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ABSTRACT

This thesis describes a study made on the effect
of peripheral wall conduction on convection heat transfer
from‘a cylinder with a non~isothermal surface placed in an
asymmetric fluid flow.

‘With constant heat flux generation, temperature
gradients are develbped around the periphery'due to variation
in surface heat transfer coefficient around the circumference
of a cylinder with the result that heat flows.by conduction
in the peripheral direction. It is probable that this peri-
pheral) heat flow is significant and could be an important
factor in engineering design.

Experiments with air were conducted on the test
tubes with materials of different conductivity and of
different areas of cross—-section over a range of Reynolds
number ranging 1,000 and 100,000. The range of non-

*
dimensional peripheral wall conduction parameter, K

K R
K b

?

defined as was between 0,00164 and 0.0289. All test
tubes were electrically heated to provide uniform heat flux
generation throughout the test section. The local heat
transfer coefficients were determined by measuring the
electric heat input and surface temperature variation around
the circumference of the test tube.

The effect of peripheral wall conduction on wall

temperature distribution, local and average heat transfer



. *
coefficient has been noted. To determine the effect of K
qualitatively, a theoretical analysis for the wall tempera-
ture distribution is obtained from an idealized model and

experimental results are compared with the predictions. The

*

" large values of peripheral wall conduction parameter, K ,

(corresponding to poor thermal conductors; either wall thick-
ness is too small or the conductivity of the wall is.too low)
were associated with lérge variation of wall temperature dis-
tribution, local heat transfer coefficient, around the cir-
cumference of cylinder with the result that the average heat
transfer -coefficients were found fo increase slightly Qith K*
over the range of Reynolds number 30,000 to 100,000. At
Reynolds number 80,000, less than 15 percent increase in the
average Nusselt number was observed when K* was increased

from 0.00164 to 0.0289. In addition, the peak wall tempera-

ture was observed to decrease with increased rate of peripheral

wall conduction in the tubes having low values of K* which
greatly reduces the danger of hot spot formation on the
cylinder surface. The present results are also compared with
the results obtained by previous investigators using iso-
thermal and non-isothermal cylinder surfaces.

It can be concluded that the effect of K* on heat
transfer coefficient is less when the separation of boundary
layer takes place. This is deduced by the comparison of the
present results with those which were obtained in an asym-

metric flow where there was no boundary layer separation.
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NOMENCLATURE

Surface area, ft2

Thickness of the cylinder wall, ft

Specific heat of fluid, Btu/lb °F

Outside diameter of the cylinder, ft

Voltage drop, volt

Local heat transfer coefficient, Btu/hr ft2 °p

Current flow, amp

Thermal conductivity, Btu/hr ft2 (°F/ft)
K R

[=2]
Ktb

Dimensionless peripheral wall conduction parameter
Length of test section, ft

Local Nusselt number; hD/Kf e
Prandtl number, uCp/K

Atmospheric pressure, lb/ft2

Local heat flux, Btu/hr ft2

. 3
Heat generation per unit volume, Btu/hr ft

Reynolds number, pDﬁw/u
Outside radius of the cylinder, ft
Temperature in °F

o

Temperature difference, tw--too in F

Temperature 1in OR
1/ 2
Turbulence intensity, u'c/u

Velocity, ft/sec

o0

Width of wind tunnel, ft
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Grcek Symbols

Emissivity

. 3
Density, lbm/ft
Dynamic viscosity, lbm/sec ft

Kinematic viscosity, ftz/sec

Angle in degrees

t -t '

Dimensionless temperature, ;ﬂ—j%—
st o
t -t
Dimensionless temperature,
t - t

FE TS SN

Superscripts
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Fluctuating component

i

Mean

Subscripts

Bulk of fluid

Arithmetic average (film)
Front stagnation point
Tube material

Free stream

Pertaining to inner cylinder




CHAPTER 1

INTRODUCTION

A circular duct is one of the most common geo-
metry employed for a number of engineering applications and
the problem of heat transfer from a cylinder has been studied
extensively by numerous investigators in the past.

The problem of constant heat generation arises in
many situations as in electric resistance heating, radiant
heating, nuclear heating, etc. With constant heat generation, EF

i
the variations in heat transfer rate due to the asymmetric

ig

iy

nature of fluid flow around the periphery of the cylinder ;ﬁ
appears as variations in surface temperature with the result ;

W nl
Atvug

that the temperature gradients developed and cause heat flow
by conduction in the peripheral direction. It is probable
that the peripheral heat flow in.the cylinder wall could
influehce the wall temperature distribution. This fact is

of considerable practical importance in engineering design.
For the study of this effect, the non-dimensional peripheral
wall conduction parameter, K*, should be varied independently
of cylinder diameter by employing tubes of different materials
and with different wall fhicknesses, if a quantitative

investigation of the effect is to be pursued. i

The aims of the present study, therefore, are to

investigate the effect of peripheral wall conduction on, wall




temperature distribution, local and average heat transfer
coefficients, when a cylinder with uniform heat flux genera-

tion is placed normal to an air stream.

Experiments have been conducted on five test tubes

*

"with non-dimensional peripheral wall conduction parameter, K ,

ranging from 0.00164 to 0.0289, over the range of Reynolds
number 1,000 to 100,000. All the test tubeswere eleétrically
heated to provide unif&rm heat flux generation throughout the
test section. Local heat transfer coefficients around the
circumference of cylinder were determined by measuring the
electrical energy consumed and riée in surface temperature
over that of free air stream temperature at different angles.
In order to show the influence of peripheral wall conduction
parameter, K*, on non—-dimensional wall temperature distribu-
tion, a theoretical equation . was derived from an idealized
model and is solved by assuming a. hypothetical heat flux

distribution.



CHAPTER 2

PREVIOQUS STUDIES

A great amount of work has been done on convective
heat transfer from a cylinder to a gas stream in cross-flow.

The experimental data on the overall heat transfer
coefficients heve been summarized and correlated by several
authors. McAdams (1) correlated Hilperts data for a

cylinder with a constant surface temperature by the equation:

—_— n
Nuf = C Ref (2.1)

where the constants C and n are given in the Table 2.1.
Richardson (2) proposed the following relationm for flows

accompanying separation,

No. = c.rRel/? 4 ¢ Rre2/3

f N § 2 f (2.2)

The first term on the right-hand side of Eq. (2.2) represents
the heat transfer from the front surface of a cylinder to a
laminar boundary layer. The second term expresses the con-
tribution of the separated region on the rear surface of the
cylinder. The value of 0.37 is given to Cl and it is reported
that if a significant turbulence intensity is present it
should be increased to about 0.55 for a 10 percent free-
stream turbulence intensity. The value of Cé ranges from

0.057 to 0.084. From a similar consideration, Douglas and
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Churchill (3) obtained & correlation, having the form

Nu, = 0.46 Re%/z +0.00128 Re, (2.3)

Zijnen (4) obtained good results with the folléwing correla-

" tion formula:

Nu, = 0.35 + 0.5 Reg’S + 0.001 Re , (2.4)

f

Fand and Xeswani (5) developed a single, continuous, algebraic

correlation equation in the range

1072 < Re, < 2 x 10°

i;fT = 0.184 + 0.324 Re(t?'5 + 0.291 Rez (2.5)

(T /1) % and

where T

0.168
f

Y 0.247 + 0.0407 Re

Otatake (6) proposed the following relation for air flow,

Nu,=0.5+0.563[Pr F(Re,) Ref]l/2+0.31 Pr%ls Reilz (2.6a)
10 < Re, < 5 x 103

Nu,=0.5%0.253 Pr%/z Re%/2+0.0214 Pri/g Reg's (2.6b)
5 x 10° < Re, < 5 x 10°

F(Ref) in Eq. (2.6a) is given by

F(Ref) = 0.198 (1 - 19.4/Ref)

50 < Ref < 4 x lO3
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The physical properties of the air are to be taken at the film
temperature. Churchill and Brier (7) correlated the experi-
mental data obtained at large temperature differences between

the gas and cylinder surface by an equation: T

— 1/3 _ 1/2 0.12
Nug = 0.60 Pry Re} (Tb/Tw) (2.7) :

(where Tb is bulk-gas temperature in ©R).

The outer tube surface temperature was maintéined at 100°F
by internal cobling water circulation and the gas stream
temperatures were between 580°F and 1800°F. . -

Giedt (8) investigated the variation of local heat H

transfer coefficient around a cylinder with non-isothermal
surface in cross—-flow. At Reynolds numbers up to 105, he
reported that, a maximum heat transfer rate was observed at

the forward stagnation point at 0° and on the rear side at
1800, minimumlvalues at around 80° from the forward stagnation
point. Similar results were obtained by Schmidt and Wenner (9)
with an isothermal cylinder surface. They kept the cylinder
surface at constantvtemperature by the condensation of vapor.
They also determined the effect of an interference wire on g
the surface of the cylinder at 77.5° from forward stagnation

point. They f&und that the transition from laminar to tur-

bulent flow takes place due to the wire and the heat transfer
coefficient increases slightly.

Comings, Clapp and Taylor (10) studied the effect

of the intensity of free-stream turbulence on heat transfer



from a cylinder. They reported 257 increase in the average
Nusselt number when the turbulence intensity was increased
from 1 to 77 at constant Reynolds number. They found that
the effect of a change in turbulence level on the Nusselt
"number is greater at larger Reynolds numbers and less at
smaller. Giedt (11) also reported that the increase turbu-
lence level causes the average heat transfer coefficiént to
increase between 10 ana 20 percent over the low turbulence
level val;es. Kestin and Maeder (12) stated that the
measured increase in the heat transfer rate is due to the
effect of turbulence on local rates of heat transfer.

Zapp (13) reported that the increase turbulence intensity
causes transition from a laminar to a turbulent boundary layer
at much lower Reynolds numbers. Zijnen (1l4) showed how, Nu*,
the ratio between Nusselt number in turbulent flow and the
Nusselt number in smooth flow varies as a function of the
Reynolds number, of the intensity of turbulence and of the
ratio between the scale of turbulence and cylinder diameter,
Like Zijnen, Dyban and Epik (15) also showed that Nu* is a
function of Reynolds number and turbulent intensity and
correlated the experimental data on the forward surface of

cylinder by an equation:

e =1+ 0.0l (Re, Tu) -
Nu
where € = ﬁ—zg—i~g

Yru = 0

.
X
0

N
0
i

T v

vIvrer
-
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(where NuTu=0 ~ Nusselt number at a given perimeter point E
for "zero" turbulence of the external flow;

NuTu%O ~ Nusselt number at a given perimeter point

for a given turbulence level).

Petrie and Simpson (16) expressed the Nusselt number at the ﬂ

rear stagnation point by the following correlation formula:

89 T 0.74.1.1 !
3 ( u ) 7 1

Re ] (2.8)

+ [146.3x10 |
f !

Nu = 0.0065(Ref)0'

Their results show that in the Reynolds number
range 5,000-35,000 increases in the free-stream turbulence 8
intensity of 10 percent result in improvements of heat
transfer at the rear of the cylinder of up to 100 percent. b

A marked difference in the distribution of the
heat flow rate at inner and outer surfaces of the cylinder,
was observed by Thomson, Scott, Laird and Holden (17). They
accounted this difference to the conduction taking place
around the tubg due to the circumferential temperature
variation. They found that as the tube thickness decreases,
the disparity between outside and inside heat transfer rates ?
tends to disappear. Although the flow situations are not the
same, Deissler and Taylor.(lS) analyzed the fully turbulent
heat transfer and flow in annulus with various eccentricities.
They found that the average Nusselt number is a function of
peripheral wall temperature distribution and-suggested a wall
conduction parameter, Kle/Ktbl' Reynolds (19) defined the

wall ccnduction parameter as Ktb/KwR and showed that the

A




temperature distribution in a circular tube with variable
circumferential heat flux is a function of wall conduction
parameter Ktb/KmR. Lee (20) and Leung (21) were among the
earlier workers who mentioned the significance of wall con-
duction effect on h. Like Deissler, Lee also suggested the
wall conduction parameter as K_R /Ktbl' The systematic study
of the effect of the peripheral wall conduction on térbulent
heat transfer in eccentric annular ducts was first done by

Lee (22). He has shown that the wall temperature distribution
is greatly affected by wall conduction parameter, Kle/Ktbl'

Grewal (23) studied the effect of wall conduction on overall

EXTXP S

heat transfer rate from a cylinder in cross-flow. He defined

the wall conduction parameter, K*, and attempted to modify §

McAdams' correlation to include the wall conduction effect.
However, no detailed information is available in

the published literature on the influence of peripheral wall

conduction, on local and overall heat fransfer rate, on wall

temperature distribution when a cylinder is placed normal to

an air stream which is sought in the present investigation.




CHAPTER 3

EXPERIMENTAL STUDIES

3.1 Apparatus

A schematic diagram of the apparatus used in the
present study is shown in Fig. 3.1 and a general view of the
apparatus in Fig. 3.2. The experiments were made with the
test pipes made of different materials and of different areas
of cross-section, the details being included in Fig. 3.3 and
Table 3.1. The test pipes were placed normal to the air-
stream in the rectangular wind tunnel. The wind tunnel was
of rectangular section 10" x 6" and was about 29" in.length,
the details are shown in Fig. 3.5a. It was connected to a
rectangular box of dimension 36" x 30" i 44" which was in
turn connected to the blower = . of 6000 cfm capacity at 14"
of water. The blower was driven by . a 20 HP, 18U0 rpm
electric motor and was capable of generating air speeds up
to 190 ft/sec at the test section. A flow control valve,
located at the inlet of the blower, was used for changing air
speeds in the rectangular channel by controlling the inlet
air flow. Two side-ports of 6" diameter were also provided
to make fine adjustments in conjunction with the flow control
valve to obtain the desired airAspeed in the channel while
the blower was running. Two static pressure taps were

located at the bottom of the rectangular channel and a




provision was also made in the channel to hold a thermometer

and pitot tube.

3.2 Test Tubes

Five test tubes, madé of different materials and
with different wall “thicknesses, were used (Table 3.1).
Outside diameters of the test tubes were kept nearly close to
1 inch to maintain the hydrodynamic part or flow pattern
around the tubes to be the same for each test tube. All the
five test tubes were about 9-1/2" in length. The temperature
distribution on the surface of the cylinder was measured at
‘'sixteen points with copper and constanton fhermocouples (24 B&S
Gauge-) embedded in the cylinder wall. The locations of the
thermocouples are shown in Fig. 3.3b. The thermocouple
junctions 1 to 13 (Fig. 3.3b) measured the surface wall
temperatures at the interval of 15° in the upper portion of
the cylinder and the thermocouple junctions 14, 15, and 16
located at the interval of 45° were used to check the
symmetry in the temperature distribution on the upper and
lower portions of the cylinder. All the thermocouple junctions
on the periphery of the cylinder were made by using the "'split
hot junction" method which is illustrated in Fig. 3.4a. This
method, devised by Lee (28), prevents the shorting of the two

thermocouple wires in the tube. The voltage drop in a 5.00"

length of test tube was measured with two copper wires (24B&S Gauge)

embedded in the cylinder wall 5.00" apart. For heating the



test tube electrically, two copper conductors were shrink §
fitted into the test tube as shown in Fig. 3.3a. The sur-
face of the test tube was polished on a lathe and a mirror
like finish was obtained. The polished test cylinders are
shown in Fig. 3.6. Great care was taken to have each tube
with the same surface finish,.
The test tube was placed horizontally in the
central portion of the rectangular channel. Teflon
fixed into the walls of the channel, were used for insulating . ;
and supporting electrically . heated test tube in the

channel as shown in Fig. 3.5b. i

3.3 Instrumentation . ﬁ%

3.3.1 Air Velocity Measurement i

The air velocity in the channel was measured by
means of a pitot-tube and manometer. The details of the
pitot tube are shown in Fig. 3.7a. The pitot tube was
supported in the channel with the help of a threaded teflon

shown in Fig. 3.7b. The air velocity was measured in
the channel at different points 1/4" apart vertica}ly in the
planes 2-2', 3-3' and horizontally in the plane 1-1' as
shown in Fig. 3.4b. It was observed that the air velocity
measured at a distance 7.49" from the side ab of the ;
rectangular channel was nearly fhe same as the velocity at
the test section. Hence, free-stream air vélocity in the

channel was measured with pitot head situated at point P,




at a distance of 7.49" from the side ab of the channel as
shown in Fig. 3.4b, a few inches in front of the test
cylinder under test. 1In Fig. 3.8 the free-stream velocity,
U,, is plotted against the distance from the left side, ab,
of the channel. Fig. 3 .8 shows that the free-stream velocity
over the test section, located in the central portion of the
channel, is almost uniform.

Thé pressure was read on either a differential
micro-manometer or a long alcohol manometer depending on the
pressure heads. The micro-manometer used was a DISA 55 D 41/42
and was rated to be accurate within about 0.001" of the mano-
' meter fluid, the specific gavity being 0.80 in thg present
study. The long alcohol manometer used was Casella 326 type

which read to 0.001" with the help of a vernier,.

3.3.2 Temperature - Measurement

The surface temperature around the circumference
of the cylinder was measured at 16 points by means of copper
constantan thermocouple wires of B & S Gauge 24 (Fig. 3.3b). The
calibration of the thermocouples was carried out against a
standard thermometer, Fisher 15-043B which read to O.lOC,
by measuring the temperature of an oil bath maintained at a
constant temperature. A typical calibration curve of the
thermocouple is shown in Fig. 3.9. The common cold junction
of the thermocoupleswas kept at the melting point of ice.

A 16 point Leeds and Northrup rotary thermocouple switch was

CERAFE.D (FTE A IITHIIAIRSG
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used for convenience and rapidity of temperature measure-
ment. The output of these thermocouples were recorded on

a Hewlett and Packard Model 17501A strip cﬁart recorder and
after rgaching the steady state, by a Leeds and Northrup

No. 8686 potentiometer. The accuracy of the potentiometer
was rated as *#0.037 of the reading for 100 mV range with a
resolution of 3 uv. The air temperature was~measured up-
stream of the test tube by means of copper constantan thermo-
couples GA 24 ;nd alsa with the help of a thermometer which

could read up to 0.1%c.

3.3.3 Power Measurement

The test tubes were heated electrically and the
power was delivered to the test tubes through a powerstat
(a variable transformef 13.4 KVA Super Electric Co.) and a
step down transformer (Dry Type 15 KVA Marcus Co.) to obtain
a high cu?rent. The power supply and measuring circuit are
shown in Fig. 3.10. The power dissipated in the test tube
was determined by méasuring the voltage drop across 5" length
along the test tube and current through it. The voltage drops
were read by a Hewlett and Packard 427A precision voltmeter
with full scale sensitivities ranging from 0.1 V to 300 V
A.C. which was rated with a measuring accuracy of *27 of
the full scale. The electric current through the test tube
was measured with an Ammeter (Bepco Canada Ltd.) in con-
junction with a current transformer (General Electric Co.

JP-1) because of a high current flow through the tube.

P 2 Y
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3.3.4 Measurement of Turbulence Intensity

A DISA 55 DOO series hot-wire anemometer system
along with a miniature hot-wire probe (DISA 55 F31l) was used
to measure the turbulence intensity in the channel. Details

of operation of this equipment are given in the DISA service . 3

manual (24). The hot-wire probe was calibrated as described
in the reference (25). The mean velocity and R.M.S. values
of the axial components of the velocity fluctuations were

measured after reaching the steady state condition with the

help of a hot-wire anemometer and are tabulated in Table 3.2.

ey

The calibration of the hot-wire anemometer and measurement i o8
| iy
of turbulence intensity are explained in detail in the #5
* (- ;g
reference (26). The turbulence intensity in the channel was ﬂé
| i
found to be about 4% and was almost constant throughout the ‘
Present study.
3.4 Experimental Procedure
The experiments were carried out in the following
manner. i
The blower was started by switching on the :

electric motor. The flow control valve and side port openings

were adjusted to obtain the desired air velocity in the

i
S
‘.7
§

channel. The power was switched on and the hand wheel of
the powerstat was rotated slowly until the desired power was
supplicd to the test cylinder so that the difference between

the cylinder surface temperature and the free stream air




temperature was between 20 and 70°F. The Thermocouple cut-
put was recorded on a strip chart recorder. The steady state
was observed by noting that the manoﬁeter reading was un-
changed and that the strip chart recorder was showing constant
reading. A duration of 1 to 1-1/2 hours was normally required
to reach the steady state condition. The manometer readings
were taken and recorded. The initial free-stream air tempera-
ture was recorded with the help of a potentiometer as well

as by mercury-in-glass thermometer. Simultaneously voltage
drop across the test-section and current flow through it

were recorded with the help of voltmeter and ammeter, res-
‘pectively. The surface temperature at 16.p$ints around the
circumference of the cylinder as shown in Fig. 3.3b &as
measured by recording the output of the copper constantan
thermocouples by means of the potentiometer in conjunction
with the rotary switch. A represéntative curve is drawn in
Fig. 3.11 which shows At vé. 6 at Re = 70,000 and Z = 904.7
‘252—5. There are no significant differences between measure-
hr ft

ments at symmetric angles on the upper and lower portions of
the cylinder as seen from Fig. 3.11. Therefore, measurements
were generally limited to the top half of the cylinder cir-
cumference; however, as a check on the symmetry, measurements
were also taken on the bottom portion of the cylinder cir-
cumference from time to time. fhe free—sfregm air temperature
and manometer readings were again recqrded at the end of the

run. The power input to the test tube was varied by operating
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the hand wheel of the powerstat and the anve procedure was
repeated, keeping the air velocity‘cpn§§én£. Thus, 3 to 4
readings were taken iﬁ one run, theﬁ'fhé air flow was
changed again and the above procedure was repeated for
different runs.

The tests were carried out over the range of
Reynolds numbers from 103 to 105 and At between 20 to 70°F.

1

. * |

The test tubes of different K were changed and tests were ;
|

1

repeated as explained above for each test tube. The re-

producibility of the experimental results was checked by %

carrying out a number of test runs. §

3.5 Data Reduction . i

The local Nusselt number was calculated from the 3

definition

Nuf = hD/Kf 3.1)

K the thermal conductivity of air was calculated

f’

from the equation as given in the reference (26) at the film

temperature tf. . ¢

- - 2 -
K =0.13168x10 1+0.25432xtfx10 4—0.52249xcfx10 8
Btu/hr £t> - °F/ft (3.2)

The equation defining the local heat transfer
coefficient, h, in terms of the experimental measurements is

as follows,

RIS P SA




_ 3.414 E x I 2 o
h = DL (t_-t_) Btu/hr ft F (3.3)

0 to 180°

The average Nusselt number, ﬁgf, for ©
was calculated by numerical integration using Simpson's rule
with double precision.

The average Reynolds number is defined by the

equation
pDU_
£ u

The dynamic viscosity was calculated from the
equation, given in the reference (26), at the average film

temperature.

u=o.11005x10’4+o.18071x?;x10’7—o.515873?;x10‘11 (3.5)
1b /sec ft
m
P,» the density of air is given by
0.07647 x P_, _ x 518.7 3
Py = 2 1b_/ft (3.6)

29.92 x (460 + ?f)

The velocity of air is evaluated from

[(p -p_)x2.0x32.2xconstant X manometer reading 1/2
water "o

U =
[o0] pm
ft/sec
The radiation correction can be obtained from
Qrad 4 4 2
A = eo[(Tw/loo) - (T_/100) "] Btu/hr ft (3.7)

3 oac
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where Stephan Boltzmann constant ¢ = 0.1714 x 10._8

2
Btu/hr-ft —ORA, emissivity € ® 0.074 for polished stainless

steel surface and A = LD the surface area.

The difference between tw and t_ was less than
70°F throughout the study. Hence, the radiation corrections
obtained from Eq. (3.7) were calculated to be less than

1.5 x 10_82 which is very negligible.
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CHAPTER 4

RESULTS AND DISCUSSION

The local temperature distribution is plotted as
At versus 6 in Figs. &1 to 4.3 at constant Reynolds number,
where At is the difference between the local surface tempera-
ture of the cylinder and the free air stream temperature in
°F. The non-dimensional temperatures, Y, are plotted against
6 in Figs. 4.4, 4.5 and 4.6. Figs. 4.1 to 4.6 show that the
At and dimensionless temperature, P, have a minimum value at
the forward stagnation point and the maximum value of At and
Y occur in the range of angles 70° and 135° from the forward
stagnétion point depending on the value of Réynolds number.
The present results show that the temperature distributions,
At and P, around the surface of the cylinder are greatly
influenced by the dimensionless peripheral wall conduction
parameter K*. The vertical shifts in the curves of Figs. 4.1
to 4.3 are partially caused due to differences in the heat
flux. However, the discrepancy in the curves of Figs. 4.4
to 4.6 at constant Reynolds number could be attributed to the
peripheral conduction in the cylinder wall. The slope of the
curves in Figs. 4.1 to 4.6 decreases with K* due to increased
rate of peripheral wall conduction. It ig observed that as
« .

the peripheral wall conduction parameter, K , increases

*
(large values of K corresponds to poor thermal conductors),
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variation of At and dimensionless temperature, Y, around

the cylinder surface also increases. The temperature dis-
tributions, At and Y, become more and more uniform with
respect to 0 with increased rate of peripheral conduction

in the cylinder wall. The increased rate of peripheral
conduction in the cylinder wall at lower K* was also found

to augment the mean temperature level of the cylinder surface
slightly. The difference between the'stagnation temperature
and peak temperature on the cylinder surface was found to
increase with K* due to a decreased rate of peripheral wall
conduction. For constant heat flux condition, at constant
"Reynolds number, the peak temperature on the cylinder surface
is greatly influenced by K* and this fact is of great
practical importance. As K* increases {(such as heat exchanger
tube with low thermal conductivity thin wall), the peak
temperature on the cylinder surface also increases and there
is a possibility of forming a hot spot at the point of maxi-
mum temperature which will eventually damage the tube material
and may cause fluid leakage. The formation of hot spot on
the tube surface can arise in a constant heat flux generation
problem which arise in a number of situations like, electric
resistance heating, radiant heating and nuclear heating, etc.
and can be avoided by increasing the peripheral heat con-
duction in the cylinder wall by employing tubes made of good
thermal conductivity material and having more wall thickness

*
resulting in lower values for K .
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In Figs. 4.4a and 4.4b, Re = 15,700, the non-
dimensional temperature, Y, increases with 8, reaches

a maximum value at about 1350, and in the range of angles

o

135° to 180° the change in Y was less sudden. At low values

of K*, 1.64 x 10'-3 and 7.1 x 10-3, the slope of the curves
(Fig. 4.4a) in the range of angles 135° to 180° was almost
zero which indicates that the surface temperature at lower

K in this range of angles was nearly constant. At Re =
15,700, the Y reached - the maximum value at about 135° from
the forward stagnation point and the point of maximum Y shifted
toward the side of the cylinder as Reynolds number increased.
‘At Re= 54,500 and 70,500 (Figs. 4.5 and 4.6), the maximum
value of Yy occurred at about 105° from the forward séagnation
point. TFigs. 4.5 and 4.6 show that the Y increases with 6,
reaches to maximum value at about © =>105o and then decreases
with 6 in the range of angles 105° to 180°. The drop in ¥
with 6 in the range of angles 105° to 180° is more at Re =
70,500 as compared with the one at Re = 54,500. The non-
dimensional temperature, ¥, is plotted vs. K* in Figs. 4.7,
4.8 and 4.9. From Figs. 4.7, 4.8 and 4.9 it is observed

that the high values of wmax are associated with the large
values of K*. Likewise, Awmax’ the difference between the
minimum and maximum values of Y increases with K*, reaches

. _ *
certain maximum and after that increases 1n K have no

significant influence on AY___.
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) *
To show the effect of K qualitatively, the non-
dimensional temperature distribution is plotted as n vs.
. .
the angle 6 for constant K in Fig. 4.10. These curves are

obtained by solving differential equation (A2.5) numerically

based on the hypothetical heat flux distribution by employing

CSMP** technique, the details are given in Appendix 2. These
curves indicate that dimensionless temperature increases with
K* and 6., These curves give a qualitatively general pattern
of.change in n with respect to K* and more meaningful results
could be obtained by using the realistic function q/a in

"Eq. (A2.5). The experimental results are compared with the
analytical results obtained by solving Egq. (AZ;S) in Fig.

4.11, at Re = 19,800 and average heat flux = 783.2 Btu/hr ft

The dimensionless temperature, N, is given as

The thermal boundary layer thickness is minimum at
the forward stagnation point. Hence, at 6 = 0, the heat
transfer rate is maximum which results in the minimum surface
temperature at the front stagnation point. As 8 increases,

the boundary layer thickness increases and the resistance to

heat transfer between the hot cylinder surface and free air

* &
Continuous System Modeling Program
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stream also increases and causes a decrease in the heat
transfer rate. Hence, the surface temperature increases
with O until the boundéry layer separates from the cylinder
surface. In the separated region on the rear of the cylinder,
the turbulent eddies in the wake increase the heat transfer
rate which subsequently reduce the surface temperature of
the cylinder in the rear. The present experimental results
(Fig. 4 .11) show that n increases with 9, reaches a maximum
value at about 135o from the forward stagnation point and
onward in the range of angles 135° and 180° decreases for
K* = 9,45 x 10—3, remains constant at low K* value = 1.64:{10—3
due to an increased rate of peripheral conduction in the
cylinder wall. It can be concluded that the results obtained
by solving differential Eq. (A2.5) are in fair agreement with
the experimental results for 0 < 8° < 120 whereas in the
range of angles 120° and 180° the analytical results based
on no separation give much higher values than the experimental
one as expected. This deviation could be mainly attributed
to inaccuracy in the assumption of function for q/E in
Eq. (A2.5). Besides the heat transfer on the rear side of the
cylinder 6ccurs in the wake and our knowledge of this mode
of heat transfer is still very limited.

The local heat transfer distribution is plotted
non-dimensionally as Nusselt nuhber vs. 8 in Figs. 4 .12 to
4.,14. VFigs. 4.15 to 4 .17 show the plots of local Nusselt

*
number vs. K , at constant Reynolds number. There was a
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continuous fall in the local Nusselt number from front to
rear in Figs. 4.12a and 4.12b at Re = 15,700 and the point
of minimum Nusselt number shifted from the rear towards the

side of the cylinder near the separation point in Figs. 4 .13

and 4.14, respectively, at Reynolds number 54,500 and 70,500..

Beyond the separation point the turbulent eddies developed
in the wake cause intense mixing of the fluid portion and
an increase in the local heat transfer coefficient in the
rear of the cylinder. However, the conductance over the
rear was lesser thaﬂ over the front in Figs. 4.13 and 4.14,
because the eddies recirculate part of the free stream air
and the kinetic energy of eddies dissipates in the wake in
the form of heat energy.

For conditions of constant heat flux generation;
variations in the surface heat transfer appears as variations
in the surface temperature and temperature gradients are
developed around the cylinder. Peripheral wall conduction
results due to these temperature graaients and further
changes the temperature field around the cylinder which
ijnfluences the local heat transfer distribution. The curves
in Figs. 4.12 to 4.17 show the large variation in the local
heat transfer distribution with peripheral wall conduction
parameter K*. The variation in the heat transfer rate with
0 and temperature gradients aré larger o?er the front protion
of the cylinder than over the rear. Hence, the effect of a

*
peripheral wall conduction parameter, K , was found to be
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more pronounced over the front portion of the cylinder. 5
The local heat transfer rate increases on the rear of the

cylinder as Reynolds number increases. This further in-

creases the temperature gradients on the rear. Hence, the . ﬁ
rear portion of the cylinder becomes more responsive to the

effect of peripheral wall conduction parameter, K*, as
Reynolds number increases from 15,700 to 54,500 and 70,500
(Figs. 4 .12 to 4.17).

From Figs. 4.12 to 4.17 it is seen that at constant

ok
Reynolds number, as K increases, the local Nusselt number

increases in the front portion of the cylinder due to a

S & BN e mi o e e om e o
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"decreased rate of peripheral wall conduction until the

Asyaan

L4

separation of the boundary layer occurs. After the separa-
tion point, the local Nusselt number fluctuates as vortices
are shed into the wake. As K* decreases (the small values

of K* are associated with good conductors), the peripheral
conduction in the cylinder wall increases and distribution of
the heat transfer coefficient with 6 becomes more and more
uniform with 6. The influence of K* on the local Nusselt
number at the front stagnation point was found to be prominent. 4
In Fig. 4 .17a at Re = 70,500, the local Nusselt number at the

front stagnation point increased up to 20 percent when K 3

3 3

was increased from 1.64 x 10 ° to 28.9 x 10 ~.

;
i

The present results are compared in Figs. 4.18 to
4.23 with those of previous investigators (8,9,15,16,27) to

verify the effect of peripheral wall conduction on the local




heat transfer coefficient observed in the present study.
The Figs. 4.18, 4 .19 and 4.20 show the plots of the local
Nusselt number vs. 6 at constant Reynolds number and Figs.
4.21, 4.22 and 4.23 show the plots of the local Nusselt
number against K*. Schmidt and Wenner (9) measured the
local heat transfer coefficient around the cylinder with an
isothermal surface. Their data were taken in a narrow jet
of air and with a minimum of turbulence, but the value of
the turbulence intensity was not mentioned. The cylinder
surface temperature was constant in their case with the
result that the peripheral wall conduction was absent and
'K* can be considered as infinite.

Giedt (8), Dyban and Epick (15) and Petrie and
Simpson (16) obtained their data for constant heat flux
condition. From Figs. 4.18, 4.19 and 4.20 it can be seen
that up to 60° from the forward stagnation point the local

*
heat transfer coefficient increases with K . After that,

*
the local heat transfer coefficient decreases as K increases

and again starts increasing in the rear portioh of the
cylinder. 1In Fig. 4.18, the vertical downward shift of th'
curve of Petrie and Simpson (16) ?t K* = 354.6 x 10“3,

Tu = 5.78% and the vertical upward shift of the curve of
Dyban and Epick (15) at K* = 140.5 x 10_3, Tu = 5% could be
attributed to the influence of many factors such as cylinder

diameter, the turbulence scale, the turbulence intensity,

etc., The influence of these factors on the heat transfer
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rate from a cylinder in the cross—flow has been demonstrated
by Zijnen (14) and Dyban and Epick (15). From Figs. 4.18,
4.19 and 4.20 it can be seen that the general shape of the
curves determined in the present experiments agree in shape
with those determined by the previous investigators (8,9,15,
16,27), but that quantitatively there is considerable
deviation. This deviation could mainly be attributed to the
influence of peripheral heat conduction in the cylinder wall.
It is observed that as the peripheral wall conduction para-
meter, K*, increases; the variation in the heat transfer co-
efficient around the cylinder also increases and the data
reported by previous investigators (8,9,15,16,27) agree with
this conclusion. From Fig. 4.18 it is observed that at

Re = 15,700, the variation in the heat transfer coefficient
in the range of angle 60 to 180° reported by Dyban and Epic
(15) corresponding to K* - 140.5 x 10—3 and Tu =« 57 is not
as great as reported by Schmidt and Wenner (9) at K* = ®,
From Fig. 4.19 it is seen that at Re = 39,800, the results
of Small (27) obtained at K* - o are in close agreement with

*
the results of Schmidt and Wenner also obtained at K

©,
The curves of Small and Schmidt and Wenner also agree very
closely in shape. At Re = 39,800, Fig. 4.22, the local heat
transfer coefficient given by Schmidt and Wenner (9), at the
front stagnation point is 46.5 fercent higher than in the
present experiments at K* = 1.64 x 10—3, on the side of the

cylinder was much lower than in the present results. From




Figs. 4 .21, 4.22 and 4.23 it is observed that the difference
between the local heat transfer coefficient at the front
stagnation point and on the side of the cylinder increases
with K*. The difference between the local Nusselt number

at 8 = 0° and the one at 8 = 90° from the forward stagnation
point is approximately, 9.8 percent at K* = 1.64 x 10‘-3

(Fig. 4.22), 86.5 percent in the case of Schmidt and Wenner's
results obtained at K* = o,

Hence it can be concluded that the local heat
transfer coefficient is very sensitive to the influence of
peripheral wall conduction paraméter, K*, and the large values
of K* are associated with a large variation of the local heat
transfer coefficient around the cylinder in the cross-flow.

Squire (28) solved the equations of motion and
energy for a cylinder at 'constant temperature' in the cross-
flow over that portion of the surﬁace to which a laminar
boundary layer adheres. He showed that at the front stagna-

tion point the local heat transfer coefficient is given by
Nu_, = 1.01 YRe ‘ (4.3)

and is plotted in Fig. 4.24. The local Nusselt number at
the forward stagnation point obtained at different K* in the
present experimental study at 'constant heat flux' are com-
pared with the Squire's curve in Fig. 4.,24. Schmidt and
Wenner (9) reported that their data at K* =z © under constant

surface temperature condition agreed exceptionally well with
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the Squire's curve. Giedt (8) obtained his data at

K* = 2029 x 10—3, Tu = 2.25% at constant heat flux condition.
He also reported excellent agreement at Reyﬁolds number less
than 105 with the Squire's curve and at Reynolds numbers,
greater than 105 Giedt's experimental points obtained at

K* = 2029 x 10—3, Tu = 2.25% were about 10 percent above

Squire's curve. In Fig. 4.24 coordinates are plotted on

a logarithmic scale and a large difference between the pre-

* -
sent results at K = 1.64 x 10 3 and Squire's curve can be
noticed. Squire's results are given by Nu = 1.01 YRe were

found to be 40 to 90 percent higher than the present results
at K¥ = 1.64 x 10 2. At Re = 2000 and 6000, Squire's curve
is respectively 83 percent and 47 percent higher than the
experimental results obtained at K* = 1.64 x 10—3, at con-
stant heat flux. At Re = 70,500, the present results obtained
at K* = 28.9 x 10"3 were about 20 percent higher than the
results obtained at K* = 1.64 x 10—3. Hence, from the above
discussion it can be concluded that as K* increases, the
peripheral wall conduction decreases and the heat transfer
coefficients at the front stagnation point at large values of
K* aré approaching towards the Squire's line given by equation
Nust = 1,01 /EE, but not necessarily lie on the line.

The average Nusselt numbers are compared with those

obtained by McAdams (1), Schmidt and Wenner (9), Coming, Clapp

and Taylor (10), Gibson (29) and Hughes (30) in Fig. 4.25




which contains the plots of the average Nusselt number
against the Reynolds number at different K*. The data of
Hughes (30) are found to be in fair agreement with McAdams'
curve. Wide discrepancies among the results of previous
investigators observed in Fig. 4.25 may be attributable to
the influence of many factors such as, different flow charac-
teristics, different boundary conditions, width of free air
stream, channel blockage ratio (viz. D/W; in the present
study D and W were kept constant), temperature gradient in
the cylinder wall, turbulence intensity, cylinder diameter,
peripheral wall conduction, etc. The influence of turbulence
'intensity on the average heat transfer coefficient is found
to be important by many investigators. In most of the pre-
vious work the intensity of turbulence has not been given
clearly. Coming, Clapp and Taylor (10) found that the rate
of transfer of heat increases with turbulence intensity;

this increase being relatively the largest in the region of
turbulence intensity, 1.8 to 4 pefcent. A deviation of up

to 20 percent in the present results from McAdams' curve
(Fig. 4 .25) is observed. The experimental data in the
present study were obtained at 4 percent turbulence intensity
and at constant heat flux generation. Whereas, McAdams'
correlation is based on Hilpert's data obtained at relatively
low turbulence level, 1 to 2 pefcent, and.for'constant sur -
face temperature condition. Along with turbulence intensity
and different boundary conditions, the peripheral wall con-

duction was also found to be a major factor which also could



have contributed to this deviation.

The experimental data of other workers (8,9,15,16)
are plotted in Fig. 4.26 along with the présent data.
Fig. 4.26 contains the plots of the mean Nusselt number vs.
K* at éonstant Reynolds number and the values of Nu* are
plotted against K* in Fig. 4.27. Nu* is the ratio of the
mean Nusselt number at certain K* to the mean Nusselt number
obtained by extrapolation of the data at zero K*. From
Figs. 4.26 and 4.27 it is observed that the mean Nusselt
number increases slightly with K* and this variation is more
at the higher Reynolds number. At Re = 80,000, the mean
Nusselt number increases by 20.6 percent for the variation
in K* from O to © and at Re = 8,200, the variation in the
mean Nusselt number is of the order of 0.8 percent. Initially,
the slopc of the curves plotted in Figs. 4.26 and 4.27 are
more but as K* increases the slope of these curves almost
becomes zero. Hence, it can be concluded that at low
Reynolds number the mean heat transfer coefficient is not so
sensitive to the influence of peripheral wall conduction
parameter, K*, and the measured increase in the mean heat
transfer coefficient observed at high Reynolds number is due

* » -
to the influence of K on the local heat transfer coefficient.



CHAPTER 5

CONCLUSIONS

The following conclusions can be drawn from the

present study:

(1) At constant Reynolds number, the large values of peri-
perhal wall conduction parameter, K*, are associated with
the large variation of the local heat transfer coefficient
around the cylinder.

(2) At constant Reynolds number, the local heat transfer

*
coefficient increases with K in the front portion of the

cylinder until the boundary layer separates from the.cylinder
surface. After the point of separation, the local heat
transfer coefficient changes at random with K*.
(3) The local heat transfer coefficient at the front stag-
nation point is substantially influenced by peripheral con-
duction in the cylinder wall and increases with K*.
(4) The local Nusselt numbers af the front stagnation point
given by Squire's equation, Nust = 1.01 /Re were much higher
than the present results obtained at'low values of K*. A 40
to 90 percent deviation from the Squire's curve was observed
at K¥ = 1.64 x 107 °.

However, the heat transfer coefficients at the
front stagnation point at large values of K*,approach towards

the Squire's line given by equation, Nu_, = 1.01 vYRe, but not

necessarily lie on the line.



(5) At low Reynolds numbers (Re < 30,000), no appreciable
effect of K* on the average heat transfer coefficient was
observed but in the range of Reynolds numbers 30,000 and
80,000, the average heat transfer coefficient was found to

be a function of peripheral wall conduction parameter K*.

At Re = 80,000, less than 157 increase in the average Nusselt

* -
number was observed when K was increased from 1.64 x 10 3

to 28.9 x 1073,

~(6) Increase in the non-dimensional peripheral wall con- v
duction parameter, K*, (large values of K* are associated
with bad conductors and thin wall tubes) causes,
a) the large variation in dimensionless temperature
around the cylinder surface,
b) increase in the temperature gradients along the
circunference of the cylinder,
¢) increase in the peak temperature on the cylinder
surface. There is a danger of the formation of a hot spot
at the point of maximum temperature and it can be avoided
by increasing the peripheral heat conduction in the cylinder
wall by employing the tubes with lower K*,
d) idincrease in Awmax’ the difference between the minimum
and maximum values of dimensionless temperature Y. Awmax
reaches to maximum value at certain K and after that increase

* 3
in K= have no significant influence on Awmax'




(7) As K* decreases, (the small values of K* are associated
with good conductors and thick wall tube) the rate of peri-
pheral heat conduction in the cylinder wall increases and
the mean temperature level of the cylinder surface is

slightly augmented.

(8) The results obtained by solving the differential
Eq. (A2.5) were in good agreement with the experimental

o

results for 0° < 8° < 120° whereas in the range 120° < 0° <

(o]

180" the analytical results were much higher than the
present results.,

More accurate results can be obtained by predicting
the function for q/a in Eq. (A2.5). For more meaningful
results it is recommended that further investigation'is to

be carried out on a number of cylinders with a wide range

*
of K at Reynolds number >105.
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APPENDIX 1

ESTIMATION OF EXPERIMENTAL UNCERTAINTIES

The experimental uncertainty is estimated by employing
the method of Kline and McClintock (31). Their method is as

follows,

Let the result R be a function of n indepéndent

variables, vy vz; ceceees Vo

i
|
H
H
]
I
.
!
;

R = R(vl, v ceesensy vn) (Al.1)

2’

Let WR be the uncertainty in the result and Wy
Wos eevenesy W be the uncertainties in the independent variables,

then the uncertainty, W. in the result is given by

R’

3R 2 (s 2 SR 2 )
= —~— —— * o @ ~ Al .
WR (3v1 wl] + [sz WZ] to. + [an wn] ( )

The uncertainties in the Re, Nu, Tu, etc. are evaluated by using

Eq. (Al.2)

where the estimated uncertainties in each term are:

D = +0.1%, U_ = *1.8% and Vv = *1.5%
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Then

W
[_R . %2.35%

where the estimated uncertainties in each term are:

E = %4,17 1= %0.65 7, At = 1.03 %
Then
W w)2 W)z f(w)2 (w \2?1/2
Rlp E 1 L At
ef L .
i
_|fa1)?, f0.65)? , [0.02 2, (103
B ! 100 100 100 | 100

= +4.,3 2%
U'Z
¢) Turbulence Intensity = —
Uoo

W
[_%} = +2.06%
Tu .

and 1L = *0.02%.
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APPENDIX 2

ANALYSTICAL CONSIDERATION

Consider a test tube of radius R and thickness b

as shown in Fig. A2.1.

Then for unit length of test tube,

dtw ) .
Q; = -X¢ P Rde :
dt_ q at :
Q2='[Ktbm+ﬁa—e(Ktbm) Rde] L
1 9ty 1 dztw £
= - Kt b -l—{ r - Kt b E 5 de E
do re
i
1A
Q. = a R 48 | 5
Qi = q b R db
From energy balance, i
Q, +Q; = Q, + Q.
Hence E
dt dt bd 't o
x b_w . -k 2 —¥ _ ¥ 46 + qRd® (A2.1)
Rd®
which can be simplified as é
2
2 * 2 *
¢ fw _9R_ L 9 R _ o ' (A2.2)
ae! Ktb Kt




Non-dimensional temperatures n and ﬁ are defined

as,

t -t T -t
n = tw -: and n = tw —:
st o st o
Replacing tw by n in Eq. (A2.2) gives

2 2 .2

d n q R gR

d92 (tSt Lw) Ktb (tst tm)Kt

Now from energy balance,

qd x 27R x 1 = q 27R x b x 1

ola|

Hence a =
Then Eq. (A2.3) reduces to

2 2 _
- 2 "X b(i “t ) ¢ 9 (==~ 11 -0 hz -9
das t st > q

With the definition of h, given as

q=nh (tw—tw)

and from Eq. (A2.4), we now obtain

-1} =0 (A2 .5)

i
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Fig. A2.1

Idealized Model
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The differential Eq. (A2.5) 1is solved numerically
based on the hypothetical heat flux distribution by
employing CSMP (vis. Continuous System Modeling Program)
method with double precision

The Eq. (A2.5), is given as

*
K ——n — —
n" - =5 Nug n [q/q - 11 = 0

The circumferential heat flux distribution is assumed,
for an example here, as
q = E(l + 0.5 cos 6)

in Eq. (A2.5} which then reduces to

and the boundary conditions are

1) n' 0

2) n 1

The flow diagram of calculation of nmon-dimensional
temperature distribution, n, from Eq. (A2.6) is given in

Fig. A2.2.

At Re = 19,800 the approximate value of Nusselt
number is 87.00 which is taken as a constant in Eq. (A2.6)
and values of n with respect to 6 at different values of K

are obtained.
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Table 2.1
Eef C (Gases) n
0.4 - 4 0.891 0.330
4 - 40 0.821 0.385
40 - 4,000 0.615 0.466
4,000 - 40,000 0.174 0.618
40,000 - 400,000 0.0239 0.805
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< Value from Standard Thermometer

—— Value from BS 1828 Table
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Fig. 3.9 The Thermocouple Calibration Curve
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