HEAT TRANSFER COEFFICIENTS ON LONGITUDINAL

FINNED SURFACES

by
A.R. McKay

Thesls submitted in partial fulfillment
of the requirements for the degree of

Master of Englneering

Department of Mechanlcal Engineering
McGill Unilversity
Montreal

April 1961



SUMMARY

Tests have been conducted to determine
heat transfer coefficlents on the surface of fins.

The range of Reynolds numbers covered, based on the
distance from hydrodynamic leading edge are 1.85 x 10°
to 1.43 x 100,

Expressions for heat transfer film
coefficients based.on experimental data have been
obtained in terms of fin flow-channel centre-line
veloclty for the case of fins with a helight of 1.5
inch, with spacings of 3/8, 1/2, 5/8 and 3/4 inch,
using a film coefficient transducer designed specific-
ally for this purpose.

The experimental results 1ndicate that
£film coefficlients are dependent on film geometry and
suggest the presence of an optimum condition caused by
the effect of vortices resulting from secondary flows

within the fin flow-channel.
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NOMENCLATURE

coefflcient, dimensionless
coefflclent, dimensionless
heat transfer area
exponent, dimenslonless
fin thickness

coefflclent, dimenglonless
exponent, dimenslonless
specific heat

potentlal dlfference
convective fillm coefficient
Current

coefficient, dimenslonless
thermal conductivity

fin height

exponent, dimenslonless
exponent, dimenslonless

exponent, dimensionless

heat entering volume element by

conduction

heat leaving volume element by

conduction

heat leaving volume element by

convection

heat leaving volume element by

radiation

heat generated within volume
element

't

't

BTU,LBZl°F'l

Volts

BTU.HR-L1pr~2°F~1

Amperes

1

BTU.HR™TFr-lop-1

FT,
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R registance QOHMS
S fin spacing | FT
T temperature °F or °C
Te element temperature °F or °C

5 fluld stream temperature °F or °C
v veloclty | F‘I".SE('J‘-l
X length in direction of flow FT
y length along fin surface normal FT

to x

o temperature coefficient onmMs °c-!
P density LBS.FT™”
m absolute viscosity LBS.FT tsEc™t
N kinematic viscosity F2,sEC™t

DIMENSIONLESS GROUPINGS

VXX _Vx
Reynolds number Nge = p Vv X =
m N
Cp H
Prandtl number Npp = —%F"
Nusselt number Nyu = EEE



INTRODUCTION

When dealing wilth forced convectilve heat
transfer from fins or extended area surfaces, the usual
simplifying assumption made is that the value of the
coeffiqient of convectlve heat transfer does nbt change
with position on the surface, Due to the viscous drag
experienced by the fluld flowing through a system of
fins, boundary layers bulld up on the surfaces and the
interaction of these boundary layers cause a velocity
distribution from fin tip to fin root as well as across
the flow channel between successive flns. This velocity
distribution causes variations in the local value of the
convective heat transfer coefficient,

The influence of the boundary layer for
the case of a cylinder with circular fins has been covered

1

in papers by Lemmon, Colburn and Nottage~ and by McAdams,

Drexel and Goldeyg. Nelther of these papers attempted
to determine the variation of the film coefficient with
position on the fin surface. Harper and Brown3 and

K.A. Gar'dner'LL

have analyzed a variety of fin geometries
with respect to fin performance considering average
values of film coefficlents over the surface rather than
local valueg based on position relative to fin height and

distance from hydrodynamic starting edge.



Ghail and Jakob? attacked the problem using
a system of stralght parallel fins which were heated at
thelr bases. Correlations of local fiim coefficients with
fin geometry based on fluld velocity at inlet to the fin
system were obtalned. The correlations could not be basged
on local values of velocity because of limitations in the
experimental apparatus.

A more exact analysls not only requires the
evaluation of fin performance based on average or overall
values of film coefficlent, but must also consider the
effect of the variation of the local value of coefficient
with position in order to obtain the average. Furthermore,
the 1nterrelation of fin geometry and its effect on the
local value of film coefficlent must also be considered.

As a limited amount of work has been done in the determining
of the variations of film coefficient with position on

fins and the interrelation of this variation with system
geometry and fluld properties, 1t was declded to undertake
investigation in the field.

All previous research considered fins heated
at the base. Hence the temperature gradlent along the
surface, which varies with fin material and position, had
to be established in order to evaluate the film coefficlent
to obtaln elther the local or average values. It was
decided that a more direct approach should be adopted.

By considering an isothermal surface, the effects of

material conductance and agsoclated temperature profile



would be removed and the locagl value of film coefficient
could be obtalned directly.

The object of thils work is of two-fold nature.
Firstly, to develop an experimental technique to measure
the local heat transfer coefflclent and secondly to in-
vestigate the possibility of a correlation for heat transfer
coefficients incorporating such parameters as geometric
configuration and local fluid propertles. It is the
object of thils thesis to deal wlth the first of the above
mentioned problems and to evaluate the possibility of its

application to the solution of the second.



THEORY

Bagle Fin Theory

The fin shown in Flgure 1 represents one
fin of a system of fins heated at the base. A small
element of volume is bounded by 1sothermals 1in the
X-direction across which heat flows and by heat flow
boundaries in the Y-direction across which there 1s no
flow of heat. A heat balance for the element may be

set up in the following manner:
q;, - 49, -9, -9, =0 ceeeres (1)

where: q; = - kb x T ceoess (2)

o]
\V]
Il

-k b (x + Ax) é% (T + AT)

expanding the terms in brackets and assuming (Ay)2 may
be neglected

2
_ dar a°T dx dT

ar e (3)
qr;-the rate of heat leaving the volume element due to
radiation may be neglected provided that the element
temperature 1s kept low with respect to the stream tempe-

rature, hence:
q =O . © 0 06000 00 (Ll')

qo, the heat leaving the element by convection under the

influence of the film coefficient "h" on both surfaces



exposed to the flow may be expressed as follows:

a, = 2h (x +Z5) &y (Te - Tg)

c

expanding and neglecting the Angy term

q, =h (2 x Ay)(Tg - Tg) cevoe (5)

combining equations (1), (2), (3), (4) and (5)

2
kb (x AT Ay + dx dT AY) =2 x Ay h (Te - Ts)

372 & dy
o o & & o (6)
d2T 1l dx 4T 2h
G EG oy W (Te ~ Ts) =0 eeee (68)

Work of Ghal and Jakob

By expressing equation (6) in the form of

finite differences

——+%%Zy‘=ies(Te‘Ts> vervens (T)

calculation of local values of the film coefficient "h"

1s possible by obtaining first and second derivatilves
graphically from an accurately known temperature distri-
bution on the fin surface. It 1s thils approach that was
used by Ghal and Jakob5, who obtained the necessary tempe-
rature distribution from a fin surface instrumented with

a large number of thermocouples.



Ghai6 expressed the local fllm coefflclents

h in the form of Nusselt numbers defined as:

Xy
h X
NNuxy =_x%f.—' s e 0 0008 (8)

where kq, the thermal conductlvity of the fluid film,
wag taken at the mean film temperature.
The Nusselt number was consldered to be a

function of the free stream Reynolds number,
Vg X
NRe=?o-;— ceeseenss (9)
where both the veloclity and vliacoslty values were based
on free stream or inlet conditlons.
A practical expression of the functlional
relationship between the Nusselt and Reynolds numbers was

given as:
o)” Ly" Loy’
NNU.xy = Co (NRe) |1 - Cy (EJ ( T ) ... (10)

As the fllm coefficient in the y direction

was of major importance a mean coefflcient defined as:

X=X

1 .
}')Tny ='JE S hxy dx ’ s oo 0 (ll)
X=Xst

was employed. Xg¢ 1s the distance from the leading edge
of the fin to the edge of the fin section where heat 1s

supplied. By substitution in equation (10):

P
NNupy = Co (NRe)n [1 - Cy (%)m (L—I:l) ] (12)



Uslng experlimental data Ghai6 plotted the
varlous parameters in non-dimensional form and obtalned
values for the constants CO and Cl and the powers n, m
and p. The numerlcal forms of equation (12) obtained
were:

for the lamlnar region

_ 0.5 /3 -y.2
My = 07 Me [1-035( (T)]
coes(13)

. for ‘the turbulent region:

Nyy,, = 0.03 Ngel+S [1 - 0.23 (§) 1/2 (L )3/:,
(14)

Fi1lm Coefficient Element

Equation (6) was developed for the case
of a fin heated at the bhase. No term 1s included to
cover the possiblllty of heat generation within the
element of volume itsgelf. Including such a term in

equation (6) we have:

dx 4T
qgen+kb(x__2.Ay & W)
=2x(Ay)h(Te—TS) ceee o000 (15)

where qgen.isthe heat generated within a small element

of volume,



By approprlate dlstributlon of the heat
generated by the large number of volume elements which
make up the fin, 1t ig possible to reduce the temperature
gradlient across each volume element to zero. This would
result in a fin wlth a constant temperature or isothermal
surface. The first and second derivative terms in
equation (15) would disappear. With heat being generated
from within the fin itself that heat which was previously
supplied at the base 1s no longer required and equation (15)

becomes:

dgen = 2 1 (x) (ay) (T, - Tg) ceeen.. (16)

The product 2 (x) (Ay) 1s equal to Ay the
area of both faces of the volume element exposed to the
fluld flow. The film coefficlent may then be expressed
in terms of the generated heat, the area and the tempe-

rature difference:

. 9gen

h = As(Te = veseeness (17)

If a volume element of the fin under
conslderation were heated by means of an electrical
conductor then for a fixed area and temperature differ-

ence equation (17) could be expressed as:
h=KEI ! eoe0000 e e (18)

where E and I are the voltage and current respectively,

applied to the conductor and K 1s a constant incorporating



the area, the temperature difference and the conversion
factor from watts to B.T.U.'s per hour.

The accuracy wlth which the film coeffilcient
may be calculated by the method of Ghai6, using equation
(7) depends on the accuracy of the measured fin. tempe-
rature distribution and also on the graphically determined
derivatives of temperature with distance obtalned from
this temperature distribution. The method as suggested
by equation (18) does not depend on graphically determined
values, but on directly recorded measurements of voltage
and current supplied to the conductor heating the volume
element. The accuracy of the film coefficlent obtained
with equation (18) would depend on the accuracy of the
measured values of voltage and current, the evaluation
of the heat transfer area and the degree to which the
element temperature could be maintained constant.

The fin shown in Figure 2 has surfaces
which are made up of a series of strip heating elements.
Each element consists of a strip conductor ABCD on one
face of the fin connected to an exactly simllar strip
conductor EF on the opposite face by a connection through
the fin at E and D. With connections at A and F it is
possible to pass a current along the path ABCDEF through
both strip conductors. Heat will be developed as the
strip conductors have resistance and though this heat
1s developed on both surfaces 1t 1s analogous to the

case where heat 1s generated within the volume of fin
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material contalned between the strlp conductors.
‘Furthermore as both strlips are ldentlical and the same
current passes through them, each strlp will assume the
same temperature provided flow conditlons are the same
along both surfaces,

The heat generated by the element not only
flows under the influence of the film coefflclent to the
fluid passing over the fin surface, but will also flow
through the fin material in both the x and y directions.
By locating similar elements above and below the one
under conslderation and operating these elements at the
same temperature, no temperature difference will exist
and hence no heat will flow In the y direction. Heat
flow in the x direction 1s arrested in a similar manner.
Sectlons at each end of the strip conductor shown as
AB and CD in Figure 2 act as guard sections for the
volume of fin material contalned between the strip
conductors from B to C.

The heat generated between B and C must
then flow from the element to the fluid, The rate of
this heat flow will be governed by the film coefficient
existing at the surface. Thus by measuring the current
flow through the heating element and the potential
difference between B and C the amount of heat generated,
which 1s a direct measure of the film coefflicient, may

be calculated,
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As each of the heating elements which make
up the surface of the fln shown in Filgure 2, must be
at the same témperature end this temperature kept
constant, the accurate determination of the element
temperature ls of prime importance. Since the heating
elements are electfical conductors, thelr resistance
may be readily calculated from the measured values of
the current through the element and the potential differ-
ence across that sectlon of the element used in the
determination of the film coefflcient, by the followling

relatlion:

R - cereenens (19)

HiE

The variation of resistance wlth tempera-
ture of an electrlcal conductor may be expressed in the

following manners

R, =R, (1 +at) : cesscesoss (20)

t

where R¢ is the value of the reslistance at some tempe-
rature t, R, 18 the resigtance at a chosen reference
temperature, t is the number Qf degrees above or bhelow
thils reference temperature. The temperature coefficlent,
a, 1s a constant which depends on the conductor material
and the chosen reference temperature, By suilitable
choice of the reference temperature, t will become Te

the element temperature,



- 12 -

Combining equations (19) and (20), we
have a convenlent expresslon for the element temperature
in tferms of the measured current I the potentlal

difference E and the constants Ry and a. Hence;

_ (E/) - Ro

e RO a 600 0G000 00 MO (21)

T

Through the use of equation (21) and
equation (18) we are able to establish the element
temperature and evaluate the film coefficlent by the
same two measured varliables E and I. By appropriate
deslgn, we are ahle to construct the fin in such a way
that there are a number of Iindividually controlled
heating elements from fin tip to fin root as indicated
by Flgure 2. Thus we are able to evaluate the fillm
coefficient at various polnts in the y direction on
the fln surface,

Local coefficlents are desired, and it
is necessary that the heating elements have suffilcient
length 1in the x direction for thelr electrlcal resistance
to be signiflcant, Film coeffliclents as evaluated by
equation (16) are actually coefficilents at a position y
and a mean value over the length (x direction) of the
element. Thls coefficlient was previously designated

as hy. in eguation (11).
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Effect of Unheated Starting Length

A further factor must also be considered,
The thermal boundary layer does not start at the leading
edge of the fin as does the hydrodynamic boundary layer.
The heating elements are placed at some distance down-
stream from thé leadling edge in a region of fully developed
flow, The effect of unheated starting length must
then be considered.

The effect.of unheated starting length on
film coefficlients has been investigated by Scesa7,

8 and Jakobg. The relation advanced by Scesal

Rubesin
best summarizes the results of other researchers in the

field,

NNux = 0.0289 NPr'l/9 (NReX)O°8 [_ - (%?)09] ’
ceosees (22)
The above relation conslders the case of
the flat plate and 1s analogous to the case of the fin
1f the veloclity at the centerline of the flow channel
18 used 1n the Reynolds Number determination. Equatlon

(22) may then be expressed as;
h § 0.8 .9 - g—
T - 0.0289 () (LI T E - () ]

Since the film coefficient as determined
by equation (18) is a mean value or hyy, this value may

be substituted in equation (11) with the expression
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for hyy from equation (23) to yleld a value for x at
which hpy occurs.

1
oy =2 | ngy ax veee (11)
.X.=.X.st

It 18 on the value of x at which hmy occurs
that the correlations of Nusselt and Reynolds numbers

wlll be based.
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FILM COEFFICIENT TRANSDUCER

Construction of Elements

The section of the fin containing the
heating elements used for the film coefficlent determ=--
ination was constructed using a technique similar to
that used in the‘electronics industry for "etched
circuits"”.

A double clad laminate consisting of a
glass-base 1lnsulating materlial with a sheet of 0,0015
inch thick electrolytically pure copper bonded to one
face, and a sheet of ©.,020 inch copper bonded to the
other face, made up the baslic materlal for the heatlng
element conétfuction. The double clad laminate, or
resulting "sandwich", was slightly less than 1/16 inch
in overall thickness.

Eight separate heating elements, 2 inches
in length, equispaced from fin tip tirfﬁn.root to make up
an overall fin helght of 1.5 inches were used on each
side of the fin surface. The grid pattern for each
heating element was etched on the 0.0015 inch copper
face of the lamlinate and the approprilate conductor
pattern was etched on the 0.020 1nch copper face. The
conductor pattern supplied the necessary conductors to
carry the current to the heating elements as well as

the conductors necessary to determine the potential
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difference between the guard sections of each heating
element. The conductors were of sufficlent length so
that when the completed heating element section was in
place in the tunnel, the conductors would protrude
through the base of the worklng section to facllitate
the necessary electrical connections. Plate (1) shows
the etched conductor pattern employed. Connections
between the conductors on one side of the glass base
material and the heating elements on the other side
were obtalned by plating copper through holes drilled
in the base materlal.

Two such laminates were fabricated, one
a mirror image of the other. The two laminates were
then cemented together with an 1lnsulating materlal placed
between them at the conductor face to form a fin section
1/8 inch thick. The ends of each element on the same
level on each face were Jolned by drilling through the
1/8 inch thick section and soldering a pin in place
(refer to Flgure 2, connection.ED).

Plate (2) shows the completed fin heating
element section. The heating element grid pattern is
plainly visible as are the conductor strips which show
through the translucent glass base material,

After etchling and cementing together of
the two mirror image laminates, the heatling element

surfaces exposed to the fluid flow were made aerodynamically
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smooth. This was accomplished by filling in the regions
of the copper grid where copper had been removed by
etching with a clear acrylic plastic compound. The
resultlng surface was completely free of any indentatilions
between the copper grlds.

The fin heating element section was bevelled
on one edge and notched on the other so that 1t would
be held firmly in place by leading and trailing sections
of plexiglass fin material when installed in the tunnel

as the central fin in the fln system under study.

Calibration

Two separate calibrations were necessary
for each of the elght heating elements. The first, to
determine the resistance temperature characteristic of
the element and the second to determine the heat transfer
area to be used 1n the calculatlon of the film coefficient
plus a factor to overcome unavoldable heat losses.
Each method shall be dealt with in the followlng para-
graphs. The first will be referred to as the "resistance-
temperature" calibration and the second as the "flat-

plate" calibration.

a) Reslstance-temperature calibration

The use of equation (20) in the determination
of the heating element resistance variation with tempera-

ture depends on the use of known values of Ro (the element
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resistance at a chosen reference temperature) and "a"

the temperature coefficlent of the material.

R, =Ry (1 +at) teeoeoeess (20)

t

As a result of the small cross-sectional
area of the heating element (0.0015 x 0.015 inches) and
the effect of any impurity 1n a conductor of this size
it was decided that handbook values for the necessary
constants could not be employed.

The heating elements were calibrated by
immersing the fin section contalning them in a variable
temperature oil bath. The bath was allowed to stabilize
at a certaln temperature. The bath temperature was then
read from a standard calibrated thermometer and this
value taken as the element temperature. Sufficient time
was allowed for the fin sectlon to reach the bath tempe-
rature throughout 1ts thickness. A very small current
of 0.005 amps, (to minimize any possible heating effect)
was passed through the heating element. Values of the
current through, and the potentlal drop across, the
active section of each heatling element were read from
a laboratory standard potentiometer, The heating
element resistance was then calculated by use of
equation (19). Current values were obtalned from the
potential drop across an accurately known shunt resistance
and the potentilal values by measuring directly across
the active section between the guard sections of each

element.
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The procedure was repeated so that

twenty resistance and temperature values were obtained
for temperatures over the range 20°C to 100 °C. Values
of element temperature were then plotted against element
resistance for each of the elght heating element active
sectlons. From the slopes of these curves and known
values of resistance at certain temperatures the values
of Ry, element resistance at Q°C and "a" the temperature

coefficlient were obtailned. Table I lists these values

for each of the eight heating elements.

TABLE T

TEMPERATURE COEFFICIENTS AND RESISTANCE
AT REFERENCE TEMPERATURE
'FOR HEATING ELEMENTS

Resistance Temperature

Element No. at 0° Centigrade Coefficilent

"R," ohms "o" deg C-1
1 0.2165 4,245 x 1077
2 0.2241 4,150 x 1072
3 0.2167 4,174 x 1077
4 0.2064 4,166 x 1072
5 0.1988 4,160 x 1077
6 0.1864 4,140 x 1072
7 0.1782 4,161 x 1072
8 0.1800 4,007 x 1072



- 20 -

b) Flat-plate calibration

The calculation of the film coefficient
by use of equation (18), assumes accurately Known values
of surface or heat transfer area and temperature dlffer-

ence between heating element and the fluid stream.

oy
I

KEI ¢ © 00 0000060 O0O0COC (18)

1

where K =
AS (Te - TS)

A constant temperature difference may be
maintained by element control, but the choice of the
heating element area presents some difflculty. To
obtain a reasonable element resistance a grid pattern
for the heating conductor was used. The surface area
of the conductor proper could not be used in equation (17)
as the conductor not only supplied heat to the stream
from its surface, but 1t also supplied heat to the
spaces between the grids and hence to the stream, The
same reasonling applles to the area of the spaces between
individual elements. As heat 1s belng removed from
these spaces and 1s suppllied by the conductors a tempe-
rature profile will then exlst across them. Thus if
the heating element surface area were consldered as
the total area between ifs boundaries plus one half
of the area between the elements on each slde, the

full temperature difference could not be taken as



R

acting on thils area. It was not consildered convenient
to modify the temperature difference term hence the
area term had to be corrected.

A mathematical solution for this correction
by a method of relaxation was tried but it was con-
sidered that direct calibration against an exlsting
proven theory should be carrlied out.

A further complication wlith the elements
was observed during the initial trial runs. Heat losses
through the potential sectlion conductors were detected.
Heat was applied to these conductors in an attempt to
eliminate the loss but thls was unsuccessful. The
potential conductors were shortened at the fin as may
be seen by comparing Plates (1) and (2), also the leads
from the fin to the control panel were reduced 1in size.
The loss, though smaller, still persisted. As this
heat loss would be constant if the heating element
temperature was maintalined constant and the correction
to be applied to the area would be a function of the
fluid velocity, the correction factor including both
these points would vary with fluld veloclty. The effect
of the loss through the conductors would be much more
pronounced at the lower fluld velocitiles.

Equation (22) suggested a method of
calibration. If the velocity were held constant over

the face of the fin, the fllm coefficient could be
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predicted by equation (22). The film coefficient

could also be calculated from experimental values by
equation (18). A factor which would modify the results
of equation (18) to agree with equation (22) could

then be calculated.

h.‘cheoretical

= = Correction Factor ...... (24)

experimental

The above method of calibratlon was used.
The fin contalining the heatlng elements was set up
along the center-line of the tunnel as a flat plate.

A boundary layer control system was developed to

remove the boundary layer from the bottom of the tunnel
by suction. Constant fluid velocity from fin tip to
fin root on both sides of the fin was obtalined. Plate
(3) shows the boundary layer control slots in the
tunnel base and Plate (4) shows the wofking section of
the tunnel during this flat plate calibration.

The fluld velocity over the flat plate
was varied over a range of 20 to 150 feet per second.
Film coefficients were obtained experimentally and
correction factors calculated. Element number one
at the top of the fin and element number eight at the
bottom were not used as active elements as they acted
as guard elements for the remaining six elements between
them. Table II gives the correction factors for the

active elements for the case of fluld veloclty equal
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to 100 feet per second.

TABLE TT1

ELEMENT CORRECTION FACTORS FOR AREA AND
HEAT LOSSES

VELOCITY OF 100 f.p.s.

Element No. Correction Factor
2 0.7525
0.9180
1.1050

5
i
5 0.9000
6 0.8060
7

0.7600

Control of Elements

Preclse control over each of the heating
elements which make up the heat transfer fin 1s
egssential if the fin section is to be malntalned iso-
thermal. In order to be controlled individually each
heatling element had to operate on 1ts own circult.

Two prime variables had to be measured accurately
wlthout affecting the element clrcuit. These variables
were the potential drop across the active sectlon of

the element and the current through 1t. The ratio

of these two variables indicates the element temperature

and their product 1s a measure’ of the film coefficient.
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Direct visual indication of the element
resistance (hence temperature) was required if stable
operating conditions were to be arrived at in the
shortest posslble time with the least amount of 4diffi-
culty. This was accomplished by havling the element
form one arm of a Wheatstone reslstance bridge. A
zero centering galvanometer would indicate whether the
element temperature was too high or too low as well as
indicate when the bridge was 1n balance. By sultable
cholice of the resistance values for the arms of the
bridge this null balance could be made to occur at the
desired element temperature. Figure 3 shows the
bridge circult employed for each of the eight elements.

A steady direct current voltage was
gupplied to bridges through the usgse of two high load
capacity 6 volt storage cells. The storage cells were
arranged so that they could supply elther 6 or 12 volts
to the eight bridge circuilts. The voltage supplied to
each 1ndividual bridge and hence the current through
the heatling element was controlled by two rheostats
in series, one for coarse control and the other for
fine control. The resistance designated as "R," in
Figure 3 was variable and could be pre-~set to balance
the bridge at the desired temperature, The galvanometer
reading served only as an indication of the temperature

and temperature values as calculated by the use of
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equation (21) were uged for final current adjustment
and film coefficlent calculations.

The potential drop across the active
section of each heating element was read from a direct
reading self balancing, O to 10 millivolt Leeds and
Northrup potentiometer. The potentiometer could be
connected to any one of the eight elements through a
multi-point switch. A voltage divider was used soO
that the drop across the active section of the element
would agree with the potentiometer Input requlrements,

The current through the element was
measured as a potential drop across a 0.00512 ohm shunt,
placed in. the arm of the bridge contalning the heating
element., A 20 point Brown, self balancing, direct
reading O to 20 millivolt potentiometer was used for
this purpose.

Plate (5) shows the control panel with
the temperature setting resistances, the coarse and
fine current controls, the zero centering galvanometer
and the two potentiometers used.,

Auxiliary cilrcuits included a charging
faclllty for the storage batteries, a seriegs-parallel
switching arrangement for 6 or 12 volt bridge supply
and 1n interlocking circuit between the 550 volt,

3 phase fan supply and the element power supply.

This interlocking circuit was considered necessary as
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should the fans stop and the flow of alr over the
heating elements decrease, the currents through the

elements would burn them out.
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PROCEDURE AND RANGE OF TESTS

The test procedure used 1s as follows.
All tests were run with a heating element temperature
of 50°C. A fin spacing was chosen and the fin system
placed in the working section of the tunnel. ‘The flow
control was adjusted to glive maximum free stream
velocity 1in the working section. ‘The current through
each of the eight heating elements was adjusted until
all elements reached the required temperature. The
current and potential drop for each element were then
recorded. At the same time the entire flow field
veloclty pattern between the flins was obtalned by the
traverse mechanism. |

Tests were run 1in the same manner for
the cases of 3/4, 1/2 and 1/4 maximum velocity with
the fin system under investigation. On the completion
of the test serles with one spacing, the fin system
was removed from the tunnel, the spacing changed
and the above test procedure repeated.

Tests were run with fin spacings of
3/8 1/2, 5/8 and 3/4 inches and constant fin height
of 1 1/2 inches. These spacings correspond to fin
height to spacing ratios of 4.0, 3.0, 2.4 and 2
respectively, ‘The veloclties covered corresponded
to a range of Reynolds' Numbers of 1.85 x 102 to .

6

1,4% x 10~ based on the distance from the hydrodynamic

leading edge.
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RESULTS AND DISCUSSION

Experimental values of the film coeffi-
clent "h" were obtained through the use of equations
(18), (22) and (24). These values are shown plotted
for the cases of 3%/8, 1/2, 5/8 and 3/4 inch fin spacings
versus the veloclty at the centerline of the fin flow
channel in Figures 5, 6, 7 and 8 respectively.

The curve which best sulted the experi-
mental values was obtained using a "ForSythe"ll.curve
fitting routine on an I.B.M. 650 digltal computer.

Thls routine fits a curve to the data points by a method

of least squares using orthogonal polynomials., From

the generally accepted form of the Nusselt equations

a (¢
NNu = A NRe NPr co00c000 00 (25)

and visual Indication of the plotted experimental results

a relation of the form;

h = A, v° ceeeeees (26)

was assumed to fit the data. -Equation (26) 1s valid

in this form as all the variables other than the film
coefficient "h" and the veloclty "V" making up the non-
dimensional groupings in equation (25) were held constant
during the tests. Equation (26) was written in log-

arithmic form,

,Bnh=,en Ao+a an 00000000 (27)
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and presented to the computer as a polynomial of the
first order, Values of /n Ad and a were obtgined
directly from the computer results. Table III glves
the values of A, and a to be used in equation (26) for

the various fin spacings under investigation.

TABLE III
Fin Spacing "Ao" a”
3/8" 0.3839 0.89
1/2" 0.5865 0.82
5/8" 0.5040 0.82
3/4" 0.4061 0.84

As previously mentioned, the values of
the constants for use in equation (26) were obtained
from results with a fixed temperature difference, hence
constant values for fluid viscoslty, ﬁhermal conductlivity,
density and speclific heat. Expressing the results in

the non-dimensional grouping form of equatlon (25) and

using the accepted value of 1/3 for the exponent o]
in the Prandtl number, we have the constants "A" and
a as shown in Table IV.

Inspection of table IV reveals the
following indicétions, firstly that the value of the

exponent "a" is relatively constant over the range of
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TABLE IV
Fin Spacing A a
3/8 ' 0.0135 0.89
1/2 0.0390 0.82
5/8 0.0335 | 0.82
3/4 0.0223 0.84

fin spacings, and secondly, that the-value of the
constant "A" to be uged in equation (25) varles with
fin spacing. This variation in constant "A" 1s such
that the film coeffilcient appears to increase with
decreasling fin spacing to some value then decrease
again, The increage 1s noted between spacings of
3/4, 5/8 and 1/2 inch, while a decrease 1s noted between
1/2 and 3/8 inch spacings.

The values as tabulated in Table IV
for the fin spacing of 3/8 inch require some further
explanation. No mentlion has been made of probable errdr.
The probable error in the calculation of the film coeffi-
cient based on the maximum possible error in the measured
values 1is of the order of 10%. The effect of this error
on the constant "A" and the exponent "a" is estimated

"a"

at 5%. If this error were applied to the exponent
for the case of the 3/8 inch spacing to bring the
exponent more into line with the exponents of the other

spacings, then for the same Nusselt number obtained:
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through the use of equation (25), the value of the
congstant "A" would increase to some extent. Even
thls lncrease, however, would still leave the value of
constant "A" for the 3/8 in. spacing well below that
for 1/2 in. spacing. Thus even when consglidering the
effect of errors resulting from experimental apparatus
and procedure, the results suggest a film coefficient
which increases to some optimum value with decreasing
fin spacing, then decreases with a further decrease in
fin spacing. As the serles of tests were conducted
wlith a constant fin height, it 1s possible that the
constant "A" 1s some function of the fin height to
gspacing ratio.

Present results are not sufficlent to
evaluate a mathematical relationshlip but a possible
explanation of the variation in film coefficient with
fin spaclng may be attempted by considering the flow
pattern 1n the rectangular flow channel between successlve
fins. Boundary layers exiBt not only on the fin surfaces
but also at the base of the rectangular flow channel,.
:Considering the corner of the rectangular flow channel
we have boundary layers in two planes intersecting each
other at right angles, as shown by Figure O, The
result of this intersectlion 1is to produce secondary
flows 1n the recténgular flow channel, A typilcal

secondary flow pattern 1s shown in Figure 10, These
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secondary flows produce velocites 1n the corner region
which are higher than would be expected for a normal
boundary layer veloclty distribution. Nikuradselz,
through experimental investigation of flow in non-
circular ducts was first to notice these high veloclity
regions and explained them as due to vortlces forming
in the corners. Prandtll? reasoned that they were
formed by a momentum transfer between regions of high
and low shearing stress, but. the ultimate physical
cauge of this secondary flow has yet to be established.
Figure 11 shows veloclity profiles for
a typical fin helight to spacing ratio obtained in the
present tests. The effect of the secondary flow
vortices on the veloclty distribution 1s plainly
visible and 1s more pronounced in the region near the
bottom of the flow channel. As the spacing 1is decreaged
the effect of the secondary flow is to extend.the high
veloclity region deeper into the flow channel, which
results iIn higher values of the film coefficient. If
the spacing is further decreased it 1s possible that
the secondary flow vortices inter-react with each bther
to such an extent that they partlally cancel -and are
no longer able to propagate the higher veloclty of the
free stream above the flow channel down into the flow
channel, The result is lower velocities in the flow
channel near the fin surfaces and correspondingly lower

film coefficients. Thus with the preceding
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explanation 1t 1s possible to imagine an optlimum fin
height-to-spaclng ratlo.

The exlstence of an optimum was recognized
by Schmidtl”, and Wagenerl5.  Schmidt suggested that
the spacing should not be less than two fin surface
boundary layer thicknesses at the fin exilt. Wagener
suggested a value some 12% greater than Schmidt. Both
the above cases sBuggest that 1t was not fully realized
that the secondary flow effects could be used to
advantage. In both cases the spacing would be such
that the flow would not be fully developed.

16 working with

‘Schey and Ellerberock
fins on a cylinder show lncreasing film coefficients
with spacings increasing from 0.02 to 0.20 inches. The
case of flow through fin channels around a cylinder 1s
not directly analogous to longitudlinal flow but neverthe-
less it supports the reasoning that film coefficients
are not only a functlon of veloclity but also fin spacing.
The casgse of the flat plate wlth a
turbulent boundary layer was studied by Johnson and

Rubesinl7, the relation for the average Nusselt number

belng given as follows:

- 0.8 1
NNU'X = 06037 NRex NPII /3 EEEEEREERX (28)

Thiis relatlon is obtained from inte-

grating local values as given by;
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0.8 1
Ny, = 0.0288 Nge '~ Npy /> ceveenes (29)

Comparison of equation (29) and of
equation (25) with the appropriate constants for the
various fin spacings indicates that there 1s a definite
similarity between the case of film coefficients calcu-
lated by flat plate relatlions and those calculated by
a similar relation sultably modifiled for fin height to
spacing ratio, The Reynolds number in the first case
1s based on the veloclity of the free stream over the
flat plate and in the second case 1s based on. the
veloclty in the flow channel between two successive
fins,

Local coefflcients calculated using
equation (14) resulting from the work of Ghai® predict
a much larger decrease in coefficlient value from fin
tlp to fin root than was actually experienced. Direct
comparlison 1s not possible, as Ghal's correlation is
not based on local values of veloclty but on the
veloclty at the entrance to the fin system. The larger
predicted decrease 1s understandable, as with the
range of veloclities and spacings employed by Ghai the
flow in the reglon where the film coefficient was
experimentally determined was not at all times fully
developed. It 1s also interesting to note that Ghai's
correlation as given in equation (14) makes no provision

for the possibility of an optimum fin height to spacing
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ratio, but for all fin height to spaclng ratlos the
maximum film coefflclient occurs at the fin tip and
has a value equal to that predicted by flat plate
theory.

- Since very little work has been done
in this particular phase of the heat transfer fileld,
there is no previous work against which the results of

the series of tests carried out may be compared directly.



CONCLUSIONS AND RECOMMENDATIONS

From the results of the tests carried
out it is concluded that film coefflclents on the surface
of longitudinal fins may be predicted by relations
simlilar to those used for predicting film coefficlents
with flow over a flat plate, provided the velocity
distribution within the flow channel between the fins
is known. The results strongly suggest that the film
coefficient is not only a function of the fluld velocity
but also of the geometry of the fin system under con-
sideration. This is evident from the varilation of the
film ooefficienﬁ with the geometric parameter of the
fin helght-to-spacing ratio. It 1s further suggested
that some optimum condition, which depends on the
geometrlc configuration, exists.

It 1s obvious that in order to obtailn
average fllm coefficlients for use in heat exchanger
design, a complete knowledge of the local values is
required. Furthermore, correlations of local values
based on inlet velocity are of limited use as with most
fin systems the 1nlet veloclty 1s not the same as the
free stream velocity above the rectangular fin flow
channel, The free stream velocity above the fins
changes with position down the fin length, and is

obviously some function of the inlet velocity to the
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fin system, the geometric configuration of the fins

and the geometry of the duct which contains the fins,
Similarly the velocity dilstribution within the fin
channels bears a definlte relation to the fin spaclng
and to the free stream veloclty above the fins. 'Thus

a successful correlation, based on a representative
average veloclty at inlet, or elsewhere, cannot be
developed until the above mentioned factors have been
studied and until thelr effect on flow behaviour within
passages contalning fins be predicted,

‘The work reported in. this thesis has
only scratched the surface of the general problem but
at the same time 1t has served to indicate what factors
are involved, thelr relative importance and a possible
approach to a complete solution. As a result Qf these
facts 1t 1s strongly recommended that more research
be carried out in. the direction indicated by this
investigation.

It is recommended that a new film

coefficient trgpsducer which does not require .such .
a delicate callbration and which possesses an accuracy
of the order of * 1% be developed. This is considered
necessary as the results indicate that the film coeffi-
clents do not change by the extent that previous

correlations predicted and it was on these predictions



what the present heating-element system was deslgned,
It 1s possible that the requlired accuracy may be achleved
by adapting a commerclally available heat-flow trans-

ducer to the requirements of thls problem.
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APPENDIX I

General Apparatus

The baslic requirement faced in the
design of the tegst apparatus was a suiltable supply of
moving alr with velocities which could be varied from
values of 20 feet per second to 150 feet per second.
Preliminary considerations evaluated the possibility
of 1ncorporating the necessary heat transfer coeffi-
cient apparatus in an exlsting air supply. It was
decided that a small low speed wind tunnel should be
designed to meet the specific requirements of the
research to be carried out. Plate (6) shows the
completed wind tunnel and the general layoub employed.
The actual tunnel as constructed i1s best described in
terms of its basic components,

The wind tunnel intake was a modifled
version of that used by J. Beauregardlo in his research,
the profile of which had been calculated on potential
flow principles to minimize losses. As the intake
had previously been constructed with a balsa wood
flow surface on a soft wood frame, modifilcations to
its profile were carried out wlthout difficulty. A
contraction ratio of 9:1 was used and the intake was
mounted so that it could be moved in the horlzontal

plane along the tunnel axis to facilitate the removal
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of the test Sectioﬁ or accept test sections of different
lengths, Losses wlth the intake were negligible and
a flat veloclty profile over the tunnel operating range
was assured. Refer to Figure 4 for a typical profile.

Clear acrylic plastic (plexiglass) was
used to construct the working sectlon of %unnel. The
material was chosén so that visual verification of
veloclty probe location could be made, also flow patterns
could be observed by the use of a tracer technique
should they be required. The bottom of the working
gsectlon was fitted with one inch thick removable ply-
wood bases into which slots were milled to accept 1/8
inch thick clear acrylic plastic fins. Several bases
were made so that fin systems with height of 1 1/2 inches
and spacings that varied from 3/8 inch‘to 3/4 inch could
be inserted in the working section. Plate (7) shows
a typlcal fin system. Provislion was made so that clear
plastic filler strips could be mounted to the top of
the tunnel to decrease the head space above the fins in
the working section. The centre fin.in the working
gection was machined to accept the film coefficient
transducer, previously described. A veloclty traverse
mechanism capable of traversing Muyenfire area in the
flow channel between the fins was fitted to the base.
Thig mechanism 1s shown in Plate (8).

Diffusion of the flow after the working

section was accomplished by a square to round transltion
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section followed by a 10 degree included angle sheet
metal diffuser of sufficient length so that the diffuser
dilameter equalled that of the flow control.

-Flow control, i.e. control of the veloclty
of the fluid in the working section was obtalned by
a method of bleeding in alr to the constant speed fan
suction source. Two cones, one male and the other
female were constructed of sheet metal and mounted to
the diffuser and suctlon source respectively. The
suction source was free to move between gulides along
the axis of the tumnel. By moving the suctilon source
backwards or forwards, the amount of bleed through the
annular area of the two cones could be controlled and
hence the veloclty of the fluid in the working sectilon
of the tunnel. Flow stabillty was insured with this
method as nco matter what tunnel velocity was desired,
the fans in the suctlion source always operated on a
stable section of thelr flow versus pressure character-
lstic.

The suction pressure required by the
tunnel was suppllied by a two stage, counter rotating,
"Wood Aerofoil", 550V AC, 3 phase, 12 inch diameter
fan unit. The unit was mounted so that 1t was free
to move along the tunnel axis for reasons previously

mentioned.,
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A diffuser was attached to the exhaust
of the fan unit to remove any possible losses at this
polint and also to attenuate the noilse. Both the flow

control and fan unit are shown in Plate (6).
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Plate 1

Conductor Pattern

Plate 2

Film Coefficient Transducer
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Plate 3

Boundary Control Suction Slots

Plate 4

Wind Tunnel Working Section
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Plate 5

i1

Plate 6
Wind Tunnel

Control Panel
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Plate 7
3/8" Spacing Fin System

Plate 8

Velocity Traverse Mechanism
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TYPICAL FLOW PROFILES AT INILET TO FINS
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