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EFFECT OF TURBULENCE ON THE HEAT TRANSFER
COEFFICIENT DISTRIBUTION AROUND A
CYLINDER NORMAL TO AIR FLOW

INTRODUCTION

The effect of turbulence on the local heat
transfer coefficient distribution about a cylinder
normal to an air stream was determined at two Reynolds
nuubers: This was deemed advisable because several
previous investigators had obtained the local heat
transfer coefficient variation neglecting the effect
of turbulence whereas another had determined the
effect of turbulence on the total coefficlent.

The present investigation was cafried out
using a wind tunnel with a six by eighteen inch
working seetion. Local heat transfer coefficlents
expressed as Nusselt nmunbers were determined by
measuring the condensation rate of steam in sectors
subtending 36 degree angles inside & two-inch
copper pipe. This pipe eould.bc rotated to expose
the sectors to different positions relative to the
direction of flow. It was placed normal to the air
flow in the working section of the tunnel. Turbulence
was generatéd by slats one inch wide placed on twoe
inch centers and mounted ten inches upstream of the

experimental tube. A hot wire wake-angle instrument



was used to measure the intensity of turbulence.

The local heat transfer coefficient distributlon
for two Reynolds numbers and two intensities of
turbulence are given by the following table.

Local Nus« No.
Degrees from front of Tube

Re Nos Turbe. Level 18° 90° 162° Average Nu. No.

35,500 2.6 218 126 1090 168
35,500 2 279 198 165 211
106,800 2.6 366 325 443 360
106,800 2 551 431 240 456

Thokc results show that the minimum local coefflcient
at abnarmglly high turbulence occurs at the rear of
the eylinder whereas the normal position for the minimum
i1s at the side.

A short historical introduction is offered
as a background for the experimental work. This is
followed by discussion of the theories of heat transfer,
flow about a cylinder, and the nature of turbulence.
A more complete discussion of turbulence is included
in the appendix. After an experimental section which
includes a detailed description of the equipment,
procedure, and caleulations, the main results are
presented and discussed. An itemized list of important

observations compriaesth- conclusions,



HISTORICAL INTRODUCTION

Lohrisch, as early as 1926, studlied the
effect of fluld velocity on mass transfer to a fluid
stream from local sectlions of a cylinder. He converted
his mass transfer data to heat transfer coefficlents
by Colburn's heat transfer factor, j » His work
indicated that the minimum Nusselt number occurred at
the sides of the tube with the maximum at the front
at low Reynolds numbers, With inereasing Reynolds
number the rear coefficient increases more rapidly
than those for the front or sides, eventually becoming
larger than the front coefficlent. PFigure 1 shows the
results of Lohrisch plotted on polar coordinate paper.

Small (9) measured local temperatures in a tube
wall with a thermopile from whiech he ealculated the
local heat flux and heat transfer coefficlents.

Drew and Ryan (4) obtained actual heat
transfer data by condensing steam inside a tube
sectioned with fins. The condensate from each
section was collected and measured, and from this
they caleculated the local heat transfer coefficlent,
The results obtained were similar to those of Lohrisch.

Other investigators who have studied the
effect of the Reynolds number on local tranafer
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coefficients have included Winding and Cheney (10)
who observed the deformation, by sublimation, of a
cast napthalene cylinder in an air stream to obtain
mass transfer coefficlents. These were converted to
heat transfer coefficients by the ] factor. This
method eliminated transfer between sections, but if
sufficient napthalene is removed to allow accurate
measurement of the entire tube, the sbape assumed by
the tube would probably alter the flow charackeristics
about it. The results of these workers are plotted
on rectangular coordinate paper in Figure 2 for com=-
parison.

The effect of turbulence on the overall
coefficient was studied by Reilher, who passed air
through a turbulence promoting grid ahead of his
experimental tube., He reported increases in the
overall heat transfer coefficient of 50 to 100%,
Unfortunately, he did not characterize or define the
turbulence produced. Comings, et. al (3 p.,1077)
proposed that such a large Increase may have been
caused by an inecrease in the loecal veloeity about
the tube due to a jet from the tube bundle (grid).

The work of Comings et. al (3 p.1077) showed
the overall coefficient could be correlated with the
turbulence of the passing stream with the equation:
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Nu = 25.6 ( D¢ 4)(6'5'9%01)

ssssesssenil)
where the symbols are as shown on page s of the Appendix.
Fote that the geometry of the turbulence generator has
no bearing other than its effect on the turbulence level.



THEORETICAL CONSIDERATIONS

There are two factors to be considered in the
treatment of heat transfer to a stream flowing past a
tube: the transmission of heat from the condensing
gtream in the tube to the passing air and the nature of
flow near and around the tube. The former is almost
completely dependent on the latter.

Heat transfer: Consldering heat transmission
at any point and neglecting radiant heat for the present,
the resistances affecting the rate of heat transfer for
this case were the steam fllm, the tube wall, and the
boundary layer and main stream resistance. The
individual coefficlents of these resistances may be
combined to give the overall coefficient, Us

‘% = %;«o _&;_ cnég

The values of the individual steam and tube

l’lb.."‘.l“."‘(g)

wall coefficients are so large as compared to the local
coefficients of the boundary layer that they may be
neglected and the local boundary coefficient, hy,
assumed equal to U. Thus hb at any point becomes

equal to the ratio of the heat flux across the wall at

that point to the total driving force between the
condensing steam and the amblent air, Hence:
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The heat transferred by radiation may be
expressed with the equation:

o ooam s {e(Q e )

Boundary Layer Formation: If an obstruction,
such as a eylinder or a flat plate, is placed in a
wind stream, 1t exerts a new frictional force with
which the fluid must attain cquilibriuma. The attaine
ment of equilibrium results in the formation of a
boundary layer as conceived by Prandt) (1 p.48)+ This
boundary layer should not be confused with the laminar
film which is a permanent feature of any fully
established flow pattern.

Consider a thin plate placed in the path of a
uniform air stream as in Figure 3. At the front edge
where the streamline abruptly contacts the edge of the
plate there is a steep veloecity gradient causing a large
viscous force which retards the adjacent fllaments. Hence
a thin layer, a-a, ic formed within which the viscous
forces have brought about a substantial veloeclty change.
As the stream lines move past the surface, the retarding
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effect of the viscous forces penetrates deeper into
the surrounding fluld as shown by the delimitating
boundary a-a, beyond which the streamlines are
practically unaffected. There 1s a steep velocity
gradient in this boundary layer from u,, the velocity
of the main stream, to zero at the plate edge. It

has been found (5 p«4) that the thickness of such a
viseous layer must be of the order of magnitude of the
square root of the product of kinematic viscosity and

the distance from the most upstream portion divided by

the square root of the alr speed, l.e. a1/ Y x
v

As the thickness of the laminar layer

inereases, both the velocity gradlent and the friction
decrease to a point where the flow in the boundary
layer ceases to be leminar and becomes turbulent in
pature. This 1s illustrated in Figure 4.

The delimiting boundary is a-a, on the
stream side of which the veloeity remains w,. The
veloecity curve in the turbulent portion of the boundary
layer is a-b, while the flow immediately adjacent to
the plate continues to be laminar as exemplified by
the straight line velocity curve beoc.

The point where turbulent flow in the boundary

layer commences may be characterized by a dimensionless
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number of the Reynolds type, Up & or 'b ¥
Y e .

Obviously, then, whether turbulent flow occurs or not,
will depend on the main stream veloclty, size of the
obatruction in the longitudinal direction, and the
kinematic viscosity of the passing fluid,

Flow around a ¢ylinder: The same ﬁhenomeil
occur in flow around a eylinder as in flow past a flat
plate, with the additional phenomenon of separation.
As the boundary layer on & cylinder moves downstream
and becomes thicker, the velocity gradient decreases
and may vanish with reversal of flow occurring near
the wall due to the retarding effect of pressure on
the flow. This reversal causes separation of the flow
from the surface and resulting burbling and turbulence
around the surface from that point on downstream.

With separation, two symmetrical vortices will
form directly behind the cylinder, and increase in
size with inereasing Reynolds number until they are
swept into the downstream wake which will then consist
of a series of vortex pairs, Von Karman showed such a

system to be unstable, but with certaln spaecings* a

# When the ratio of cross stream dlstance between the
center lines of the vortex paths to the distance
between vortices in the same path equals 1s0s h"1yE
= 0,2806 ’ﬁ'
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system of alternate vortices will be stable. The
effect of the Reynolds number on such vortak formation
is depicted in Figure 6 which shows sketches made from
photographic studies (7 p.219) of fluid flow sbout a
eylinder.

When the motlon of the boundary layer becomes
eddying, there is a more intimate mixing of the air
particles, and the driving actlon of the outer layer
on the boundary layer by momentum transfer pushes the
boundary layer further along the surface before sepa-
ration takes place. Obviously, then, the greater the
turbulence of the main stream, the greater willl be its
effeet upon the boundary layer separation point, pushing
1t further and further downstream,

Nature of Turbulence: Turbulence may be
described as the fluctuation with time of the velocity
at any point in a fluld stream about some mean velocity.
lore preclsely, turbulence or intensity of turbulence
is defined as the ratio of the root mean sqguare
fluetuating veloeity to the mean veloeity at any point.

The decay of turbulence as it progresses down-
stream is quite rapid, until the ratlo of the distance
downstrean to the wire diameter of the turbulence
promoter reaches about 400 (8 p«3). Thie is shown
graphically by Figure 5. The pattern of the turbulence
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promoting members exists downstream for about sixtye-
five wire dilameters. Upon consideration of these two
facts, 1t becomes apparent that abnormally high
turbulence levels obtalned by obstructions In an
air stream are non-isotrople.

Dryden et. al. (g p+5) define a seale factor,
L, as: , = \J; (y) dy

where R is the correlation coefficient,

f

e %

R GG~

and y is the distance between the correlated eddles.

It might be noted in passing that the scale of
turbulence increases with distance downstream from

_ the grid whereas the intensity of turbulence decreases.
A more complete presentation of the theorles

of turbulent flow is included in the appendix,
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EXPERIMENTAL

Equipment: The experimental apparatus
conslsted of two elements. The experimental tube with
its appurtenances for determining the heat transfer
coefficients, and a forced draft wind tunnel and
auxiliaries for creating and characterizing a fluid
flow.

Air was supplied by an Ameriecan #B500E ﬁlovcr
capable of produeing 13,500 CFM at a statie pressure of
6" of water gage when running at 1,256 RPM. The blower
was driven by a 30 horsepower, 1,750 RPN U.S. Autostart
motor. Power was transmitted by & sheave and ve~belt
arrangement such that the speed of the blower was
1,243 RPN when 60 cyele current was supplied. Alr
veloclty was controlled with a sliding damper on the
fan inlet.

The tunnel proper was constructed of one~
half inch Douglas fir plywood in six sections for ease
of handling. The ends of each section were framed with
13" x 3" sash stock which served as flanges for bolting
the sections together. The first section, containing a
honeycomb, was an exception in that 1t was bolted
@irectly to the blower through the sildes, but it was

flanged for connectlon to the next tunnel section,



The entire tunnel was supported by four standards.

The assembled tunnel consisted of five
funetional parts: (1) honeycomb, (2) initial ex~
 pansion section, (3) accelerator, (4) working section,
and (5) final expansion sections The air first
entered the honeycomb which was made up of mailing
tubes one inch in dlameter by eighteen inches in
length, The purpose of this was to remove large
swirls and eddies induced by the fan. The air then
entered the initilal expansion section where its
veloecity iﬁs decreased to about one-fifth the blower
exit veloeity. It then passed through a 20-mesh
screen anéd into an accelerating section to a 6" x 18"
working section. The purpose of the de-acceleration,
passage through a screen, and subsequent acceleration
was to provide a unifo:g velocity of low turbulence in
the working section, From the working section the air
went through the final expansion section to reduce
exlt losses, Figure 7 is a line drawing of the
assembled tunnel giving inside dimensione. Photographs
of the tunnel and equipment are mounted on pages 20& 21.
The general equipmert set up is deplicted in Plg. 8.

The experimental tube was fabricated from
standard two-inch copper pipe, 2.06 inech inside
diameter with a wall thickness of 0.158 inches.
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View of wind tunnel looking upstream
from working section.

View of wind tunnel looking downstream
from accelerating section.
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Side View of tunnel showing parts of the initlal
and final expansion sections, acceleration section,
and working sectlon.

Av i

View of instrument board. Shows steam pressure
manometer, mercury traps, condensate level indicators,
variac, potentiometer.
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A four-inch length was indexed into ten equal sections
around the internal periphery and grooved by hand
shaping to receive 1/16" x 1/4" x 4" fins. Un-
fortunately the indexing and shaping were not both done
on the same lathe, with the result that all sectors
were not exactly equal. Copper fins were fitted inte
the slots and brazed in with Sil-Fos. A brass ring
three~eighths of an inch high wes machined to fit
snugly against fin edges and brazed to the bottom
three~eights inches of each fin so as to form a dam
for each sector, thus the bottom of the dam was level
with the bottom of the experimental sectiof. Lengths
of three-eighths inch copper tubing were then brazed
in at the bottom of each sector to serve as con~
densate drains., These were brought down through a
bottom guard section of the two-inch copper pipe and
extended outside for two inches.

The bottom guard 'teflon was a nine-inch
piece of the two-inch copper pipe brazed to the bottom
of the experimental section. While making a run, '
saturated steam was clrculated in it to prevent
condensate from forming in the collection tubes.
Directly above the experimental section was bpazed
a five-inch length of the copper pipe fitted with a
1/16" plate at the floor having a one-inch hole



suprounded by & copper dam oneehalf inch in helight
which served as a atean cheat and top guard sectlion,
A 1" = 13" plate was placed above the oneeineh hole
to prevent condensate from dripping into the experie
mental sections Oteanm entered the chest from sbove
ond then paeped into the experimental seotlon through
the one-inch openings Condensate from the walle of the
steam chest was dreined from the chest floor by a
8/16" copper tube lending pust the experimentsl sectlon
into the bottom guerd section. The 1/8" venmts were
brought out frem above two dlametrically opposed fins
of the experimental sectlon, There was aleo a
sombination vent«draln from the bottom guard section.

The top of the stean chest was covered with a
copper plate to which a 8/4" eross was brased, One
end of the crose was copnected to the steam supply, a8
thermometer was placed in the path of the entering
stean through another, and the third waes pluggeds
Construction detalls are shown in Flgures © and 10,

Constentan wire was soldered in "fine®
nmber ¥ end 7 and a common copper wire attached at
the top of the tube for obtaining the tempersture of
the sondensing steams The tern "Fin® se used heve
refers ¢o the sector between two actusl fine, This
meaning will be continued henceforth.
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Steam was reduced from 65 psig to about
0+5 inches of water gage, passed through a water trap,
and then superheated to approximately 218°F. with a
variac controlled electric heater just before entering
the experimental tube., '

The tube was mounted in the working section
so it could be readily rotated. It was nupportad by a
clamp bearing on the top of the tunnel. The tube was
located ten inches downstream in the working sectlon,
and the four inch experimental section was centered in
the 6" x 18" tunnel section.

The condensate was dralned from the experimental
section through the bottom guard section to & mercury
non-return trap from which it was collected in a
burette. A glass tee was placed ahead of the mercury
trap from which a stand pipe was brought out to
indicate the liquid level in the sump (guard section).
All connections were made with Tygon tubing. This
allowed visual inspection if air was trapped in the
lines. Sufficlent play was left to allow the tube to
be rotated about 90° without changing connections.

The mercury trap served a two-fold purpose.
First, it kept the liquid level up in the sump while
actual collection took place below it, and, second,
it prevented air from being drawn into the system in
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case of a negative pressure change in the steam supply.
A sketeh of a single eollection system is shown in
Figure 11,

During the preliminary runs five 6-inch side
srm test tubes andAanc 8«inch side arm tube were used
for collecting the condensate. However, the small
test tubes were not satisfactory, as the amount of
mercury displaced from the water tube was sufficient
to cause an appreciable change in the mercury head.
Later only two collection systems were used. One
was the 8-inch test tube and the other utillized a
3«inch diameter jJar.

Turbulence was generated by nine 3" x 1" x 6"
slats mounted on two inch centers in a &" x 18" frame
which was readily removable from the tunnel.: The
frame matched the end flanges of the working and
accelerating sections so it could be bolted between
thems PFigure 12 1s & photograph of the turbulence

generator.,

Measurement of Turbulence: Turbulence was
measured in the manner developed by Schubauer (8) with
a hot-wire wake angle instrument. Flgure 13 1s a
sketch of the instrument probes This was mounted in a
ball bearing support for mounting and rotatiing in the
tunnels PFilgure 14 is a photograph of the assembled
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instrument.

It has been found that with increasing
turbulence the width of the heated wake of & hot wire
inereases, indlecating a relation between the rate of
d1ffusion and the degree of turbulence of the air
stream.

For leminar, uniform, flow, assuming the
heated wire's diameter 1s so small as to be negliglble,
the temperature distribution at points not too close
to the wire# 1s glven by the equation,

32 Pov
e 4k*.x ssennsppil)

AT = A?m

where:

= distance across wake measured from center
S distance downstream from wire

s temperature rise at any point

= maximum temperature rise at the point (x,6)
s alr speed

= density of alr

= specific heat of alr at constant pressure
= thermal conductivity of air

>

-3

Eb
A T

The finite size of the wire, the conduction of heat in
the x direction and the effect of the wire on flow in

: pev
#That 1s, the quantity — m is large.



the wake have been negloetedg

If the stream is turbulent, there is an
apparent conductivity, (k ¢ B,) where B is the eddy
econductivity due to the turbulence. Hence the above

equation becomes:

- yopev

ATS AT & “TIEFEE

The width of the heated wake at half the

Bepnans s c-(")

maximuwn temperature change 1s selected to represent

the width chapracteristic of the wake., Hencet

A fyzpcv
_—ﬂ;—ax' i s g w'ooooobotuﬁpcou(e)

where y represents the half width, and 2y then represents
the width characteristic. Changing to angular measure
and solving for <, , the total angle subtended at

the wire by the wake width at AT = 1 for laminar
v PN gmax }

z/ k
Ao # 190.8 poTa— vessensnnanssns(9)

Similarly, for turbulent flow:

< = 19048 xen
pcv X ncc.opo"lubooocn(lc)

where oC 18 the angular width for turbulent flow.

flows

Then,

(Bu 36,00k o 36,4008 5 F4 o
eevx gevx (11)

2
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where ‘<”t is the angular width due to turbulence alone.

Hences
2
Kg = .xisA- .<bg

.—.;.-..........;(12)

Since the turbulence level Z is proportional to o(;c

Z = g<g
The constant, ¢, was found by Schubaver (8 p«4) to
equal IE_E s ‘fherefore:
B
oo oS ,
10‘55 toaoﬁnogitolcioottlz)

It should be noted that this instrument does
not completely characterize the turbulence. It measures
the intensity, but not the secale, or eddy size, of the

turbulence.

Procedure: Originally it was planned to
collect condensate individually from five consecutive
fins, subtending a total angle of 180° to the
direction of flow. The other five fins should, by
the symmetry of the equipment, produce equivalent
results. The gondensate from these fine was to be
measured collectively as a cheek on the other half of
the tube. However, the initlal pruns indicated that
the presence of leaks or other disturbing factors were
influencing the results of some particular fins.
Therefore, two adjascent fins which gave apparently
reliable and consistent results were used for the final
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experimental runs.

A run was conducted in the following manner:
The tube was rotated to the desired position and the
blower and steam turned on. All condensate lines
were then well bled with steam and allowed to f1ll
with condensates. Alr velocity was measured thirteen
inches upstreanm from the experimental section with an
Alnor velometer and the damper on the blower inlet
ad justed to give the desired flow. The steam pressure
was regulated at about 0.5 ineh of water gage and the
variac adjusted to give a steam temperature of about
218°F, The condensate collection rate was then allowed
to reach equilibrium. Burette and level indicator
readings were taken every minute, 1.e. when collection
was being made from the five individual and one
collective fins, each burette was read once every six
minutes. However, when only two burettes were being
uged, each was read once évery two minutes execept
at low condensation rates (less than O.7¢ec. per minute)
when readings were sometimes taken only once every
two minutes, 1.e. each burette was read once every
four minutes. Readings were eontinped until at least
20 ccs had been collected with no individual reading
deviating more than 2% from the total collected, or
10 e+ with no individual reading deviating more than
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1% from the total collected. The smaller quantity was
collected when the condensation rate was so slow that
time became important. (Steam was available only for
about nine hours, thus limiting the time avallable for
a complete traverse of the tube,) The tube was then
rotated one position, allowed to reach equilibrium,

and the process repeated. Obher measurements periodical=-
1y observed were: ailr temperature 13 inches upstream
from the working section, barometric pressure, relative
humidity, air velocity 13 inches upstream from the
working section, blower RPM, static pressure in the
tunnel 3 feet upstream from the working section, and
steam pressure and temperature.

Turbulence level measurements were made at the
same point as the center line of the tube after the
experimental runs by removing the experimental tube
and inserting the hot wire instrument at the top of
the tunnel. The instrument was rotated by hand, and
the galvanometer deflections at various angles were
noted. From these date the turbulence level was
determined.

Caleulations: The heat transfer results were
calenlated as Nusselt numbers for eorrelﬁtion with the

Reynolds numbers and the turbulence lcéels. The local
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coefficients were caleulated assuming the heat loss

due to radiation was negligible and4that no heat flowed
around the periphery of the tube, These assumptlons are
justifiable when the accuracy of the results, probably

no greater than 10%, is considered.

Then s yu* 2D
T

h = g
A A
q = (60)(2&)* R, = 128.4 Ry, Btu/hr.
where R, = condensatlon rate, ec+/minute. Hence:
I 12844 R, D
£ 4l
D, = g_-,aé_s_ s 04,108 ft.

Bu = 25.4 RG ,
Ef At sesnnenn(ld)

It must be remembered that h is actually |
based on the total driving force from the condensing
steam to the ambilent air. All units are on the pound,
hour, foot, degree Fahrenhelt basis.

The outside area was chosen as the basis for
the calculations. The area of fin number one was 0,02150
square feet and that of number two 0.,02020 square feect,
hence the area could not be incorporated into the constant.

The temperature at which kf was obtained was taken as the

# 234 Btu/cc ® Hest of cond, of steam at 212°F.



39

arithmetical mean of the alr temperature and the tube
wall temperature.

A sample ealculation 1s as follows:

run #40 ty = 80 At 2 212 « 80 = 132°%p

fin #1A  to = 146 R
A = 0,0215 ky » 0,01662 7 NN S

Ny = (85.4) (0,50)
u / )
(5.01662) (0,0815) (132)~ 598
The Reynolds number was based on the outside

diameter of the experimental tube and the veloeity in
the unobstructed working section. The density end
viscesity of air at 75°F. were used for all cases, hence,
R = DVP
A
Pz 7.4 x 10218 /rt°

M= 1419 x 10‘81ba/ice-rtn

o P AR (TLZI0 IV 2 1,282 v sass(18)

V = velocity, ft/second
The turbulence level was obtained from the
angular width of & thermal wake behind a hot viéc in
the manner indicated in the discussion on the measurement
of turbulence.

The angular width of the wake at one-half the
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- maximum galvonometer deflection was read from a plot
of the experimental data, Figures 21 through 23. This
angle was converted to percent turbulence by the
following expressiont

s v

TS

k
<, & . 7V/~_—’f
o ® 190.8 7/ >

Sample Calculationt
k = 0,01405
v & 1400 fpn
P w74 x 107%
c, ® 0.24

x 2 0,013

<8 6,5°

(0.01495) (60) &

(7.4 x 102)(0.240) (1400) (0.013

’<0 = 1900.8

g B.85°

g s [76.5)2-(5.3)3]%.
1.53

;1401 = 2'6%
1.58



41
RESULTS AND DISCUSSION

‘ Four conditions were studied: (1) high
veloeity with high turbulence, (2) high velocity with
low turbulence, (3) low veloclty with high turbulence,
and (4) low veloecity with low turbulence. The high
veloclty was 86.5 feet per second and the low veloclty
28,8 feet per second, glving acyaoldl numbers of 106,800
and 35,500 respectively. The high turbulence level
was 27%, and the low was 2.,6%.

| Table I presents the original experimental data
of the final runs.# Table II 1s a tabulation of the
ealeculated results, Individual fin results are plotted
in polar coordinates in Pigures 15 through 18. Figure
1¢ 1s a rectangular coordinate plot of the local heat
transfer coefficlents for each of the four condltions.
The effect of increasing the turbulence and/or
the Reynolds number on the average Nusselt number compares
favorably with the extrapolated curve of Comings et.
al (3 p.l07¢) as ahe!nlby Figure 20,
The variation in the results of two fins for
the same position was as great as 157 from the mean

# The data of numerous preliminary runs made to actcrmine
final operating techniques are not included.
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86,5

TABLE I

Angular

Location

Degrees

From Temps Rate of
- Run Front Pin Turbe Alr Conde fion
No. of Tube No. vomcuy Level °F CsCe .
30 324360 2 8645 27%¢ 80 1,042
30 0«36 1 8645 27% 80 0.950
30 0«36 2 8645 27% 80 0,998
30 B6-72 1 8645 27% 80 0.854
31 036 2 8645 276 76 1,018
S1 36«72 1 8645 27% 76 0.882
31 36-72 2 8645 27% 77 0.933
31 72-108 1 8645 27% 77 0.768
81 72-108 2 8645 E " 0.823
31 108-144 1 8645 :;; 77 04650
31 108«144 2 86.5 78,6 0.721
31 144-180 1 86.5 7% 78.56 0,566
51 144-180 2 86.5 g27% 79 0.653
31 180216 1 86.5 27% 79 0.568
32 44-180 2 86,6 27% 76 0,708
32 80-216 1 86,5 27% 76 0,610
32 180-216 2 86 45 27% i 0.714
32 216-852 1 8645 g7 7 0.716
B2 B16-852 8 86,6 7% 7648 0,790
32 252-288 1 8645 B7% 7645 0.8086
32 252285 2 8645 27% 77 04899
32 288.324 1 86.5 27% 77 0,938
32 288.32¢4 2 86.5 27% 7 1,030
32 324-360 1 8645 7™ 1,038
32 324-360 2 86.5 7 ™ 1.104
32 0-86 1 86 .5 ; SR | | 1.021
32 0-36 2 86 «5 s " 1.054
32 36-72 1 8645 27% 7 0.888
32 36-72 2 8645 27% 76.5 0,948
82 724108 1 86,5 7% 76 5 0,741
33 72.108 2 8645 2% 72 0.865
35 108-144 1 86.5 7% 72 0,690
35 108-144 2 274 74 .5 .v&s
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TABLE I (continued)

Ehguiar

Location

Degrees

From Tenmps Rate aof
Run PFront Fin Turb. Alr Condgnsation
Ho. of Tube No. Veloclty Level Op c.Ce/min,
33 144.180 1 86.5 % 74 .5 0.562
33 144-180 2 86 .5 ,‘ 7645 0.685
33 180216 1 86.5 27% 7645 0,560
34 324-380 2 28.8 27¢ 81 0.530
34 0«36 2 28.8 s";é 81 0.486
34 0«36 1 28.8 2 79 .5 04515
34 36-72 2 28,8 2% 79.5 0.429
34 36-72 1 28,8 272 79 0,452
34 72-108 2 28,8 27% %9 0,333
35 72=72 2 28,8 gyé 7645 0.461
35 72-108 1 28,8 , 775 0.372
35 72-108 2 28,8 gg ™ 0,404
35 108-144 1 2848 , 77 04300
36 72-108 2 28.8 27% 78.5 0.340
36 108-144 1 28.8 274 78.5 0.327
36 108-144 2 28.8 27% 79 0.314
36  144-180 1  28.8 27% 79 0,297
36 144-180 2 28.8 27% 79 0.299
36 180-816 1 28.8 27% 79 0.288
87 $324-360 2 88.5 2.6 72 0.805
37 0«36 1 86,8 2.68 72 0.683
37 Ow36 2 8645 .68 75 0,698
37 36-72 ] 86.5 mg 75 0.570
37 36-72 2 8645 2 74 .5 0.683
a7 W2.108 1 B6.8  8.6% 74.5 0.525
37 72-108 2 86.5 2,64 75 0.680
87 108«144 1 8645 8.6 75 0.596
37 108-144 2 86.5 2.6% 76.5 0.786
37 144-180 1 8645 2.6% 7645 0.716
37 144-180 2 86,5 .68 76.5 0.913
57 180216 1 8645 2.68 7645 0,734
37 180-216 2 865 2.6% 76 0.840
37 216-252 1 86.5 2.8 76 0,601
37 2l6-258 2 8645 2.,6% 76 04683
3 252-888 1 8645 2.8% 76 04495
37 252-288 2 86.5 2,65 78 0.544
37 2E8-324 1 86.5 2.66 78 0,531
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TABLE I (continued)

Loecation

Degrees

From Temps Rate of
Run Pront Pin Turbe Alr Condensation
Yo, of Tube Nos Val&city Level '°F e.Co/mine.
38 324360 2 28.5 2.6 78 0.384
38 0=36 1 28,5 2,66 75 0.303
38 0=36 2 28,5 2,66 W6.5 0,413
38 3672 1 28.5 2460 7645 04260
38 36-72 2 28,5 2,66 76.5 0,278
33 72.108 1 28,5 2,686 76.56 0.212
38 72«108 2 28,8 2,66 76,56 0.249
38 108-144 1 28.6 2.68 76.5 0.232
38 108-144 8 2845 2.6% 77 0.338
38 144-180 1 28.5 2.66 77 0.310
38 144-180 2 28.5 2.6% 77 0.418
38 180-816 1 28,5 2.68 77 0,300
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TABLE II
' fcu’f"iusselt ﬂm‘btr Avera§c :
Run Reynolds Turb. Fin T #De T OF gube o . Husselt
¥o. Number Level No, 18° 54° 90° 270° z06° 382° Number
S0 106,800 2764 1 508 4859 600
30 106,8 27d 8 575 i
81 106,8! 27% 1 462 405 342 302 299
31 106,800 % 2 567 526 463 412 372
32 106,800 , 1 536 469 388 310 376 424 495 547
32 me 800 27% 2 532 | 394 402 443 505 605 624
. &8 106, 1800 27% 1 350 289 294 s
33 me,aoo 275 2 470 423 384 268
Average values runs 30-33:
1 522 464 396 345 206 304 376 424 496 546 418
2 580 530 466 41% 384 402 443 505 606 624 495
AVZe land 2 551 497 431 381 340 355 409 464 551 585 456
34 35,500 27% 1 263 250 174
34 85,500 27% 2 206 259 307
35 35,500 278 1 196 158
35 35,500 2% 2 258 227
36 355,500 278 1 74 158 158
86 35,500 7% 2 184 180 1M1
Average values runs 34-36: j
. 1 2635 230 185 166 158 153 201
2 206 258 211 180 17 307 221
Avge land 2 2790 244 198 175 165 307 211

oF!



CALCUIATED RESULTS
TABLE IX fmt;nmﬂ

: : Tocal Wusselt Number - 5;:?%:
Run Reynolds Turb. Pin egrees Frgm Fropt of Tube -
o+ Nurber Level Wo. 18° 54° 900° 126° 162 1933 234° 270° 300 342° Number
87 106,800 2.66 1 546 206 272 308 376 384 313 259 282 318
37 106,800 2.6¢f 2 386 377 378 441 511 469 380 308 435 403
Average land 2 366 536 325 374 443 426 347 384 282 435 360
38 85,500 2.68 1 204 136 111 119 163 158 147
38 85,500 2.66 2 232 156 140 186 235 219 190
Average land 2 218 146 126 152 199 158 219 168

Vv
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of the two. 1In order to show whether this variation

was the result of an error in the fin area measurement,
the results were converted to ratios of the Nusselt
number for a given fin at any angle to the Nusselt

number of that fin at 18 degrees. By this process

errors in area cancel out, The ratios thus obtained

are shown in Table III. They vary as much as 10% from
the mean, indicating some other cause for the discrepancy.
With the same fin, results could be reproduced to about
5% ,

At low turbulence levels, Figures 15 and 17,
the Nusselt number decrecses from the front to a
minimum at the sides, Ilncreasing toward the rear. At
the high turbulence levels, Figures 14 and 16, the
Nusselt number shows a steady decrease from & maximum
at the front to & minimum in the rear. Hence 1t 1s
seen that abnormally high turbulence levels produce a
pronounced change in the normal distribution of the
individual heat transfer coefficlents.

The behavior at low turbulence levels 1s readily
explained by the boundary layer theory. The increased
resistance at the sides ls eaused by the bullding up
of the boundary layer, and decreased resistance at the
rear as the result of turbulent swirls and eddies



COMPARISON OF LOCAL NUSSELT NUMBERS
OF TWO FINS BY RATIOS

TABLE IIX
Conditions Re = 106,800 Re =
i T devit s 2.0t Db A B SR 0ok B SO, o
Angle from Hu No. @ %‘é‘ﬁ le Hu No. @ Angle Nu No. @ A Nu No.@ le
front of u No. @ 18 m !uno.elgg"t Nu No, @Agg'ﬂ"
tube T #l PIn#8 T gl Fhide Fgr—Foe T 7l T e
18 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
54 0.856 0.98 0.88 0.91 0.67 0.67 0.88 0.87
9@ 0 .‘?8 6'98 6 ;?5 0 031 0 G&E 0.% 0 s‘fl Gﬂl
126 0.89 1.14 0.86 0.72 0459 0.81 0.63 0.61
162 1.08  1.32 0457 0.66 0.80 1,01 0.60 0.58
198 130 - 181 0.58 0.69 0.78 0.58
234 0.90 0,99 0.72 0.76
270 0.75  0.80 0.81 0.88
306 0w81 0.95 1.04
342 1.13 1.2 1.06 0.94 1.04

Td
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formed by separation of the boundary 1ay¢r.

The high turbulence results are not so
readlly explicable. The following possible ex-
planations may be put forths (1) The intensity of
turbulence in the stream about the tube 18 so great
that the veloclty vectors in all directions are a
falrly large fraction of the main stream velocity.

(2) The intensity of turbulénce of the stream around
the tube approaches that produced in the wake of the
tubes (3) The turbulent mainstream appears to sweep
the boundary layer toward the rear of the tube before
separation ococurs, Hb elain 1i made for any of these
hypothesis.,

4 8ince the experimental data obtained is too
incomplete and not sufficiently reproducible, further
experiments with varying intensity of turbulence should
be made before definite conclusions can be drawn.

It might be noted that inereasing the Reynolds
number from 35,500 to 106,800 had little effect on the
shape of elither distribution curve.
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CONCLUSIONS

1, The results show that abnormally high
turbulence substantially changes the normal heat
transfer coefficient distribution about a cylinder
normal to an alr stream. The minimum coefficlent
occurred at the éuﬁr of the tube instead of at the
side and gradually increased to a maximum at the
front.

: 2, The individual heat transfer coefficlent
diatribution about a tube normal to an air strean
flowing at low turbulence was found to be similar
to that of previous investigators, 1.e. the heat
transfer coefficlent passed through a minimum at the
sides.

3+ The average heat transfer coefficient at a
Reynolds number of 106,800 was augmented 267 by an
increase in the turbulence from 2.6¢ to 274. At a
Reynolds number of 35,500 there was a 25% increase
for a like turbulence change.

4. An 1ner§aso in the Reynolds number at 2.6%
turbulence increased the average Nusselt number from
169 to 457 but d4id not change the nature of the
coefficient distribution, This agrees with previous
correlations as does the comparable results at 27%
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NOMENCLATURE

heat transfer area, sq. ft.

eddy econductivity

specific heat, Btu per 1b., °F

dlameter of experimental tube, outside, ft.
local heat transfer coefficient, Btu per hr.,
8qs ft., °F,

individual heat transfer coefficlent, steam side,
Btu per hr., sq. ft., °F

individual heat transfer coefficient, boundary
layer, Btu per hr., sq. ft., °F,

thermal conductivity, Btu per hr., sq. ft., Op
per ft.

rate of heat transfer, Btu per hr., gp is heat
transferred by radiation

temperature, °F. tg = temperature of uir,k

- tg ®= temperature of steam

temperature difference °F between condensing
steam In experimental section and air = §, «

o}

temperature, R

local alr velocitles in direction of flow. W =
at point a, w, at point b.

overall heat transfer coefficlent, Btu per hr.
8Q. ft. OP
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NOMENCLATURE (Continued)

instantaneous velocity vector, ¥ = that of
basic movement and v' that of the fluctuating
veloeity. Subseripts x, y, and 2 refer to
direction

velocity of main alr stream, ft. per sec.
distance between thermocouple and hot wire, feet

turbulence level, percent

Reynolds number = DV,
Nusselt number ®= hD

Xy
measured angle of turbulence
angle due to heat transfer by conduetion
corrected angle of turbulence
absorptivity
emissivity
dcnaiw of air, 1lbs. per cus ft.
viseosity of air, lb. per fi. sec.

kinematic viscosity of air, sq. ft. per sec.
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THEORIES OF TURBULERT FLOW

Osborn Reynolds was the first to attempt
to deseribe the nature of turbulence. By consldering
the instantaneous veloeclty vector as the vector sum
of two different velocitles, ¥V and v!, the first the
time average and the second tha fluctvating velocity,
and combining with the basic Navier-Stokes equation
and the equations of continuity, he obtained the

fallawing equation for one coordinate direction:
LT XJ.V‘l'_-’Lw&LVt -2 (p+TH)

%/1[_9‘V3 d rax “ha F 2 V‘:{ /‘[-eﬁif'4 9*3Az_ J ¥x ]
Two similar equations are obtalned for the other two
coordinate directions.

Note the presence of the terms -2 - 2
vt vt
X ) Yy

- " g . ol which are combined
;i; Vig vy vig vl ¥ ¥

by Karman to give the coefficient of correlation,

vig "

V' 8)} (v'g) * £

previously mentioned.

Prandtl's Mixing Length: 1In an effort to define the
axial velocity component v' transported by cross-

current motion, Prandtl introduced his concept
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of a mixing length as the cross-current distance a
particle could travel when animated by a eross-current
impulse. That 1s, he reasoned that a fluild particle
traveling across the flow would cause a fluetuation
at its destination proportional to the distance
traveled, 1, and the mean velocity gradlent, hence:

‘F ‘t!hl(le)

For reasons of continulty,
3 ' v
v x=7 - ssenellT) :

and hence the intensity of turbulent shear is:

- 1
7~A— /0 vx v'v t.hvv(la)

Combining (16) and (18):
S /""‘y 1 -;—-v' ~r% ALY av'xl
fjr?) (d7)
Qaltbtlg)
Incorporating the proportionallity constant in 1

11000(20)
A correlation is now apparent between the
mixing length and the eddy visecosity ¢ , which is by

definitions ¢ 3 _ 7~ o o42 9"';:’ |
J eesss(21)

dVx
o7
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By combining Prandtl's equation with the
general linear stress distribution law (for a cirecular

conduit) a velocity distribution equation is obtalneds

72 r eWr) o Fz’?e—é’}&;)” ssvsosl )

1
JVx '
s B & RS R AR

a
T z2 _ : .
8130‘.;?»:né? i/ » the dimension of 7/22;_ is
velocity., Hence Prandtl termed this group the friction

u-ﬁ,
- ~

Although Prandtl's concept serves as a basis

veloclty, u,t

ssvsns (24)

for physieal understanding, 1t is not rigorous. Taylor
attempted to improve the concept ﬁy considering
vorticity transfer rather than momentum transfer.
Taylor obtained:

z —

oAb oy S el A
ox 7 T R

where W2 represents the vortlelty fluetuation and 1
denotes the transferse path in the vortielty transfer.
The Work of Von Karmang In an attempt to
further study the pattern of turbulent flow, Karman
intepoduced the velocity deficiency concept, The
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velocity deficiency is the difference between the
maximum velocity of the flow pattern and the actual
velocity at any point,

Karmen reasoned that the deficiency velocity
should be a function of the friction velocity and the

relative distance only:

%J=%r“=‘&“ﬂ%):72§7Q%9

(i ~ill
_h’z&‘/_. = F("’E‘) ..,,...(36)

He further reasoned that the flow pattern

ohj'

was such that at any two points the factors reaspon-
sible for turbulence would be similar and differ
only in scales. For scales he selected Prandtl's
mixing length as the length factor, and since the
time scale is dependent on the veloelty scale, he
selected the successive deviations of the veloeity
profile as representative of the other factor, He

thus arrived at the mlaﬁion;

/
J Wy

33 2
/‘)V:;_)':;,’“
07/‘-

-oc-o'(m)




substituting equation (20),

2
=2l (”’f

01,10(20)
combining with equation (22) for a circular pipe,

;
e AU S E ek (j?)

Jarr) .‘06.(28)
_ P
rearranging and substituting u, = I/tZ;‘\‘

i SRR =

JVy

L K (] .
(2”) Py Flss cessl20)

which upon integration gives the eguation for
the velocity deficiency in a circular pipe:

i - _Z]
s ;‘[/h(/—i’/‘{— 7
sese(30)
Karman later made a more rigorous analyeis
and obtained the following relation:

SR 73T (]

=

X/& 3/71

FG- 2T (5

Xy,t A sses(38)

Aono( )
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Reading from left to right, equation (31)
states that minus the net rate of inoresse in turbulent
energy as a result of turbulent convection plus the work
done by the apparent shearing stress equale the rate of
energy dissipation through viscous action within the
eddies. :

The left side of equation (32) is a measure of
the net rate of increase in eddy worticity and the right
side represents the rate of dissipation of eddy worticity
through viseous shear.
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