréctly behind the cylinder (Figure 30), but because
of the uncertainty in localizing the measured temperatures, con-
-clusions drawn from the present data are made with reservation.
The general shape of these curves conforms with curves presented
in the literature (20).

In Figure 26 and Table III are presented experimental values
of the average surface temperature of the steel heated cylinder as
a function of the rate of heat dissipation for four bulk velocities.
For each bulk velocity it is seen that the rate of heat dissipation
increases linearly with the surface temperature of the cylinder.
This dependénce would be expected from King's relationship for
forced convection from small heated cylinders (Equation 3) (14).
Thus h, the overall heat transfer coefficient, is essentially in-
dependent of the average surface temperature of the cylinder for a
giveﬁ Reynolds number., The heat transfer rate increases in a regular
fashion.with Reynolds number for a given surface temperature. The
implication of these relationships is that the values of the heat
transfer coefficient and of the eddy quantities are dependent on
Reynolds number, which is more affected by changes in the bulk
‘velocity of flow than by changes in the surface temperature of the
cyliﬁder.

The data of Figure 26 are plotted in the convenfional form of

dimensionless parameters in Figure 27. Nusselt number, hD,/ke, is
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vpl;tted versus Reynolds number,l%ﬁi?épf . A set of three points
from each curve of Figure 26 is included in Figure 27. These
' points repreSeﬁt averageyfilm teméeratures of 125, 150, and 175°F,
the highest film temperature corresponding to the lowest value of
Nusselt number. The curve is based on data in the literature for the
rhéating of gases flowing normal to a single cylinder by forced
" convection (20).‘ It is seen that the data of the present inves-
tigation are iﬁ agreement with those of the other sources.
The air speed distribution for a bulk velocity of 6.99 feet

per second is shown in Figure 28 and Tgble I, Part 1. At a distance
of 0,23 inch from the centerline of the cylinder in Figure 28 the
speed reaches a maximum of 12,3 feet per second at the top of the
cyiinder, suddenly decreases to a minimum of 0.2 feet per second

and rises to a value of 0.5 feest per second at the center of the
wake, The ﬁery large speed gradient opposite the upper and lower
edges of the cylinder and the rise in speed at the center of the wake
neayr the cylinder occur where the Karman vortex system is known to
prevail (4,9).

The maximum speed of 12,3 feet per second, 5.3 feet per second
above the bulk velocity, demonstrates the fact that the free cross—
section area of the conduillt has been reduced materially due to the
presence of the cylinder, and thus speed as well as temperature
measurements in the wake may be affected by the walls of the channel,
At a further distance downstream the maximum speeds attained are less
than in the regions close to the cylinder, and there is no rise in
air speed at the center of the wake. At 9..43 inches downstream the

approximate normal velocity profile of the empty chamnel has been
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attéined. In Figgre 29 the air speed field is shown by constant
speed lines. The rise in speed at the center of the wake and the
large air speed'gradient opposite the upper and lower edges of the
'c§linder ére evi&ent at 0.3 inch downstream. |

The air speed distribution for bulk velocities of 12.7, 24.8,
and LL.7 feet per second are similarly represented in Figures 30, 32,
and 34, Table I, Parts 2,5, and 7. The corresponding air speed
fields are shown in Figures 29,31, and 33, and the rise in air speed
- near the centef of the wake and the large air speed gradient opposite
the upper and lower edges of the cylinder are evident around 0.2 to
0.3 inch downstream. The region close to the cylinder (Figures 28,
30, 32, amd BQ) corresponds to the zone of complex temperature
distribution (Figures 10,12,15,16,17, and 20). As was the case with
temperature, the region of complex speed distribution decreases in
spatial extént as the bulk velocity increases. These complex regions
are assoclated with the Karman vortex system, and therefore the
rapidity with which the system is dissipated is seen to increase with
bulk velocity. The general shape of these complex air speed curves
is vefified by data from other sources (4) (Figure 9). The speed
measurements shown in Figure 9 were made with electronic circuits
which compensated for the lag in response of the wire to the high
frequency fluctuations encountered near the cylinder.,

It was found that the speed distribution for a given bulk vel-
ocity was relatively independent of the temperature field. For each
of the four bulk velocities the air speed distribution was investigated
with the cylinder unheated. The air speed distribution was found to

be indeperdent of the temperature field for the range of conditions
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invéstigated as is shown by a comparison of Figures 34 and 36.

It is noteworthy that the temperature field in the zone near the
cylinder and at the center of the wake (Figures 11,13,18, and 21)
is very similar to the corresponding speed field in the same region

(Figures 29,31,33, and 35 respectively).
Theoretical Analysis of Results

A knowledge of the values of eddy conductivity and viscosity
provides the engineer with a useful means of predicting the temper-
ature and velocity distributions in a flowing fluid for a given set
of physical conditions. Mathematical equations will be derived
relating these eddy quantities to the pertinent functions of state
and flow conditions. The equation for gddy conductivity will be
derived froﬁ a consideration of the various possible forms of energy
transferred to or from a volume element of the fluid. The equation
for eddy viscosiby will be derived from a consideration of forces
in the x-direction on a volume element of the fluid,

_In the derivation of an equation involving eddy cornductivity,

consider an infinitesimal volume element through which a fluid is

flowing: Y
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- An energy balahcewjll be set up by a consideration of all
possible forms of energy entering or leaving the faces of the
volume element. Steady state conditions will be assumed to prevail.

An ené‘rgy balance over all faces is given by (21):

S (dH+dh +d(Ke) +w-g)=0 (6)

It will be assumed that ipotential energy, kinetic energy and
work terms may be neglected in comparison to the other terms.

Equation (6) then becomes:

Sdd =2 4 (7)

To what extent these assumptions are valid will be shown
subsequently., Heat will be conducted into the lattice thrbugh the
various faces in a time A8 in accordance with Newton's law of
conduction., The concept of superposing the turbulent égent, €. 5
upon the thermometric conductivity, K, will be used.

Heat conducted into the lattice in the time d@ in the x-

direction through face ABCD is:
~ o Cp(Ecx+ R) Pt dBdyds
| p(€cx )’bx. ay (8)

and out through face A'B!C'D! is:
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‘A net transfer of heat in the x-direction from (8) and (9):

9« = -%i [a-cp(eui-m’%%]dedxdgda (10)

From a similar consideration of the remaining faces, it follows
“ that the total heat transferred by comduction into the volume

element is:
2 2 c ? .
Z q= S:a.x [o-c,,(e“ + h)%] + 3 [o-cp(ct.ﬁ m’%%-l + ﬁ&cf@c; K)%ﬂ}dﬁdx&gdi

(L

The enthalpy of material passing through the face ABGD in the

x-direction in time 4® is:
(ccu H) d8dyd= (12)

and the enthalpy of material leaving the element through face

A'BIC!DY is:

E-uH + 2(out) dx | dedyda (13)
X



‘The net change ih»enthalpy_of the fluid between the faces is:

SdHc= 2 (cut)dedxdydz  (w)

The total change in enthalpy of the material passing through the

“element in time, de, applying this analysis to all faces is:
=12 2 (es 6 dicdd:
Sdi= {a(cu H) 4 _29(0'11- H) + ?%(e H)}d 2, 5)

From the hydrodynamical equation of continuity for steady state

cohditions (22,23):

Rus) . 2 (ve) , 28590 o (16)
? X >y 22

Combining Equations (7),(15), and (16) there results:

o Eﬂ '%% + vfau + s'b“] = E"C" (€ +Kpﬂ (17)

+ 2 [=¢ Ceg._,+ m_g,ﬂ + ,_g_a[f’cviécz"“"g-‘;]
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From the assumption that the working fluid is a perfect gas (21):

ai _c, (18)
dT

Combining Equations (17) and (18):

| 3 ‘ > = 2_ g-19
werfugt rvgbesze] = [raccarmit]
, ‘ (19)

2 ot 2 € é_t__\
+:b_9 [O'CP(ect’*ﬁ)%g-i +°Z[0-CP( 6%+K)ZZ

Without the simplifying assumptions which led to Equation (7),

an equation of the same form as Equation (19) results except for a
term for the work against viscous forceé and a term _%_% (9). The
latter term is negligible under the condition of these experiments,
and it is assumed that the first term may also be neglected, For
two-dimensional flow, S=o gnd :.g%:o. Assume that the region in the
wake is far enough downstream of the cylinder so that V=0, Then

Equation (19) becomes:

ut — ’é_[ tlyo [ +i\ ot
oCe 2= % oC, (Ecx+ K)%gtsg ecp(eqﬂ-ﬁ),gs (20)
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Thus because of the non-vectorial nature of energy, Equation (20)
involves eddy quantities in the x and y-direction,
- Multiplying Equation (20) by dy and integrating from 3=3H=a to
\3.—.-%', since ¥t =0 at y'=o :

T

f o con Ut dy - 1'% [orCor2]dy.

o—c,, ot
3y

Seyth = (21)

Under the experimental conditions it was found that as an approx-
imation the second term could be neglected, so that Equation (21)

becomes:

y .
€yt = LG‘CP“%EC“J (22)

oCp2t
°Y




In the derivation of an equation for eddy viscosity consider

an infinitesimal . volume element of a viscous, compressible fluid:

Y
e
2x T *_$'* :j;:vaﬂg??
Pt~ | 4y '—.;~+G;§§9cia
e ||
7z

Forces acting on the fluid in the x-direction will be considered.
Body forces such as due to gravity will be neglected, and
only surface forces will be considered as shown above,

The resultant force in the x-direction is:

ﬁ—‘:(:‘;‘)dtj]dxdz+ﬁ’°¢ax)dz dxdy ~ E@P :[dydi (23)

Frém Newton's law of motion (22): Force = mass x acceleration,

F= dedqdz%ﬂlx_\_ | (24)
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Equating Equations (23) and (24):

oz

g2y = l’:(%t;) (@ Tiyx) _‘_{'o’l’,_,‘)] (25)

In order to relate the shear forces to the velocity gradient

consider an infinitesimal square:

Y
T =
(A,
I/ /
/ /
/ -l

The shear stresses A, xy = = fyx cause a rate of change in the

original 90° angle (22):

Tye = @ (€my+ ) (2L + ) (26)

where the eddy viscosity, 6,,,,’, is superposed on the kinematic

viscosity, ¥/




Equation (26) becomes:

f!'.,x - é(em.j+7)(%i‘;-+%f) 27
By definition (22):

.M=%+uu+v@_a+sm (28)

For the case of two-dimensional, steady flow as exists in

the wake of the cylinder in these experiments

S=o :%% = o, ond %‘.:** . Equation (28) becomes:
_.12_ =UOU + YU (29)
Do X 2y

and Equation (25) becomes:

Q(uz + v2u) = }:G ) +(oLe :a«)] (30)

Since /‘)u *0, (T;x and therefore ( -0 . Thus

Equatlon (30) becomes:

uw v = 2P\ 4 27T 1
+ _3§L x>+ yx (31)
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Integrating Acuation (31) fromysytoto y=y', since ‘y soat y'so

Tyx = Se(u3u+‘U' )d'ﬂ"' So & ¢ (32)

Substituting Bquation (27) in Equation (32) and solving

for (e...9+‘V) :

yr 3‘
. 2 P
Em+ Y = Lg(u u.w )dy + Lb 4y _ (33)
C%g *3%)

Assume that the position in tie wake is far enough downstream

so that Y=0; then dguation (33) becomes:

Hl
émg-i—'V Le(uau)d(j * So‘%—g 4

?

(34)

In Figure 37 and Table IV are shown valuss of eddy con-
ductivity and eddy viscosity for a bulk velocity of 6.99 and
24.8 feet per second. At 6.99 feet per second the data are
given for a distance of 0,72 inch downstream, and at 24.8
feel per second for a distanée of 0.58 inch downstrean. It
is seen that the values of the eddy quantities increase with
bulk velocity as would be expected (Figure 37). The shape of
the eddy viscosity curvss is sesn to be complex. The ratio of
the eddy cquantities varies appreciably from unity except at

an ordinate of around 0.60 (Figure 37 and Table IV).
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Theories of the dynamics of turbulent flow yield relation-
ships which like eddy quantities are of value to the chemical
engineer in the.prediction of temperature and velocity distribu-
tions existing in flowing fluids for various physical conditions,
Two such theories of the mechanism of turbulence are Prandtl's
momentum transfer theory and Taylor's vorticity transfer theory

-(Zb). 4 comprehensive analysis of these theories is presented
in the literature (9,24,25,26), so that only a brief discussion
of the details of the equations based on the theories will be
ineluded here.

The equation of motion representing Prandtl's theory of
momentun transfer applied to the two-dimensional wake of a heated

obstacle far downstream of the obstacle, is:

_u_—%__(’,g-—) o (35)

’3)(

Specifically, &, is the eddy viscosity term, but in the
subsequent analysis Reynolds analogy (3,20) is assumed to be
valid, and thus €Em=€. =€

The corresponding equation of motion according to Taylor's
vorticity transfer theory applied to the two-dimensional wake of

a heated obstacle far downstream of the cbstacle, is:

ub%% = elu . (36)
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Prandtl 'defines - as.:
€ = - (37)

-where 7, is the mixing length assumed not to be & function

of U' . Substituting Equation (37) in Equations (35) and (36),

x .
>
Upor — 2l 2u @ “o Komentum transfer theory  (38)
X 9! z‘j-
- 2
Ug2u — 1 2u 2*u . )
b%-x ’5&3' Y Vorticity transfer theory (39)

From dimensional analysis (9) the width of the wake is found
to be proportional to the square root of the distance downstream
from the obstacle, This result was found experimentally in the

present set of measurements (Figure 23).
]
yy = & X M2 (1)

Prandtl assumes that at a sufficient distance downstream
of the obstacle, the mixing length is proportional to the width

of the wake:



1=K 7w | (12)
Combining Equations (40) and (41)
- K x (142)

' Substituting Equation (42) in Equations (38) and (39):

v

Mb?i.‘i = 2 K-,XE_&@"M . Momentum transfer theory (L3)
ir-2 9 23' a,jqi

U284 = K, X 24 22U Vorticity transfer theor Ll

b 2H 7 By By y eory (L4)

Solving these differential Equations (43) and (44) and ex—

pressing the results in a convenient forms:

2

| 35
Up - - [‘ _ _g_‘_ z] ' for both theories (45)
Up- U 95'

Thus the velocity diétribution predicted is ﬁhe same for both
theories.

é criterion for verifying either of the two theories lies
in an anaiysis of the temperature distribution data in the wake

of a heated obstacle,



~40-

Neglecting the term. €g+W in Equation (20), as-
‘suning that far downstreamUy=i and that G°Cpis constant in

the ¥*-direction, and assuming Reynolds analogy valid:
u,2t = 2 (ezt) (46)
T '33

which is not based on eithe;' theory. PFrom a comparison of
Equation (35) for the momentum transfer theory and Equation (L6)
it is evident from a qualitative point of view that the temper—
ature and velocity distributions should be of the same form,
and this fact is verified bly mathematical analysis, Thus by

Prandtl's momentum transfer theory:

| _ ‘ 3,2 -
L_-E'.e_ = E-— __‘:_{L 2] Momentum transfer theory (&D
tc"tb ab.

By manipulating Equation (36) for the vorticity transfer theory
and,Equat_ion (46), an expression for the temperature distribution

on the basis of Taylor's vorticity transfer theory results:
- 2.
%}? = [}—(_‘_d_‘_ ) ] Vorticity transfer theory  (48)

Thus the two theories predict different temperature distributions

in the wake, and a test of the validity of each theory is obtained

+



by the use of empirical temperature distribution data. The re—
sults of the ﬁest of the data are shown in Figures 38-42, and
Table V, |

In Figure 38 the upper curve is based on Taylor's vorticity
transfer theory, Equation (48); whereas the lower curve is based
on Prandtl's momentum transfer theory, Equation (47). The ex—
perimental points for a distance of 0,72 inch and 1,29 inches
downstream for a bulk velocity of 6.99 feet per second are shown
in Figure 38 and Table V, It is evident that the empirical data
conform well to Prandtl's momentum trapnsfer theory. In Figure 39
for a bulk velocity of 12.7 feet per second again Prandtl's theory
is verified. Similarly for bulk velocities of 24.8 and 44.7 feet
per second in Figures 4O and 41, Prandtl's theory is substantiated
by the experimental data. All of the experimental points were
chosen at distances sufficiently far downstream from t he qylinden
so that the camplex region of the wake near the cylinder, where
Equations (47) and (48) are not valid, was avoided (Figures 10,12,
17, and 20). |

In Figure 42 for a bulk velocity of 4L.7 feet per second, both

the temperature ratio;t"ti, and the velocity ratio,Ub=W | are
<—teo b-Ue
plotted versus B)g;. Because of the uncertainty in defining the
width of the wake from the speed distribution data (Figure 28),
)
the width of the wake, Y, , was determined from the temperature

distribution data (Figure 23). For a distance of 0,40 inch

downstream the temperature and velocity data are seen to deviate
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sligﬁtly from the simplified theoretical equation based on Prandtl's
theory Equations (45) and (47) respectively. Close to the cylinder
the temperature and velocity data deviate from the theoretical curves
based on simplifying assumptions, but it is noteworthy that in each
case the shapes of the empirical temperature and velocity curves are
similar. The resemblance in the shapes of the curves is in keeping
with the fact that Equation (35)'based on Prandtl!'s momentum transfer
theory is of the same form as Equation (46). The similarity in the
curves is also gualitatively a verification of the Reynolds analogy
since it implies the equality of eddy conductivity and eddy viscosity
in Equations (46) and (35) respectively.

Conclusions

The temperature and velocity field in the wake of a heated cylin-
der has been explored over a range of bulk velocities of from 6.99 to
L4.7 feet per second and at several rates of heat dissipation. These
temperature and velocity distribution data have been used to evaluate
numerical values of eddy viscosity and eddy conductivity and to test
theories of turbulence. MNeasurements of rates of heat dissipation from
the cylinder as a function of bulk velocity have been used to obtain
correlations between dimensionless parameters., Surface temperatures
on the cylinder have been obtained as functions of a position on the
circunference,

As a logical sequence to the data obtained in this investigation
the following research program is suggested. In order to minimize the
effect that the walls of the conduit have on the velocity profiles in
the.wake of a cylinder a tube of smaller outside diameter than the one

used in these experiments is recommended,



The use of a cylinder as small as 0.020 inch in outside dismeter
would be advisable; Aimphasis should be placed on a thorough
investiration of the temperature and velocity distribution in
parts of the vweke far enough downstream so that complex dis-
tributions ars not encountered. The deta should be complste
enough so thet derivatives in the x and y-direction can be
precisely deltermined for the calculation of eddy quantities.

Lieasurements of the eddy cuentities as a function of the
intensity of turbulence would ve of velue. The intensity of
turbulence (27) is automatically fixed in uniformly flowing
turbulent streams in the unobstructed channel. However, the
intensity of turbulence in the wake of & heated cylinder can
be varied by placing screens uostream of the cylinder. The
size of ths scresn mesh can be used to vary tne intensity of
turbulence. A means for measuring the intensity of turbulence
must be provided. The simple diffusion method of measuring
the intensity of turbulence from the tempersture distribution
in the wake of the cylinder may be used (28). If & method
independent of temperature distribut lon measurements is desired,
& suitable hot wire assembly can be used Lo measure fluctuabting
componants of velocity and therefore intensity of turbulance
(27,29).

Not only the eddy quantities but the overall heabt transfer
coefficient from the cylinder can be determined as a function of

the intensity of turbulence (7).
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Nomenclature
English letters
a Dimensional constant for thermanemometer calibration equation
b Dimensional constant for thermanemometer calibration equation
c Concentration, 1bs/ft>
°s Isobaric heat capacity, B.t.u./lb °F
D Kolecular diffusivity, ft</sec
Dy Cutside diameter of cylinder, ft or in
F Force, 1b
g Acceleration due to gravity, ft/sec2
h Heat transfer coefficient, B.t.u./sec £t° OF
h Elevation above datum plane, ft-1b

H Specific enthalpy, B.t.u./1b

I Total enthalpy, B.t.u.

i Current, amperes

k Thermal conductivity, B.t.u. £t/sec £t2 OF

kf Thermal conductivity at arithmetic mean of wall and fluid
" temperature, B.t.u. ft/sec ft2 COF

K.E, Total kinetic energy, ft-lb
K Constant
1 Mixing length, ft

M Rate of transfer of material, 1b/ft? sec

P Pressure, lb/ft2

q. Total heat, B.t.u.

o

Q Rate of heat transfer per unit area, B.t.u./sec £t2
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Resistance, ohms
Resistance of thermanemometer at air temperature, ohms

Resistance of thermanemometer at its operating temperature,
ohms

Instantaneous point velocity or speed in x-direction, ft/sec
Temperature at a point, °F

Temperature of undisturbed stream, at a point °F
Temperature at center of wake, °F

Bulk temperature, °F

Absolute temperature at a point, OR

Time average of instantaneous point velocity or speed in
x-direction, ft/sec

Instantaneous point velocity or speed in x-direction, ft/sec

Air speed at edge of wake, assumed to be in x-direction, ft/sec
Air speed at center of wake, assumed to be in x-direction, ft/sec
Fluetuating point velocity component in x~direction, £t/sec

Time average of instantaneous speed at a point, ft/sec
Instantaneous speed at a point, direction unspecified, ft/sec

Ti7e average of square root of instantaneous speed at a point,
ft/sec

Time average of point velocity or speed in x~direction, ft/sec
Instantaneous point velocity or speed in x-direction, ft/sec
Fluctuating point velocity component in x—direction, ft/sec

Total work, B.t.u.

.Longltudlnal coordinate in channel with origin at centerline

of cylinder, ft or in
Vertical coordinate in channel with origin at lower wall, ft or in

Lateral coordinate in channel with origin at longitudinal
midline of cylinder, ft or in.
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Vertical coordinate in channel with origin at center of
wake of cylinder, ft or in

Width of wake, measured vertically, from the center to the
edge of the wake

Fraction of width of wake

letters

Ratio of peak amplitude of velocity fluctuations to true
average velocity at a point

Ratio of measured average velocity to true average velocity
Angle, radians

Eddy conductivity, ftz/sec

Bddy diffusivity, £t°/sec

Eddy viscosity, ftz/sec

Time,sec

Thermometric conductivity, ftz/sec

Absolute viscosity of fluid 1b sec/ft2

Absolute viscosity of fluid at arithmetic mean of wall and
fluid temperature lb sec/ft

. 2
Kinematic viscosity of fluid, ft /sec

o 2 onl
Specific mass, 1lb sec /ft

3

Specific weight, 1lb/ft
Frequency of fluctuations, radians/sec
Phase angle, radians

‘Stress acting in x—direction over an Slement of surface which
is perpendicular to the y-axis, 1b/ft“ or 1b/ in®

Stress acting in x~direction over an Slement of surface which
is perpendicular to the z-axis, lb/ft~ or lb/ln
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Subscripts

x Value of quantity indicated in the positive x~direction
¥ Value of quantity indicated in the positive y-direction
Z Value of quantity indicated in the positive z-direction

Mathematical symbols
d Differential of quantity indicated
D Total differential of quantity indicated

DA Rate of change of A with respect to B, all other independent
“©B variables being held constant
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Figure 5. Pitot Tube and Thermanemometer
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Table T. Temgerature and Air Speed Distribution

he Wake of a Heated Steel Cylinder

Part 1.°

Temperature Distribution

a b
¥y, & /¥, 5 /¥,
[+]
X = 0 in, 0625 267,17 0.062
a _

Yo & 04747 in. 04639 268,69 0.115
04652 274450 0.652 265,27 0.169
04705 100,40 0.679 148,58 _ 0.223
104759 99460 0.692 106493 0.278
04813 99460 0.705  101.16 04303
0.866 99465 0.732 100,30 04330
0.960 99,85 04786 99,70 04357
0.983 99.95 0.839 99.70 04370

0.893 99,70 0.383
X = 0,13 in. ‘

Yo = 04747 in, 0.946 95 .84 0.397
04558 334,07 0,969 100.08 0,410
04585 318,10 0.429

X = Q415 in,
04588 291,27 yO w 0,746 in, 0.442
04610 269476 ' 0.036 99,75 0.456

* Bulk velocity - 6.99 ft./sece
Reynolds number based on channel eross section = 4270
Reynolds number bassed on cylinder - 562
Average Temperature of cylinder - 368.2°F,
Rate of dissipation of thermsl energy = 5.42 watts/in.

oe o

Fraction of distance between walls

Air stream temperature corrected for impact effect
Distance downstream from centerline of cylinder
Distance between walls

%
°p,

89.55
99.70
99.37
29,75
98455

98.93

112.09

142.65
209.67
23790
249,69

236400

- 228402

213.96

218.52

246,27
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fTebte I, Part 1 (cont'd.)

Temperature Distribution

vy t
o op, Y/&o EF. y/&o gp
X = 0415 in. 04893 98,41 0531 173429
Yo = 0.746 in. .
_ _ : 0.946 98,479 04545 174443
04469 258,05
0o 576 100402 0.558 173.06
0.483 257,29 '
. 0.572 176 .86
0496 262461 X = 0.23 in. :
Yo = 04747 in. 0.585 177.56
0517 258,81
0.033 100,08 ' 0.598 180,15
04531 258480
0.063 99,78 0.612 182,43
0.544 259,57 S
0.116 99,89 0.625 190.48
0.558 255,56 '
0,170 99,67 0.639 201,79
04571 251.97
0.224 99,79 0652 213.88
0.584 242,09
0.264 99,58 0665 213,58
04598 218,52 :
04304 100,39 0.679 190,17
0.611 216.24
_ 04331 117.87 04692 145469
0.625 223,08
0.344 169,87 04705 105427
0.638 239,04 o
04357 212,06 04732 99.86
04651 250483
0.371 210,92 0.786 99,73
04665 228,02
0.384 199,14 0.839 99475
0.878 174,96 |
04411 189,33 04893 99.81
04692 117.11
04424 178,84 . 04933 99.86
04705 99.78
04451 173.67 0.961 100,04
04732 98,71
0.478 171.77
0.786 98.18

0,518 173,21
0.839 98446



0.216
0.270
0.324
04351
04365
0.378
04398
004189
0.449
0.478
04500
04527
0554
0.581
04608
04622

0,635
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Table I, Part 1 (cont?d.)

Temperature Distribution

% /v % v/y %
OFO o OF. °© OF.
0uT40 in. o
o 0.676 120,91 0.681 10689
99,70 '
0.703 100,96 0.734 100.01
99,55 '
0757 99440 0.788 99.63
99.43 ' _
0.811 99432 0.837 99.63
99,40 _
0.865 99,48 0.894 99460
9940
0.919 99448 04947 99,82
99 .44
04946 99,61 04969 77418
114,37
04979 99,92
161,13 X @ 0.72 in.
Yo = 0.756 ine
178499 X = 0.45 in.
180413 ° o
04044 99,70 . 0.127 99.86
176,71
0.097 99,40 0.193 100.24
167.21
_ 04150 99440 04259 103,20
163,03
0203 99,40 04325 109.49
160475 _
0.256 99,52 04392 115,50
159.61
_ 04309 100.54 0.458 121.93
159.61 _
0.363 118,25 0.524 124,67
161.51
0.416 146,00 0590 119,92
164493
0.469 148.73 0.656 114,18
172,91 _
04522 148,40 .722 .
180413 ) : 0.7 107.81
04575 151,32 0.788 102 .32
182,03
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Tabls I, Part 1 (conttd.)

Temperature Distribution

¥/¥, % y/v, &
°F. o,
X 3 0472 in. 0.946 100,84

Y_ = 0,756 in.
0,973 100,54

0.854  100.16

04907 100,13 X = 943 in.
_ Vo = 0736 ine
04947 100.24
04049 104.18
04967 100,46
04117 105.71

X = le29 in. 0.185 105,54

= 047468 ine
0.253 106 .99

04021 100431
0.321 107.17

0.048 100.46
0,389 107.30

0.115 101.45
0457 107.38

0.182 103.20
0.524 107,30

0249 105.33
0,592 107.29

04316 107.38
0.660 107,30

0,383 110,50

0.728 106,86
04450 114,37

0,796 106456
04517 115.67

0.864 105,89

04584 113.69
0.918 104.83

0,664 109.51
0.946 104,05
04718 106493

0.978 102435
0.786 104.72
04853 103.05

0,920 101,30
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Table I, Part 1 (cont'd.)

Air Speed Distribution

y/y, Air Speed v/¥y, Air Speed v/y. Air Speed
0
(ft./sec.) _(fto/geco) (ft./‘peco)
X'z 0,13 in. 0,946 9.11 0,951 8416
yO 2 0,747 in.
o 0.976 6 ¢45
0.679 12,56 X = 0433 in.
: Vo = 04740 in.
04732 12.19 X = 0.23 in, '
) Y. = De747 in, 0.024 ) 712
0.786 11.28 o
0.033 Ted7 04054 9,04
0.839 10,67
0.063 29,59 0.108 10,03
0.893 9,97 .
0.116 31,26 0.162 10.66
0.946 8453
0,969 7433
04224 10440 04270 11.64
X = 0,15 in. 04304 12.28 0.324 12,81
y -3 00746 in-
°© 0,411 0.57 0,703 12,07
00036 8.34 :
04451 0.30 04757 11,37
0,062 9.30
| 0.518 0423 0.811 10.82
0,115 10.33
0.572 0460 0.865 10.26
0.169 10,96
0.625 0418 .C.919 9451
04223 11,59
0.679 7473 0.946 8.45
04276 11,99
_ 0.705 12,70 04979 4,28
04330 14.40
0,732 12,02
0.678 10.80 X = 0¢45 in.
0.786 11.41 y = 0.753 in‘
0.732 12.33 °
04839 10.92 0.044 T35
0.786 11442
0.893 10.11 0.087 959
0.839 10,98
0.933 8498
0.893 10.22
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Table I, Part 1 (cont'd.)

Adr Speed Distribution

Y/&o %%; speed y/&o Air Speed y/%o Air Speed
o/88C,) (ft./sec.) (ft./s6C4)
x: Oe4d5 in. 0.193 8.50 00383 7079
Yo # 0.753 in, '
o 0.259 843 04450 7.68
0.150 10.15
: 0.325 8408 04517 7,51
04203 10.42 C
_ 04392 Te47 0.584 7466
0.258 10.76
0,458 6484 0.651 7470
0309 10,98
0.524 6490 0.718 7.84
0.363 10.39
0590 7.03 0.786 7459
0.418 6.82 c
0.656 7.62 0.853 7.04
04469 5,18 '
0.722 8.06 04920 5,11
04522 5,05
0.788 8420 0.946 3.89
04575 4,86
0.854 7.92 0.573 2427
0.628 7496
0.907 6413 _
0.681 10,79 : X = 9.43 in.
0.947 3441 . = 0.736 ine
G734 10.87 Yo in
, 0.967 1.15
04788 10457 0.048 477
, . 0,117 8.79
00837 10.43 x - 1.29 in.
- . 0.185 7450
0.894 9.75 yo i 00746 in L]
p ® 21 Py 01253 7.91
04947 7.08 0.0 2420
0.048 3e7 0.321 8402
04969 1,55 * 1
0.115 6455 0.389 8.10
x = 0.72 in. 0.182 7.66 0457 8.14
Yo @ 0.756 in.
0.249 7.95 0.524 8.11
0.038 2.79
0.318 7495 0.592 8,07

00127 7.51
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Table I, Part 1 (cont'd.)
"Air Speed Distribution

D‘Yo Air Speed
(fte/sec.)

Xz 9443 in,
Yo = 04736 in.

34660 - 8,05
04728 7487
00796 7455
04864 6488
04918 5457

0.946 4,31

0976 1.56
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" Table I, Part 2%

Temperature Distribution

¥/v, & v/y % v/ %
oF, ° . ° %,
X = 0,10 in. 0.338  110.09 04635 162.69
Yo 2 0.740 in.
_ 0,351  143.40 0.649 176 .96
04365  183.91 04662 192.14
0.378  188.56 0.676 173.22
0.649  179.80 -
0.392  170.85 0.689 122.28
0.662  127.10
00418  158.30 0.703 102420
04676  100.00 _ .
0.432  160.64 0.730 100.53
0730 99,75 o
0e460  169.39 0.784 100.53
0.784 99,75
0.486  181.61 04838 100429
04838 99,69
0.500 186452 0.892 100.41
0.892 99.87 |
0.514  189.40 0943 100,47
04947 99.82

0.527 189.40

' X 2 0,19 in.
0.15 in. 04540  187.09 v, =

x = 0.744 in.
Yo = 0,740 in,
0.554  178.69 04274 99.75
0.054  100.60 |
0,568 174,91 | ~ 0.328 107,54
0,108  100.41
0.581  169.69 04341 130,61
0,162  100.41
0.595 160493 04355 165,90
04216 100430
0.608 158,00 04362 176437
04270 100442
0.622  160.05 0,368 176437

0.324 101.49

% Bulk velocity = 12.7 f£t./sec.
Reynolds number besed on channel oross section =~ 7,630
Reynolds number besed on cylinder - 1221
Average temperature of cylinder -~ 310.8°.
Rate of dissipation of thermal energy 5.41 watts/in.
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Table I, Part 2 (conttd,)

Temperature Distribution

/¥, £ /%6 e e
¥/Y, t
OF. OF. OF.
X = 0,19 in, 0.713 101,00 0.535 139.34
Yo ® 0.744 in, o
0,745 99,94 0.561 139.92
04375 171.14 _
: 04785 99.94 0.587 142,24
0.382 161.22 o
04892 99.94 0.612 150.79
04395 151.65 o
0,949 100,00 0.625 154.25
0.422 146,00
0 : 0.632 157,14
04436 146,00 X = 0425 in. _
Yo = 0,774 in. 0.638 182.97
0.452 149,61 -
0.070 100,04 0.645 163,55
0.489 150,20
0.516 150420
0.1753 100,04 0.658 155,99
0.543 149,34
0.225 100.11 0.664 146,29
04570 146,89 _
04276 100422 04676 118.80
0.583 146,00
_ 0.328 107.84 04690 103.62
0.597 146,00
0.341 131,17 0.742 100.36
0.610 146,90
0.354 155,98 . 0,793 100.36
0.624 150480
04380 160,04 0.845 100.11
0.637 159.15
04367 160,04 0.897 100,05
04650 174,05
04380 155,98 0,937 100,00

0657 179.69
0.406 144,56

D.664 176.09 X = 0635 in,

0,432 141,07 Yo ® 0.744 in.
0.671 165.60

0457 140.05 0.247 100,35
0.677 143439

0.483 139.34 0.301 100.95
0,691 115400 |

0.509 139,34 0.355 137.59

0,704 105.73



Table I, Part 2 (cont'd.)

Temperature Distribution

¥/¥o % y % .
S /v, 5. /¥, EF.
X = 0,35 in. 04206 100,11 046586 107.89
yo = 0.744 in.
_ 04259 100,47 0.682 103.22
0,409 139,34 .
04312 102,55 0.735 100447
04462 137,69 .
04385 115,59 0.788 100,17
0,489 134,67 _ '
0392 123477 O.841 100,05
04516 135,26 ' '
0.418 127400 : 0.950 100.05
0,556 138,77
0.444 128,20
04570 140-50 % 0.84 ino

0.444 127,00 - :
0.583 141,08 Yo = 04751 ine
0.458  128.06

.094 99,94
04597 142,24 °
04471 128.20 0.148 99.94
04610 143 .40
0.471 127459
[ . 0.201 100 41
0.624 14340 . )
0.484 128.20 ;
.254 102.
04637 138,75 ° o808
04497 128,70
. L4 ‘0,508 105.03
04650 128,40
04497 122,89 0.362 108,97
0.677 104,03 :
0.511 128,06 : . De414 112,12
0.731 100.11
0.524 128420 0.467 115.00
0.785 99.94
0.524 127.89 0.521 115,29
0.839 100,17
04550 128,77 0.574 113,39
0.892 100,04
0,550 126,40 : 04627 110,56
0.941 100,00
0.577 128,19 0.680 108.15
x = 0,45 in, 0.603  126.12 04734 102.31
Yo = 0.756 in.
0,630  117.32 0.787 100.65
0,100 99,87
0.643 112,42 0,840 100.11

0.153 100.11
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Table I, Part 2 (conttd.)

Temperature Distribution

/Yo % ¥/v, £ ¥, .t
OFO OF. . . OF.
X = 0.64 in. 0.948 100.18 04469 - 104.86
yo = 0,751 in, . E -
o . 04,548 104,52
0.894  100.00 ’ X = 1l.85 in.
: : h Yo = 04752 in. 0.628 104,62
0949 100,00 , : X
’ 04043 101,18 0.708 104,56
X = 1,05 in. " 0.122 102.14 » 0.788 - 104.22
Yo = 0.763 in. ' ‘
0.202 103,32 : 0.867 104.04
" 0,056 100.23
0.282 104,62 0.946 103.32
0,109  100.66 .
0.362 106.09 , v
0.161 101.60 X = 943 in.
0.442 107,03 Yo m 0.757 ine
O.521  107.14 0.048 102,44
0.266 103,98 A
0.601 106 .61 0,128 103.45
0.318 104.85 :
0.681 105,04 04207 - 103.74
0.371 106.28 ' '
. _ Q.761 103,91 0287 104,04
0.423 107.84 '
' 0«840 102.98 0.368 104.10
0.476 108,74 : ,
0.924 101.90 . 0e445 104,10
0.528 108,98
: 0.524 104.18
0.5681 107.49 . ' X 2 3499 in.
- Yo = 0.753 in. 0,604 104,15
0.633 106.38 ’ o ‘
0.070 103439 ' 04683 104,10
0.686 105,04
0.150 104.04 : 0.762 103.98
04230 104 .44 0.842 103.62
0,790 102,91 , v
0,309 104.56 0,922 103.09

0.843  101.72
0.389 ~ 104469
04895 100477
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Teble I, Part 2 (conttde)

Air Speed Distribution

.'Y/Yo Air ?peed y/yo Air ipeed y/yo Adr Speed
(fte/sec.) (ft./s8cs) (ft./gec.)
X = 0,10 in. 0.892 17.8 X = 0,35 in.
Yo # 0.740 in. = 0.744 in,
o 0,943 177 Yo =
0676 = 26,8 0.194 17.9
04730 2549 X = 0,25 in. 0.247 19.5
_ Yo = 04774 in.
0.784 24,8 0.355 11.8
0.070 16.2
0.838 23.9 0 0,409 5,47
0.121 18.9
0.892 22,9 0.462 8400
0.173 16.5
0.947 21,1 04570 6498
0.225 21.2
0.624 11.2
X & Cel5 ine 0.276 21.9
Yo = 0e740 in. 04677 20.3
0,328 22.8
0.054 18.9 0.731 20,0
‘ 04380 2,47
0.108 1843 0.785 19,1
0,432 1.90 u
0.216 21.3 0.839 18,4
0.483 2456 :
0.270 2245 0.892 17.1
0,324 2344 04941 12.5
0.587 2430
0.378 2.62
0.838 5462 X = 0.45 in.
0,432 0.815 Vo = g i:olzn
04690 22.8 °e= :
0.486 0.794 0.100 15.9
0.742 21.2 * ¢
04595 0.937 0153 16,2
0.793 20.1 * :
04649 1.88 04206 16.6
04845 15.2 ) )
04730 2346 0.259 16.6
028 0.897 16.5
0.784 2e 0.365 12.6
0,937 1640



y/&e Air Speed
(ft./secs)

‘04418
"0.471
0.524
0577
0.630
0.682
0.735
0,788
0.894

0.950

0.148
0.201
0.254
0,308
04362
0.414
04467

0,521

= 0445 1in.
Yo = 04750 in.

8,71

7e43
7424
8494
13.6
16 44
1649
17,0
1644

11.4

v,

0.574

0.627
0.680
0.840
0.894
0.949

X =
y_ =

o
04056
04109
0.161
0.214
0.266
0.318
0.371
04423
04476
04528
0.581
0.633
0.686

0+738

Air
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Table I, Part 2 (cont!d.)

Air Speed Distribution

11.5

8.07

1,05 in.
0,763 in.

9447
1343
1343
14.1
14.4
1546
15.0
14.2
14.2
14.1
14.1
14.1
14.4

15,0

eed

(ft.igecm)

/v

(o)

0.790 ;

0.843

0.948

0.049
0.128
04207
0.287
0.366

0.445

0.524
. 0.604

0683

0.762

04842

0,922

Air Speed
(ft./secs)

. 14.8
13.8

10.9

9.45 ine
v0.757 in.

8.70
12.6V
115;5
14.1
14.3
14.4
14,5
14.5
14.4

14,0
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Table I, Part 3

Temperature Distribution

v/y 't %
0 op. Y/&o °F; y/&c
X = 0,22 in, 04877 99,85 0e462
yO - 0.744 ine. .
- 0.751 99.67 0.515
0.032 99.54
0.785 99.67 0.570
0.086 99,54
_ 0.839 99.62 0.623
0,140 99,54
0.892 99.62 04877
0.194 99 .54
0.946 99,77 0.731
0.247 99.51
0.970 99.71 0.785
0.301 99 .62
0.838
04325 107422 X = 0430 ine
| Yo = 0.743 in. 0.892
04355  110.84
0.031 99.62 0.946
0.409 = 108.06 -
0,085 99.62 0.976
04435 106,92 :
- 0.139 99,54
0.489 106031 ’ X =
0.152 99,51 Yo =
0.543 106,81
0.246 99.51 04030
0.570 108459 _
0.300 99,51 0.058
0.597 110426
043565 101.25 0.125
0.624 108,97 .
0.408 106.36 0.192

0.651 100.12

* Bulk velocity = 24.8 ft./sec.
Reynolds number besed on channel cross seetion - 15,200
Reynolds number based on cylinder - 2,285
Average temperature of ecylinder - 152,10F,
Rete of dissipation of thermal energy - 1.70 watts/in.

t
°r.
106.90
105.35
166.05
106.16
100,33
99.51
99.51
99447
99,51
99447

99.62

0.4l ine.
0.743 ine

99.70
95.70
98.70

99.70
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Table I, Part 3 (cont'd.)

Temperature Distribution

/v, % /¥ %
O °F,
X = 0,41 in, 0.811 99.85
Yo = Cu743 in.
| T 0.908 99.62
04260 99470

04327 100476
0.394 102,40
0.462  103.34
0.529  103.34

0.610 102.13

04697 99.70
0.764 99.67
0.798 . 99470
0.865 99.70

0,933 99.7C
0.970  99.70

~ 0,90 in.
Yo = 0.740 in.

0.054 99.62
0.149 06,92
0.243 100408
0.338  100.38
0.432 100,91
0.527  101.06
0,622 100468

0.716 99.85
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Table I. Temperature Distribution in
the Wake of a Steel Cylinder

%k
Part 4,
v/, % y/y %
- o . /¥, .gF‘
X 5 0,22 ine , - 0.877 100423 0486 111,33
. yO =2 0,744 in.
. 04731 99.62 04541 111.83
0,027 99.67
0. 788& 99.62 04595 113,99
0.059 99.54
048339 99.54 04649 106,77
0.113 99,54
0.892 99.5% 0.703 99.86
0,167 09,54 '
0.946 99.54 0.767 99.74
0.220 09.59
0.972 99,70 0.811 99.77
04274 99 .54 ,
0.865 99477
0.328 100.35 x ® 0,30 in,
Yo = 04740 in. 0.919 99,77
0355 119.58
0,030 99,82 04946 99,77
0,382 120,98
0.054 99.62 0,969 93.77
0.408 119,58 :
0.108 99,462
04435 116.65 - X = 0,41 in.
' 0.162 99.62 Yo = 0.752 ine
0.489 113.42
0.216 99.62 0.043 99,70
0.543 113488 .
0.270 99459 0.122 99,70
04570 115,55
o 0.324 101.06 0.202 99.70
04597 118447
0.378 113,50 0.282 100.00
0.622 121 .44
0.432 112.70 0.362 103.34

04651 118.62

* Bulk velooity = 2448 ft./sec.
Reynolds number based on channel cross section - 15,200
Reynolds number based on cylinder - 2,285
Average temperature of cylinder - 13B439F,.
Rate of dissipation of thermel energy = 3.20 watts/in.
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Table I, Part 4 (cont?d,)

Temperature Distribution

/¥, t vy, ¢
OF. OF.
X = 0.41 in. 0.965 99,70
Yo = 0752 in.

0ed4l 106477
0.521  107.57
0.601  104.64

0.681 101.26

0.761 99.70
0.840 99.70
0.920 99.70
04967 99,70

X % 0,90 in.
Yo # 0,737 in.

0.050 99,70
0.159  100.12
0.240 100468
04335 101437
0,430  102.28
0,525  102.28
0.620 101465
0.715  101.06
0.810 100423

04905 99,70
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Table I. Temperature Distribution in
the Wake of a Steel Cylinder

Part S.*

Tempersature Distribution

¥/¥o I3 /¥, t v/y %
OF‘ OF' ° oFc
X = 0,10 ine 04300 99.75 0489 130.87
Yo = 0.744 in. '
06327 102,87 04502 130459
04583  140.03
0.341 123,77 04529 130.00
04624 139,40
0.347 137,88 04542 129.72
04637 156,39
0.354  146.59 0.556 130.00
00650 L] 156074
Ce351 145,79 0.569 129.72
04650 156480
04367  141.37 04583 129.72
0.664  120.81
0.381  132.64 04596 129.72
C.877  101.00
00394  130.30 0.610 130.71
0,732 100435
0.421  130.30 0.623 133,22
0.785  100.54 :
04435  130.87 04630 157.65
04839  100+54 .
00448  131.76 04637 142.59
0.892  100.54
04462  130.30 04643 147.17
0.944  100.54
0.462  130.87 0.650 140.32
X = 0,15 ine 04475 130.87 0664 109.54
Yo = 0743 in.
0,475 131,17 0,731 100,08
0.192  100.08
00489  131.29 0.838 100,05

04300 99.81

* Bulk velocity = 24.8 ft./sec.

Reynolds number based on channel cross section - 15,200
Reynolds number based on cylinder - 2,285

Average temperaturs of cylinder - 265.,8CF,

Rete of dissipetion of thermal energy = 5.43 watts/in.
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Table I, Part 5 (cont'd,)

Temperature Distribution

/¥, - /¥, % v/ t
. °F. ° °F.
% = 0.15 in. 0.624 129,72 0.428  122.32

Yo = 0.743 in, |

| S 0.637 134,97 0.457 120.82
(0+989 100.05 0.644  138.46 0.48¢  120.59
% = 0.19 in.. 0.650  140.62 0.511  120.59
Yo = 04757 in, ' 0.657  138.87 0,538 120.82
0.220  100.00 0.664  117.66 - 0.565 121,75
0.301  100.05 0.677  101.72 0.586 123.89
0.328 (10s.04 04732 100.05 0,599  124.12
0.341  121.75 04839  99.95 0.606 124,10
0.348  152.05 0,944  99.95 0.613 124,14
0.3556  139.08 0.820 124,12
0.6z 140.79 yz 2 ovra me 0.626  123.48
0.368 138,46 0.185 9975 0,635 122.62
C.382  131.18 04294  100.35 0.640 119.69
0.409 126439 0.321  102.73 04647 112.81
0.436 125.24 0.534 109.26 0.660 105,80
0,463 124f95 0.248 115.46 0,674 101.60
0,489 124.65 0,362  122.02 0.728  100.12
0,516  124.95 0.375  123.18 0.837  100.00
0.045  122.95 0.389  123.48 0,931 99.94

0,566 126.72
0.395 125,79

= 0434 in
04,583 127400 X =z 0. e
0,402 123.79 yo = 0.744 in,

28,
04610 128.19 04,153 100.00
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e I, Part § (conttd.)

Temperature Distribution

v/ Yo % v/y o 5 y/yo %

OF' OF. QF'
X = 034 ine 0,551 112,70 0.742 102,31

Yo = 0.744 in,
0.607 110.34 0793 100477

04301 101,01
_ 0.663 101,54 0,845 100.47

04355 107.07
0.720 101.00 0.897 100.47

G409 116,75
0.776 100.77 0946 100.47

0,462 117,03
0.832 100465

04516 117,20 X = 0,89 in,
0.888 100.54 . ¥o = 04762 in.
04,570 1168.85
\ 0.544 99.87 0,085 100.60
0.624 112,87
0,108 100,77
04677 - 103,39 X = 0.58 in.
Yo 2 0.774 in, 0.16C 101.25
0,758 99.95 .
0,070 100.17 0.213 102.02
0.83%9 99.87 .
0.122 100.22 0.265 " 102.62
0.917 100,05
0.173 100,77 0,318 103,39
S 039 in. - 0,224 101,01 04370 104,22
Yo = 04713 in,
0.2786 102.14 - 04423 104,98
0.055 100,47
0.328 103.68 0,475 105.67
0.102 100.41
0.380 105,39 0,528 105.74
0.158 100.47
0.432 107.01 04580 105415
0.215 100,60
0.485 108.11 0.633 104.27
0.271 101,00
0.535 107.84 0,685 103.51
04327 103451
0.587 106,73 04738 102.79
0.383 -110.,00
C.638 104.69 0.790 102.19
0.439 113,00
0,630 103445 0.8453 101.43

0.455 113.79
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Table I, Part 5 (conttd.)

Temperature Distribution

/v, % v/, £
%p. o,
X = 0.89 in. 04940 10167
Yo m 04762 in.
'0.895 100495 X = 9.43 in.

Yo = 04783 in.
0,944 100.29

0.044 102,38

X = 169 in. 0.097 102.74

2 0.740 in.
0.150 102.79

0.027 101.29
0,203 102.86

0.081 101.87
) 0.258 102,92

0,135 101.96
04310 102,92

0.189 102,20
04363 102.98

0.243 102,79
0.416 102.86

0.297 103.15
04469 102.22

0.351 103,80
0.522 102,92

0.406 104,27
0.575 102.86

04460 104.50
0.628 102.86

D.514 104.62
04681 102,86

0.568  104.44
0.734 102 .86

0.622  103.92
0.786 102,79

0.676 103439
C.841 102.74

0,730 102497
0.894 102.67

0.784  102.55

. 0.950 102,20
0.838 102425

0.891 102,02



/v,

v, =
" 0,047
0.102
0e155

0.207.

04260

04313
0.3686
0.419
0.472
0.524
04577
0.630
0.683
0.736
0.789
0.842
0897

C.952

X

1
v o

0.044

Air Speed

(ft./éac.)

D.2
0a7

Oel
Ou7

9 in.

31,0
3042
21,5
3146
3643
35.7
9.06
1 5.87
1044
9.12
9.58

16,0

47 inc

270

57 in.

/¥,

0.080
0,143
0+304
0387
0.411
0.464
0,516

04572

0.786
C.835
0.839
0.883

0049

o

Yo
0,058
0.102
0.158

0,215
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Teble I, Part 5 (cont'd.)

Air Speed Distribution

Adlr Speed
(ft./secs)

2849

17.2
17.8
18.7
2143
3440
33.4
3245
3147
3147
3048

2848

Ce32 ine.
CeTl3 ine

¥/¥,

0.271
04327
0,383

0.439

06495

0.561
0.607
D663
0.720C

0.776

0.173
0.224
0.276
0.328

G380

Air Gpesd

(ft./gec-
29.0
2841
24,0
20.6

19.1

2647

0.58 ine
C.774 in.

2544
27«1
2748
278
2745
20.8

2544

)



/¥,

0,432

0.483
0.535
04587
0.638
04690
0.742
0.793
0.845
0.897

0.946

<
o}
13 1t

0.055
C.108
04160
04213
D.265
0,318
£.370

04423

Air Speed
(ft./geo.)

0+58 in.
0.774 ine

2441
2349
2348
24,46

26,1

0.89 in.
0.762 in.

2145
24 ¢4
25.4
2545
25.6
2545
2543

25.0
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Table I, Part 5 (conttd,)

Air Speed Distribution

Y/&o Air Speed
© (ft./sec.)
0.475 24.9
04528 2540
0.580 251
04633 2544
0.685 2547
0.738 2549
0.720 2547
0.843 2547
0.895 2545
0.944 2246
X 2 1,69 in.
Vo = 04740 in.
0.027 2248
0.081 2443
0.135 2542
0.188% 25.4
04243 2546
04297 2544
04351 25.4
0.406 2544
04460 25.4
0.514 2544

y/y

0

045868
0.622
04676

0.73C

X =z
Yo &
0,044
0.0é?
0.150
04203
0e2586
0.310
0.363
0.41€
0.469
0.522
0.628

0.681

Air Speed
(ft./secs)

2544
20.4
2544
25.4
2544
2Ce4
24.7

2346

9443 ine
0.783 ine



x/yo Air Speed
(ft./secs)

G443 in.
0.753 in.

™
nn

04734 25,2
0.788 25,0

04841 2447

~100-

Table I, Part 5 (coﬁt'd,)

Alr Speed Distribution
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Table I, Part s*

Temperature Distribution

v/y & ¥/ & £
° OF' ° OF" y/y . OF .
X = 0414 in. 0597 166,82 0,323 08,27
Yo = 04745 in.
_ 0.624 166.62 0e330 . 112,62
" 0.034 88.82 '
0.651 195.86 0.378 148422
0,087 91.41 .
0.678 109.88 0.405 140.59
Oel41 92.96
0.732 104.03 0¢432 134.63
0.195 94 .50 '
0.785 105.40 0459 127.90
00248 964,12
04839 106.84 0.486 125.89
04215 37426 ‘
0.893 108,48 0.513 126,94
0302 98,14
0.945 111.43 0.540 126473
0.329 95,856
0.974 114,11 0.5687 125447
De356 140.97
C.594 135.50
0.383 188.33 X = 0.21 in. _
y‘o - 0.739 ine 0.64‘8 152.07
0.409 154.08
0.032 89,13 - 0.621 144,73
0.436 156.86
0.080 91.56 0.675 104,79
0463 203,46
0.134 93.04 0.729 103,68
04490 236483 - '
0.188 94 .68 0.783 105425
04517 249,00
0,242 96,17 0.838 107.02
0544 238.39
0.2986 97.95 0.892 108,51

0,570 203.16

* Bulk velocity = 24.8 ft./sec.
Reynolds number based on channel cross section -~ 15,200
Reynolds number based on cylinder - 2,285
Average temperature of cylinder - 285.20F.
Rate of dissipation of thermal energy = 5.42 watts/in.
Temperature of upper wall - 130°F,
Temperature of lower wall - 70°F,
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Table I, Part 6 (cont!d.)

Temperature Distribution

y/y t vy t t
° Op e o, s | op.
X = 0421 ine. 0.946 110,98 0.266 100,08
Yo = 04739 in.
o 0,970 114.41 0.348 102 .86
0.946 110.87
0e429 104,99
0.,368 112,62 X = 0443 in.
Yo = 0.746 in. 0.511 105485
X 2 033 ine 0,035 88,22 C.592 105.35
yo - 04740 in. .
0.115 92,06 : 0.674 105.17
0.027 88,60
0,196 94,22 0.755 106.08
0.080 91.26
0.278 96 .84 0.837 107460
0134 93.01
0.357 103,38 0,918 110,37
0.188 94.53
0.437 111,40 0,969 114.67
0.242 96,11
0.517 113,53
0.296 98,02 ‘Xz 9.%3 ine
04598 111.74 Yo = 0.740 in.
0350 106.81
0.678 106.54 - 0.038 93416
04405 120.68
0.759 105,58 0.108 97«60
0.459 120.22 _
C.239 107,51 - 0.189 100.00
0,513 119.38
0,920 110.26 0.270 101.90
0,587 120.75
0.973 116,96 0.351 102.05
0621 122412
04432 102.81
00675 106.69 X = 0‘93 ino
Yo = 04736 in, 0.514 103,37
0,729 104,44
0,032 87,96 0.595 103495
0,783 103,70
0.103 92,67 C.676 104 .53
04838 107.02
0.185 95,58 0.757 105.56

0,888 108.59
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Table I, Part 6 (cont’d.)
Temperature Distribution

/¥, gF.

X = 9443 ine
Yo = 04740 ine

0.838 106,74
0.919 109.17

0.970 115417



0,034
0.087
0.141
0.195
0.248
04302
0.356
0.678
04732
04785
0.839
0.893
0.946

0.974

<
o
w1t

0.032
0.080
0.154
0.188

0.242

Air Smeed

(f+./sec.)

0«14 in.
04745 in.

19;75
22.06
24,15
25457
27459
30.09
26493
29.89
28401
25.74
24450
23 ¢49
2l.29

18,83

0.21 in.
0739 ine.

2l.94
23484
25448
27453

28472
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Table I, Part 6 (cont'd.)

Air Speed Distribution

v/y

o

0.296
04350
044056
0.513
0e567
04648
0.621
0675
0.729
0.783
0,838
0.832
0,946

0.968

0.027
0.080
0.132
0,188
04242

0296

s
31.086
35483

2.01
292
2425
9459
1.82

38428

31455
30457
28458
29458
0.33 ine
04740 in.
18.63
20.44
21.71
22478
23.84

3le27

)

/¥,

04350
0+405
0+459

0.513

0.567

0.621

0e675

0.729
0.783
0.838
0.888
0.946

0,970

0.038
0.115
0196
04276
0357
04437

04517

Air Speed
(ft o/FS)GC t)

31.95
25.89
24.50
32424
22.96.
24,02
28.98
27465
€08
25405
24458
24410

21,10

0«43 in.
0.746 in.

21.28
24463
25,98
27.89
28e21
26 .48

25.03
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Table I, Part 6 (contrtd.)

Air Speed Distribution

Y/&o Air Speed K/yo Air Speed

(ft./gec.) (ft./zeo.)
X = 0443 in, X 2 9643 in.

Yo = 0746 ine Vo = 0.740 in.
- 0.598 25;56 ' _ 0.038 9.87
1 0.678 26414 0,108  14.65
0,759 23435 0.189 15.43
0.839 22484 0.270 16,65
0,920 21,97 0.351 17.22
0,973 12.44 0432 17493

0.514 17,99
X

= 0.93 in.

Yo = 0.736 in. 0.595  17.72
0.033 14.54 0.676  17.41
0.103 20420 0,757  17.27
0.185 21.63 0.838  16.02
0.266 22478 0.919  14.45
04348 23 442 0.970 7.07
04429 24430
0.511 25,45
04592 24455
0.674 23493
0.755 23469
04837 22495
0.918 21.17

0.969 12.61
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Table I, Part 7°

Temperature Distribution

y/& t y/& +
O OF. o OF. Y/Yo 'gF.
X = 0,13 in. 0.594  117.87 04330 103,26
Yo - 00764: ine ’
_ : 0.607  119.21 04343 106,49
0.267 99,94
0.614  119.97 04357 110,97
0.319 100,00 o
0.620 121,17 0370 113,29
04332 103,15
04634 119,50 0,377 114,20
0.346  112.77
0.647  108.56 ' 0.383 114,20
0.352 117,91 -
0.660  101.72 04390 114,09
04359  120.87
0.686 99,87 04397 113.91
0.365  121.46
0.738 99.54 0.410 113,29
04372  120.40
0.791 99.87 0.437 111.55
0.385  117.91
0.843 99.94 0.464 111,14
04398  117.03
0.937 99.94 0.491 111.14
04424  115.29
04937 99.87 . 0,518 111.14
0.450 114,71
0,538 111.14
D.476 114.66 X = 0,19 in. :
. 0.558 111.85
0.503 114460 Yo = 0,746 in.
0.571 112,70
0.529 114,84 0.088 99.87
0.584 113.68
0.555  115.59 04303  100.12
0.316  100.89 0.598 113.86

0.581 116,74

* 3Bulk velocity = 44.7 ft./sec.
Reynolds number based on channel cross section - 26,900
Reynolds number based on cylinder = 4,440
Averege temperature of cylinder - 206.20F.
Rate of dissipation of thermal energy - 5.42 watts/ine
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Table I, Part 7 (cont'd.)

Temperature Distribution

¥/¥, t /v, % ¥/¥q b
OF. OFO OF-
X = 0.19 in,. 0.494 110.91 04362 102.67
Yo = 0.746 in,
| _ 04521 110,91 04415 103.86
0.605 114,17
0.547 110.56 0.468 104,57
0.611 114417 ~
. C.574 110,45 0,495 104,69
0.618 113,85
0.587 110.40 0.521 104.89
0.625 113,00 '
0.601 109.99 - 0.574 104.10
0.631 111.84
0.614 109.20 0.628 102.91
0.638 109.82
0.652 105479 '
0.640 106.32 0.681 101,73
0.665 102.55
0.654 104,57 0.734 100,47
0.678 100,77 o
0.680 100,77 0.787 100,058
0.732 99,87
0.734 100,06 0.840 1C0.C0
0839 99,94
0.787 99,94 . 0.894 100.00
0,942 100.00
0,840 99.94 0.942 100.00
X = 0,25 in. 0.894 99.87 :
- 00751 ine X = . .
Yo 0.940 99,87 . 0.75 i?
Yo = 0.758 in.
0.254 99.94
' . 0,099 99.94
00308 100054 X = 0.40 1Ne .
Yo = 0.752 in. 0.152 100430
0.334 102,20
0.148  100.00 C.205 100442
0.361 106 .84
0.20z2  100.05 0.258 100.84
0388 108.34
0.255 100.42 0.311 101.14
0.414 109.99
0,309  101.49 0,364 101.49

0.467 110451
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Teble I, Part 7 (cont'd.)

Temperature Distribution

919, b y/y b
°F, ° °r,
X = 0.75 in. 0.604 100496
y, =

0.755 in.
: 0,683 100,96

0.417 102,03
04763 1.00.89

0.470 102.62
0.842 100.89

04497  102.67 |
0.508 100477

0.523  102.80
0.959  100.42
0,576  102.44
0.629  101.74
0.682 101431
0.735  100.89
0,788 100466
0,841 10042
0.894  100.18

0944 100.00

¥ 9.43 in.
Yo @ 0.758 in.

0.050 100.71
0.129 100;84
0.208 100.89
0.288 100496
0367 100,96
04446 100.96

0525 100.96



3
3]

<
[»]
u

0,058

0?110
0.162
0.215
0.287
04319
0.372
0.424

0.476

0.738
0.791
0.843
0.895

0,937

0,088

Air Speed
(ft./gec.
0.13 in.
0.764 ine
50,4
52,.4
5545
57.9
€0.1
4.0
13.5
14,8
18.6
15.4
12.5
3543
6442
61.8
58.8
5646
54 4,0

51.6

019 in,
Oe746 ina

517

)
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/¥,

O.142
0.1986
0.249
0.303
0.3857
0.410
0.464
0.518
0.571
0.625

0.678

e
o
un

0,041

04095

0.148

0.201

Table I, Part 7 (cont'd.)

Air Spesd Distribution

Air Speed
(ft./gec.)
54.8
5745
59.4
89.9
43,9
31.2
31.2
3243
2847
3743
5843
57.8
55.4
5349
52.1

49.6

0025 in.
0,751 in.

44,8
4745
48,9

499

/¥,

0.254 -

0,308

0.361

0.414

0.467

0.521
0.574
0.627
0.680
0,754
0.787

04840

. 0.894

¢.940

0.043
0,096
0.145
0.202
0.255

04309

Air Speed
-(ft./gec.)

51.2
51.0
44,1
3745
3649
37.0
3748
40.7
51,1
51.0
50.4
49.2
4743
4844
0.40 ine
0,752 in.
47.2
4849
5040
49.9
49.6

4740



0362
0e4l5
0.468
0.521
0,574
0.628
04681
0.754
Ca787
0.840
0.894

0.942

0046
0,099
0.152
0.205
0.258
0.311

C.364
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Table I, Part 7 (cont'd.)

Air Speed Distribution

Air Speed y/& Air Speed y/& Alr Speed
o]
(ft./zec.) (ft./gec.) ° (ft./sec,)
0.40 in,. 0.417 45,6 0.763 47.0
0.752 ille :
_ 0.470 46,3 0.842 4544
4347
0.523 45,7 0.908 43.2
40.2 : _
0.576 45,.8 0.959 3847
388
0.629 45.1
3846
0.682 4547
40,2
0.735 4743
43,0
0.788 4747
46,0
0.841 48.1
49.6
0.894 47,6
50,0
0.044 44,3
49,4
48,.8 X 2 9443 ine
Y = 0,758 in.
47.0 o
0.050 40.2
0.75 in. 0.129 43.8
0.755 in.
0.208 45,9
4143
0.288 46,5
47.0
0.367 47.1
4844
0.446 47.1
48,8
0.525 47.2
4845
0.604 47,2
47,7
04683 47.1
4643
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Table I, Part 8*

Adr Speed Distribution

y/&o Air ?peed y/&o Air Speed y/'yo
(fte/sec.) (ft./Eeo.)
X = O.l4 ino 0.115 52.1 00603
Yo = 0.739 in,
Del186 575 0.683
0.024 48 4,0
0.276 62.1 0.762 .
" 0.053 5245
0357 53.8 0.841
06120 56.1
0437 2845 0.921
0.188 60.9 _
04517 41,7 0,968
0.598 2845
04323 72 o4 . x=
0.678 6949 -
0.391 4.8 °
0.759 6245 0.037
0.459 1044
0.839 58.2 0,106
0.526 10.9
. 0.920 534 . 0,187
0+594 448
{0.966 48,2 0.268
0.662 TO«9 '
, 04350
0718 6447 X = 0,43 in. -
Yo = 04756 in. 0.512
06797 58.9
04865 54 .8
04127 4840 0.675
«232 49,6
04206 49.6 0.756
0,969 47,0
0.286 4849 0.837
X = 0020 ino 00365 4608
y, = 04746 in. 0.911
0.444 4568
04034 46.6 04970
0.524 47,8

* Bulk velocity - 44.7 ft./sec.
Reynolds number tased on channel cross section = 26,900
Reynolds number based on cylinder - 4,440
No dissipated thermal energy from cylinder

Air Speed
(fte/sec )

47,1

48,9

943 ine
0,738 in.

35461
4l.2
45,6
46.7
47.6
48.1
47.8
4743
46 .4
44,9
41.7

3543



112~

Table II. Circumferential Temperature Distribution on the
Surface of a Heamted Brass Cylinder

Bulk Air Velocity - 14.4 ft,./sec.

Position on Temperature : Position on Temperature
Circumference® oF, Circumference °r.
Degrees Degrees ‘
1.04 watt s/&n. 2.45fw§tts/in.
0 127.6 _ o . 188.0
60 | 106.8 60 - 163.2
120 1117 120 1648
180 11045 w0 16542
240 | 11644 240  175.6
300 103.1 300 155.7
1.64 watts/in. 3.26 watts/in.
0 172.8 | 0 | 234.1
60 127.1 60 | 17e.7
120 134.8 . 120 195.6
180 1347 180 | 195.2
240 142.1 240 209.2
300 12840 300 180.5
2,04 watts/ine 3490 wetts/in.
o 1764 o | 257.2
60 13847 60 19642
120 148.4 1120 227.2
180 148.4 180 22040
240 158.6 | 240 238,
300 13943 300 - © 191.6

8 Points on the circumference are designated by polar angles.
0° Regresents the point of the trailing edge of the cylinder and
represents the upper edge of the cylindere.
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Tatle II, (Circumferential Temperature Distridbution on the
Surfece of a Heated Brass Cylinder

Bulk Air Velocity - 23.8 ft./sec.

Position on Temperature Position on | Temperature
Circumference °r. Circumference op.
Degrees Degrees
1,32 watts/in. 3.12 watts/in.
0 129.6 0 199.3
60 1037 60 146.1
120 110.8 120 165.2
180 110.1 180 163.2
240 118.0 240 179.2
300 103.2 300 . 145.5
1,71 watts/in. 4,08 watts/in,
0 146.4 0 2320
60 114.0 60 165.53
120 123.1 120 199.0
180 122.8 180 192.0
240 124.4 240 212.1
300 114.5 300 159.1

2e44 watts/ine

0 ‘ 17346
60 130.0
120 144.,9
180 144,0
240 157.2

300 129.7
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Table III. Thermsl Fnergy Transfer as a Function of
Average Surface Temperature of Cylinder

Watts/lin.in. Average Surface Tatts/lin.in. Average Surface
Dissipated Tempsrature Disgipated Temperature
or., or,

Bulk Air Velocity 6429 £./soc. Bulk Air Velocity 2448 [%./cecs
0.089 115.2 04946 | 131.6
D.576 132.2 1.799 . 15648
1.365 17348 ' 3209 20143
2506 23542 44141 ‘ 23240
34972 30142 4,383 241.3
54395 40942

Bulk Air Velocity 12.7 ft./sec. Bulk Air Velocity 44,7 £t./sec.
0226 112.0 1,029 121,5
Cad23 11840 3078 150.8
0. 782 122.8 34882 : 17643
1.815 17448 %4875 195.3
34347 23848 64147 - 22048
4,238 2654 7+489 24442
54354 312.0

6.771 36346
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Table TV. Eddy Conductivity and Rddy Viscosity
in the Wake of a Heated Cylinder

<
:Y/Yoa ?cyb g—mg Emy
fte /SQCQ £t /Se(). e‘ﬂ .

xd = 0,72 ine

Bulk Velocity - 8499 ft./sec.

0.52 0.0075 040375 5400
Oe54 0.0066 0.0259 3492
0456 0.0082 0.0232  2.85
0.58 0.0117 0.0183 1.56
0460 0.0146 0.0150  1.0%
0.62 0.0179 040122 0.68
C.64 0.0211 0.0086  0us1
0.66 0,0204 040100 0.49
0468 0.0193 0.0079 041
0470 0.0196 0.0049 0425
X = 0,58 in.
Bulk Velocity = 24.8 ft./sec.
052 0,0463 0,058  1.29
Ce54 0.0500 0.0778 1.55
0.56 0.0510 0.0719 1.41
0.58 0.0527 0.0553 1.05
0460 0,0554 0.0507 0.92
0462 0.0618 040495 0.80
0e64 0.0664 0.0512 0477
066 0.0707 0.0623 0.88
0468 0.0821 0.0575 0470
0.70 0.0958 0.0629 0,657

Fraction of distance between walls,

Eddy Conduetivity

Eddy Viscosity .
Distance downstream from centerline of cylinder



[] a
¥ t-tob
y (; 'kc "t,

Bulk Velocity
6.99 Pt./secs

% = 0.72 in.
0 1.000
0.058 0,980
0.117  0.920
0.176  0.894
04233  0.772
0.292 04680
0.350 04580
0,408  0.484
04467  0.384
04525  0.284
0.583  0.200
0.641  0.l24
0.700  0.068
0.817  0.012

0.933 0.004

1,000 0

Table V,
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Theoretical Correlations of Temperaturse

end Velocity Distribution in the Wake
of a Heated Cylinder

y' -5
Y k-t
= 1.29 in.
0 1.000
0.C43 0.988
0.085 0,884
00128 0.884
0.171 0.789
0.214 0.886
0.257 0.509
0,299 04532
0342 0.474
Ce385 04417
0427 0.359 .
0.470 0.308
0.513 0.256
0.565 0,218
04598 04180
0.641 04135
0.684 0,103

& Fraction of width of wake
b & is temperature at point®r.

to is temperature of undistrubed °trnam °F,
t, is temperature at center of wake °F.
¢ Distance downstream from centerline of cylinder

0.770
04812

1,000

Bulk Velocity
12,7 ft./sec,

= 0.64 in.

0 1.000
0.050 0,997
0,1C0 0,972
0,149 0,926
04199 04860
04245 04789
04299 04704
0.349  0.612
. 0,399 04515
0.449 0.410
0.499 0.308
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Table V. (cont'd.)

'4‘ T~te 9' t-to o t v
7 T+ -~ ‘ t-%t.
yb 'tc"to N »"Lc -t, ‘%;1 Rt

. Bulk Veleeity
12,7 £t./sec,

X = Q.64 in.
0549 0.202
0.599 0.137
0.648 0.085
0.698 0.052
a0.748 0.033
0.798 0.020
0.848 0.013
04898 0,007
0.948 0.007

1.000 - O

X = 1.05 in.
o] 1.000
0.038 0.989
0.076 0.967
0.114 0.912
0.152 04857
0,191 0.802
0.229 04747
0.267 0.892

0,305 04626

0.343 04571
0.381 0,516
04419 04450
0.457 0,385
0.4556  0.341
0¢534 0,297
0.571  0.242

0.610 0.198

0.648  0.154

0.686 0.121
0.724 0,088

0.763  0.066

0.800 0.044

0.839 04,033
0.876 0.022
0,915 0,011
0.953 0.011
1.000 0

Bulk Velocity
2448 ft./sec.
X = 0458 in,
0 1.000

0.055 0,990

0.105 . 0.969
O§158L 0.910
0.211 0.843
0.264 04767

0.316 04683

| 0.369 0.600

0.421  0.521

0.474  0.446

0.526  0.381

‘0.579  0.319

0,631  0.262
0.685 04215
04736 04173
0.789  0.151
0.841 0,109

0.895 0.085

0.947 0,063

1,000 0
X = 0.89 in. '
0 1.000

0.042 »O.996

0,083 0.975



‘y"'l t “ta y. 't:""':o
Y te-t Y %, - to
Bulk Velocity 04959 0.052
24.8 ft./sec. \
: 1.000 O
X = 0489 in,
0.125 0.941 Bulk Velocity
4447 Pto/s6ce
0.187 0.889
‘ . X = 0.75 in.
0.208 0.834 ‘
0 1,000
0.25C 0.780
0.068 0.983
0.292 0.729 Co
0.136 0.912
0.334 0,679
0.205 0,790
04375 0.626 ;
0.273 0.860
0.416 0.579
0.341 04547
0.459 0.531
0.409 0.460
0.500 0.485 : , ,
- 04477 0.386
0.541 0.441 S :
0.545 0.316
0.584 0.394
0.614  0.259°
0.625 04351 , :
0.681 0.190
0.666 0.306 o
' 0.750  0.158
0.709 04265 '
‘ 0.818 0,112
0.750 0.226
0.885 0.0867
0.791 0.188
04955 0.025
0.834 0.153
1.000 0
0.826 0,086

0.918
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Table V. (con-{;td.)

0.064
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Teble Vo (conttd.)

]
t-t cu® - |
i‘ T o _"ih___lf__ i‘ ‘f:#t, Uy - 1
Yo et Up - U ~ Ys te-t, Uy —u
. Bulk Veloeity - 44.7 ft./sec. 1.000 0 0
0 1.000 - 1.000 0 1.000 . 14000
0.048 1,002 1.020 0.083 0.699 - 0.994
0096 1.005 . 1.060 0.166 0.993  0.981
0.144 1.010 1.104 0.249 0,989  0.956
0.191 1.015 1.14 04332 0,967 0.939
04239 1.040 1.180 04415 0.921 . 0.895
0.287 1.081 1.200 0.498 0.784 . 0.814
0.335 1.140 1.210 0.581 0,575 0.546
0.383 1.200 1.185 0,664  0.345 0.273
0.431 1.240 1.140 0.746 0.092 0.099
0.479 1.270 1.084 0,830 0,032 0.044
0.526 1.276 1,000 0.914 0.0153 0.012
0.574 1.240 04907 1.000 o 0
0.622 1.085 0.806
X 2 0640 in.
0,670 0.885 0.657 |
o 0 1,000 1.000
0.719 0.569 0.424 | |
| 0.064 0.996 0,993
0.766 0.324 0.182
0.129 0.970 0.954
0.814 0.162 0,040
0.193 0.921 0.897

a w, is velocity at edge of wake ft./%ec.

u is veloeiby ab point Ft./secs

u, is velocity at center of wake ft./sec.



Table Ve (cont'd.)

‘J. t-to ub..u
'
yb t-t, Uy - U,

0.257  0.849 0.834
0.321 0.763 04746
0.386 0659 04659
0450 0.547 04571
0.514 0.429 0.484
0.579 04331 04389
04642 04238 0.278
0.7086 © 0.155 0.187
0,771 0,088 0.111
04835 0,045 0,072

1.000 0 0
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Propositions Submitted by David lalcolm Mason, Jr.

Ph, D, Oral Examination, May 25, 1949, 1:15 P. !

Room.

Cormittee: Professor Sage (Chairman), Professors P, Kyropoulos,
Lacey, Lindvall, Pauling, Swift, and Yost.

f., Crellin Conference

Chemical Engineering

1. Analysis shows that flame velocities in CO-O,~Hx0 mixtures
measured by the soap bubble method (1) correlate as & functlon of
the H- atom = concentration present. This fact substantiates the
independent results based on the Bunsen burner method of determining
flame velocities (2).

2. The temperature and velocity distribubion in the wake of a
heated cylinder conforms to Prandtl's momentum transfer theory of
turbulence and not to Taylor's vorticity transfer theory (3).

3« In textbooks the derivation of equations of heat conduction
in moving fluids is often based on an energy balance where the only
forms of energy considered are heat and internsl senergy. Thus it
is tacitly assumed that the other forms of energy are negligible, but
such an assumption is invalid in certain cases.

Lo lMost of the empirical data on the velocity distribution
existing in the Karmman vortex system in the wake of an obstacle (4)
are not accurate due to errors in simple hot wire anemometer meas-
urements of velocity fluctuations of high frequency and large amp-
litudes, It is suggested that accurate measurements of velocity
distribution in the Karman vortex system be obtained by means of
recently developed modified hot wire anemometer circuits (5).

5. The width of the wake of a heated cylinder is found empir-
ically to be proportional to the scuare root of the distance down-
stream from the cylinder. This experimental fact confirms the
relationship predicted by dimensional analysis (6) and illustrates
the utility of dimensional analysis in solving physical problems.

Mechanical Engineering

l. At high compression ratios the discrepancy between the actual
and calculated curves of thermal efficiency versus compression ratio
for an internal combustion engine is reported as not being understood (7).
One effect that nas not been considered is the deviation of the cou-
pressibility factor of the gases from unity at high compression ratios,
and when taken into account this effect reduces the discrepancy.

2., It is suggested that the standard practice of reporting the
coeificient of performance and other properties of refrigerants for
one standard evaporator temperature (5°F) be supplanted by presenting



-122-

the data over a wide range of evaporator temperatures, Then the
relative performance of different refrigerants at actual operating
evaporator temperatures will be evident.

3. In fluid dynamics research with moist air as the working
substance, there is a need for accurate experimental measurements
of the viscosity of the gaseous mixture at different temperatures
as a function of water vapor content. Uncertainty exists in data
calculated from theoretical equations (8), and the empirical data
reported in the literature are scarce and inconsistent (9).

Chemistry

1. The rate of decomposition of sodium dithionite in the
absence of oxygen in aqueous solutions is first order with respect
to dithionite and not second order as reported in the literature (10),.
2. Bisulfite ion catalyzes the decomposition of sodium
dithionite in the absence of oxygen in aqueous solutions, and the

reaction rate is independent of the sulfite or hydrogen 1on con-
centration in buffered sulfurous acid solutions.
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