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CHAPTER I
INTRODUCTION

In the last twenty years man has made more advance-
ments in the development of material goods than in any
other like period of time. And there are no indications
that man's rate of advancement will declline in the next
twenty years.

A1l of this advanéement has drawn continually upon
the presumption that when a design is completed thsere will
be power avallable to produce it, to operate it, or to
propel 1it,

The production of power, be it steam-driven electric
alternators, reciprocating engines, or gas turbines, has
had to grow at a phenomenal rate in order to remain shead
of demands., In each of these types of power production,
heat transfer is preseﬁt. In many fields it 1s necessary
that the heat transfer apparatus be relatively small, In
aircraft both size and weight 1limit the heat exchanger de-
sign., Automotive gas turbines ars dependent upon some
form of a regenerator for economical operation and the
avallable space ls generally small., Particularly is this
problem amplified when the heat transfer is from a gas to
a gas since the film coefficient for a gas is comparative-
ly small, Therefors, the heat exchangers must usually be

more efficient than the normal straight-tube type of unit.
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As a result, designers have been required to use ex-
tended surfaces in order torobtain the necessary heat
transfer area in a more compact unit. But design data
for extended surfaces is very limited and test procedures
are even fewer in number. It 1s the purposse of this the-
sis to outline a test procedurs and a test apparatus with
possible variations and to present the results of one such

test.



CHAPTER II
DISCUSSICON OF PREVIOUS INVESTIGATORS

Three general classes of extended surfaces have heen
investigated to some degree; straight fins, spines, and
annular fins., Thils discussion will conecern only annular
finned surfaces.

In 1922, D. R, Harper and W. B. Brownl submitted a
report to the National Advisory Committes for Aeronautics
concerning mathematical equations for Tthe conduction of
heat in the fins of air-cooled engines. The mathematical
expressions were quite involved, including Fourier's Se=
rles, Bessel functions, etc. The results of the work wers
collected in graphical form in a serises of charts which
were corrections to a simple formula first developed.

E. W. 5t111° wrote in 1936 that much of the informa-
tion on film heat flow for turbulent conditions of gasss

across plpes could be expressed by one equation:,

hD/k = a(DG[u)n(Cpu/k)X(L/D)nl e v e o (1)

1p. R. Harper and W. B, Brown, "Mathematical Equations
for Heat Conduction in the Fins of Air-Cooled Engines,”
National Advisory Committee for Aeronautics, Technical Re-
port No., 158, (1922), pp. 679-708. ,

2Eo W. Stilly "Some Factors Affecting the Design of

Heat Transfer Apparatus,” Institution of Mechanieal Engi-
neers, CXXXIV (1936), pp. 363-L11,




However, he qualified this by saying that for finned tubes
the equation "would have to be modified so that (a) the air
flow is considered at its maximum velocitys; (b) for %the
effective rate, use may be made of the projected area where
cylinders are set at an angle to the air stream: . . .13
He assigned n the-value of .0.6-dnd used the maximum air -
“velocity.

Another investigator, Wiiliam . Murray,” derived a
mathematicél equation for the heat flow through the fins
on a tube which considers the size of the fin. The ex~

pression,

q = WrTyre \/(Eky) [:Il(mB)I‘Cl(mro) "Kl(mR)Il(lﬂro):‘ (2)
I1(mR)Kq(mry) +K7(mR) I (mrgy)
being a rather complicated one involving Bessel functions
of the second kind, is somewhat tedious and lengthy to
solve. Therefore, he arrived at a quantity called "fin
effectiveness"? whereby the solution of practical probleams

is greatly simplified.

31pid., p. 369.

William M, Murray, "Heat Dissipation Through an An-
nular Disk or Fin of Uniform Thickness," Iransactions of
the American Society of Mechanical Engineers, LX, (1938),
pp. A-78--4-80,

"Fin effectiveness" is the ratio of the heat trans-
ferred through the base of a fin to that which would be
transferred through the same base area were the fin not
there as distinguirhed from "fin efficiency" which is the
ratio of the average temperature difference over the ex-
tended surface to that over the basiec surface.




Fin Effectiveness :\f( k) [Il(mR)Kl(mro) ~K1(mR)T1(mro) | (3)
E y (I1(mR)Ko(mro) +K1(mR)Io(mro)

The bracketed portion of Eq. (3) is represented by & and
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Figure Ii-l. Pin Effectiveness Functions

presented in graphical form. This chart is reproducsd in
Figure II-1 and a calculaticn based on this method will

be made later (page 9).



Karl A. Gardner6 gives an expression for the fin ef-

ficilency which also involves the use of Bessel functionss;

g = 2(1=n) [Tn-1(up)-Bln-1(up)] . . (W)
[ H_iQ(n-li“_ Tn(up)+8I-nluyp) |
A ngﬁﬁ

with n = 0O for annular fins of constant thicknesss. A chart
Is given to simplify the selution of the equation.‘ For the

fin effectiveness Gardner uses the equation

7?:(&;‘_) =AL g L (9

dp/Ty = constant @b

However, he feels that fin effectivensss ls a mislesding
indication of the value of extended surface bacause "the
addition of extended surface to a metal wall changes ths
base temperature to an extent depending on the heat-
transfer coefficients on both sides of the wall."’

A series of tests were conducted by Katz, Beatty,
and Foust8 on tubes with integral spiral fins. One group

of tests were made on single horizontal tubes with air in

6Karl A, Gardner, "Efficiency of Extended Surface,”
ITransactions of the American Society of Mechanical Engi-
neers, LXVIII, (1945), pp. 621-628.

7Ipid., p. 623.
_ 8p. L. Katz, K. 0. Beatty, and A. S. Foust, "Heat
Transfer Through Tubes with Integral Spiral Fins," Trans-

actions of the American Soclety of Mechanical Engineers,
LXVIII, (19%5), pp. 665-67H,




forced‘convection on the outside and condensing steam on
the inside. The overall coefficient of heat transfer wss
calculated on the basis of the total outside area and the
data plotted. An equation was found from the curve drawn

through the average of the plotted data,
Up = 0.236 Vpax®+93 . . . . . . . (6)

However, no accurate method of measuring the mass flow of
alr was used and it is felt that using this equation would

yield only a rough estimate of the true coefficient.



CHAPTER III
DISCUSSION OF THE THESIS PROBLEN

The basic equation for the flow of heat by conduection
and convaction from one fluild to another through a tubs

wall is given by the well-known equation

Q= Us A(D4-T5) v v v v v v o (7D

whare
Uy = - 1 T e e e e . . (8
X
l’li+ i + hg

Sinece it is a relatively simple matter to calculate
the inside film coefficient for wvarious fluids flowing Iin-
side a straight tube and the thermal conductivity of tube
metals 1s known accurately, it was the feeling of the au- i
thor that a more useful outside film coefficient for
finned tubes would result from basing it on the tempera-
ture of the outside surface of ths tube. This would par-
tlcularly be useful when the inside fluid is a liquid and
- the outside fluid is a gas because then the thermal rs-
sistance of the gas film is by far the greataest of the
three and, therefore, the determining factor affecting
the flow of heat.

The primary interest in this paper, then,:is the

determination of the outside film coefficient. For the



outside film one may writs
q = hg Ap (To=T1) v « .« . . . (9)

If the amount of heat flow, q, is known or can be deter-
mined and the difference in temperature between the surface
of the tube, Tp, and the flowing fluld, T;, can be measursd
accurately, then the only unknown In the equatlion ls the
film coefficlient, h,, since the outside area, Ay, can be
readily measured or calculated.

. Marks! Handbool?! gives for gas flow normal to a sin-

gle smooth tube and the Reynolds Number greater than 1000
h, = 0,37 CuG0.56/(Dr )01 (10)
lm e o p 0 . . . . . -

where hpy = mean film ccefficlent, BIU per hr.-sq. £t.-°F,

Cp = specific heat at constant pressure,
' BTU per 1b.-OF,

G = mass velocity, 1lb. per hr.-sq. .f%.

D'o= outside diameter of tube, inches.
Using this equation for a mass velocity of 1350 1b. per
hr.-sq. £ft. (approximately the lowest flow tested) a val-
une of hy = 6.38 BIU per hr.-sq. ft.-°F is obtained. The
Handbook states that this 1s an approximation.

To predict how much the transfer of heat will be in-

creased by the addition of fins to the tube the author

lionel s, Marks, Mechanical Engineers' Handbook,
(New York, 19%1), p. 398,
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chose to use the method deseribed by Murray.2 The tube
tested was a2 5/8 in. 0.D. cupro-nickel tube having nine
spirally wound fins per inch approximately 0.013 in. in

thickness with an outside diameter of 1 3/8 in. Then

E = 6.38 BTU per hr.-sq. ft.-OF

k = 15 BTU per hr.-sq. ft.-OF per ft.d
ro= 0.3125 in. (% tube diameter)

R = 0,6875 in, (% fin outside diameter)
y = 0.0065 in. (% thickness of fin)

B _ 6,38 - 0.0 : o—l
k T 15 x 12 in. 355 in

0,0
kv VETE?%? - 2,3% in,~

mry = 0.73 mR = 1.605

From Figure II-1, p. 5, and using these values for (mrp)

and (mR)

& = 1.02

and the fin effectiveness will bs

1= == 5y

5 0355 X 2.3% x 1,02 = 67,3

That is, the effect of the fin 1s to increase the heat

transfer through that area upon which it stands 67.3 times,

2Williem M. Murray, p. A-80.
3Lionel S. Marks, p. 392.
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» There are nine fins per inech or 108 fins per foot of
tube. The fins cover 0.013 inches per fin or 1.40% inches
per foot of tube. Therefore, the total heat transfer per

foot of length will be increased

)
[%4%gi x 67.3] + ;Qigﬂé = 8.75 times

and the film coefficient would then becomé
8.75 x 6.38 = 55,8 BTU per hr.-sq. £t, - OF

Murray points out here that there are two possible
reasons for this value of the coefficisent not being real-
ized in practice. First, the addition of fins might se-
riously change the temperature distribution around the
tube which is quite likely if the temperature differencs
ls very great. Second, the fin spacing may affect the
fluid flow around the tube and thereby lowering the film
coefficient. "For tubes in slowly moving air, investl-~
gations carried on in Germany lead one to believe that
the addition of the fins has very little influence on the
temperature distribution but that the fin spacing is of
great importance,"l+ Exactly what 1s meant by "slowly
moving air" is not explained but it is likely that as the

alr velocity i1s increased the effect of fin spacing would

n
William M. Murray, p. A-80.
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become less because the thickneés of the boundary layer
would decrease allowling less intérference of the air flow-
ing over adjacent fins.i The comparison between theory and
experimental data ls in falr agreement until the distance
between the fins is about one third the diameter of the
tube where the difference between measured and computed
heat transfer is about 12 per cent. The finned tube tested
had a fin spacing of slightly less than one sixth the di-
ameter of the tube. Therefore, it was expected that the
measured film coefflcient would depart from the calculated

value by a considerable amount.



CHAPTER IV
DESCRIPTION OF TEST APPARATUS AND EQUIPMENT

”The various parts of the test apparatus are shown di-
agramatically in Figures.IVéi,jIV;2 and IvV-3,

The alr duct consists of two principal sections - one
of rectanguiar cross section measuring 5 in., x 1% in, which
includes the test section and the other a circular pipé 6
in. nominal dlameter which includes the air metering ori-
flca.

Air is forced through the duct by a centrifugal fan,
The rating of the fan 1ls unknown, but the deslred rate of
flow 1s obtained by changing the pulley arrangement which
increased the speed of the fan from 750 rpm to 1100 rpm.
The fan is powered by a Lincoln Line-Weld induction motor
rated at 2 H.P. at 3460 rpm.

Alr enters the duct through a converging transition
section, Following the entrance, the alr passes through
a straightening section formed by filling the section with
1l in. tubes., ©Small sheet metal trim tabs are attached to
the ends of some of the tubes to allow for adjustment of
the flow to obtaln an essentially uniform velocity distri-
bution across the test section.

Next, the alr passes into a turbulence section. Eight

inches from the end of this section ars locatsed sevsn holes

13
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for ghecking the velocity distribution. These holes ars
spaced 2 In. on centers and 1 in, from each edge in a
straight line across the duct. The veloclty check was

made with an Anemotherm probe, Serial Number 1987,

Fan & Straightening Test letering
Motor Ksubes Section Crifice

\

/}1

i

fransition Anamotherm Transition Butterfly
to 5in.x 14in, Probe Holes to 6in., Pipe Valve

Figure IV-1l, Plan'of Test Duct

After the test section the alr passes through a tran-
sition piece from a rectangular cross section to a & in,
diameter pipe. In this pipe i1s located the metering ori-
fice with flange taps. The orifice was made and installed

in sccordance with the specifications of IThe Orifice Meter.,Lt

Inclined water manomaters are used to measure the static
and differential pressures at the orifice. Following the
metering section is a butterfly wvalve used to vary the flow

rate.

IThe Orifice Meter, (Pittsburg, Pennsylvania, 1946),




‘The tube tested was a 5/8 in. 0.D:y 1/2 In, I.D.,
dupro;nickel tubé wiﬁh 9 helically-wound fins per in. The
fins are 3/8 in. high and approximately 0.013 in. thick.
The tube was manufactured by and supplied through the cour-

tesy of the Condenser Service and Engineering Company.

o9 8 6 3 2 |

75

| 4 l 5 on bhack, 7 on front.
o 7l
: i i Longitudinal spacing:

b N 1
| Ho 1-2, 2-3, 3-6, 6-8

~y STy ? 9

L. . ’8-9, 9-10% 2-5/16 in,

_
|

*-5, 56, 6-7: 3/8 in,
Duct, lounts &
Insulation

Flgurs IV-?. Thermocouple Locations

The tube 1s mounted straight across the width of the
test sectlon. Referring to Figure IV-2, 10 .thermocouples.
are placed alcng the surface of the tube. Seven of these
are located on the top of the tube. The other 3 are placed
1 each on the front, back, and bottom of the tubs. It is
intended for this to provide a means of obtaining an ace
curate average tube-surface temperature. The exposed ends
of the tube are covered with 5 in., squares of 2 in. thick
glass wool insulation.

The thermocouples are single junction type made from

Leeds and Northrup, No, 30 B, and S, gage, iron-constantan
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wire. The junctions are made by an electrowalding process
under oil which forms a clean, unoxidized bead approximate-
ly 1/32 in., in diameter. The thermocouples are attached to
the tube by making a slight saw-cut on the tube surface and
placing the junctlon bead down in the cut. The junction Is
then covered with an iron compound cement. The wire is
wrapped around the tube about a turn in order to prevent a
temperature gradient away from the Jjunction.

The cold junction temperature is maintained at 32°F
by submerging it in an ice and water filled thermos bhottle”
along with a calibrated standard thermometer,

A schematic diagram of the electric heater circult

and the thermocouple circuit is shown in Figure IV-3., All
thermocouple leads are brought into an insulated selector
switch box and are connected from there by copper leads to
the potentiometer, The potentiometer is a Rublcon, Type
B, Serial Number 77183, with a range of 16 millivolts.
The smallest division is 5 microvolts and readings may be
estimated to + 1 microvolt: (0.0285°F), The standard cell
used to balance the circuit is an Epply Standard Cell,
Serial Number 563748, and the galvanometer is a Leeds and
Northrup, Serial Number 1108927, with a sensitivity of
0,45 microvolts per millimeter.

The heater in the tube 1s a Chromalox TI 2045, 635

watt, 120 volt, element 13% in. long. A Varitrans Model
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V-1 transformer 1s used to hold the line voltage constant

at 110 V’" A General‘Electric Portable Induction Test

Meter, Type IB-6, Number 9290225, is used to measure the

power input to the heatesr.

Heatej;7

e

{—?i

"

Portahle
Induection
Tast Meter

)
[ |
110 v |©

I—

H0 A
Transformer

Figure IV-3.

Stands rd
Cell

L]

sone Box

Salector

Switch
Galvanometer

o

—:%i:
_l;T%

v

3

1

Tce
Bath

9eC

Potentiometear

Heater and Thermocouple Circults



CHAPTER V
TEST PROCEDUERE

The transformer and portable test meter were placed
in the heater circuit and the potentiometer circult was
completed as shown in Figure IV-3., The thermocouple cold
junction was checked to insure that the temperature of
the ice point was 320F., The centrifugal fan was then
turned on and the butterfly valve adjusted to obtain ths
desired flow. The accuracy of the watt-hour test meter
was assured only 1f the input voltage did not vary from
110 volts by more than 4+ 5 volts. Therefore, the trans-
former was adjusted to 110 volts in all tests. A check
was made on two or three thermocouples until equilibrium
conditions were reached. The test was then begun. The
duration of each test was arbitrarily set at 20 minutes,
Readings of the manometers were taken at O, 10, and 20
minutes. Since it was impossible to read all thermo-
couples at the same time, the readings were taken in
numbered order as quickly as possible at 0, 10, and 20
minutes., The watt-hour meter was read at the start and
at the end of 20 minutes as timed by a stop watch. The
range of the test meter and the multiplying constant for
that range were recorded. The wet and dry bulb tempera-

tures were taken from thermometers located near the inlet

18
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to the fan and at the same elevation;

In all, 1 test was made at each of 7 rates of test
section face velocity which were approximately 100 feet
per minute intervals from 300 to 900 feet per minute in-

clusive.,



CHAPTER VI
SAMPLE CALCULATIONS AND RESULTS

All calculations are made using data from Test 1,
Table 1. 7
Face Velocity
A1l orifice coefficients and factors are taken from

The Orifice Meter.rt

Dy = 6 in, = Line size = 6,065 in, actual I.D,
Do = 4 in, = Orifice size
Meter esquipped with flange taps using upstream
static pressure connection.
T = 9O0°F approximately
P — 0.645 ft.égg% # 14,7 = 3.46 in, water + 14.7 =
14,825 psia,
Py = 1%.825 psia
Ty = 85°F (Ambient air temperature)
hy = 0.1% ft. at‘f§j3 = 0.407 in. water
B = %% = 0,66
Qp = C' hWPf
C'= Fp x Fp x ¥1 x Fpy x Fgp X Fgr x Fg x Fpy

Fp = 3711,k

1The Orifice Meter, pp. 44-80.

20
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For thf = \/6.03 =2.)+6 -
Fpr = 1.0217 (extrapolated)

Tor 8w — 0,407
For W — Y, .. = 0,02
Pr 14,825 0.0275

Y, = 0.9998

be = 0,972

Fiyp = 1.0481

Fie = 0.9723

Fp =1

Foy = 1

C' = 37114 x 1.0217 x 0.9998 x 0,972:x.1,0481 x
0.9723 x 1 x 1

C* = 3755

Qp, = 3755 x 2.46 = 9240 cu, ft. per hr,

Face Velocity, V = gugw—ﬁm = 317.5 £t. 'pér.min.,
T

Heat Transfer Araes
The total air-side heat transfer area is the fin ares
(ineluding the fin edge) plus the area of the tube minus

the area of the fin base

At = T(0.D.)L :T.L(.ﬁali.g.&il x % _ 0,191 sq. ft.

2 2 1 .
A — TT(RE- :
f =T (@R~rs7) (14 cos)\)(no‘ of fins)

However, the correction for the fins being hellically
wound is so small (0.07 per cent) that it can be neglected.

The fin area then becomes

Af = O_:L g LtEL.B?S)Z - (o.éz,‘;’)ﬂ(ln X 9) = 1,031 sqg. ft.



&9
N>

Afp =T(0.D.)L(no., of fins) m'EX;Qiggi x Qfglj x

(1%%9) = 0.0224 sq., Tt.

Apg = I Afﬁ - QAéﬁzg 0.0224% = 0.0402
fe To 5318 x 0,C O49

The total air-side area is
Ap = 0.191 + 1,031 4 0,0492 - 0,022k = 1,2488 s3. %,
Average Flowing Alr Temperature Across Tube

The maximum temperature rise will be approximately
4-50F at the lowest flow rate, It is therefore felt that
a sufficlently accurate average temperature would be ob=
tained by adding 2°F to the dry bulb temperature,

T1 = 65 + 2 = 870F

Average Tube—Surface'Temperature

It i1s assumed that any variation of the tempsrature
around the circumference will be a linear variation and
that the temperatures indicated by thermocouples %, 5, 6,
and 7 are typical of the variation at any point along the
tube,

An average of the readings from thermocouples 4, 5,
6, and 7 is found,

7.2754 4 6,7055 ﬁ 7.584%6 + 7.9737 7.3848 mv. aver

aga

This i 7.,5864 - 7,3848 7 i )
This is a > Eagh: —. 2.63% decrease from the

amf indicated by thermocouple 6 located on top of the tube.
Since this variatlon is typical, the readings taken from

thermocouples 1, 2, 3, 6, 8, 9 and 10 are reduced by this



per cent. An average of these 7 adjusted readings is
found

3.5%754+5,8147+6.7090+7,3848+6.8885 +6.7396 +3.775%
5 =

5.8371 mv,

Pinding the temperature corrssponding to 5.8371 mv,
in the lLeeds and Northrup Temperature - smf tables for
iron=-constantan thermocouplss yields an average tubhe=-
surface temperature of

5.8371 mv. = 230.250F = T,

Heat Flow

Number of meter revolutions = 48,7

VMultiplying constant for range used = 3

Time = 20 min. = 1/3 hr.

q = 48,7 x 3 = 146 watt-hours, pér 1/3 hr.

q = 146 x 3.415 x 3 — 1496 BTU per hr,

The heat loss through the insulated ends of the tube
and wooden mounting blocks is estimated to be less than
3 BTU/hr. if the average‘temperature difference hetween
the ambient air and the surface of the wood and exposad
tube is chosen as 75°F, At the extreme this is less than
0.25 per cent and can safely be neglected.

Film Coefficient

g
° = T (Ts = T7)

1496 _ 496
1.2488 (230,25 - 87) — 1.2488 x 1%3.25

i

ho



ho = 8.47 BIU per hr. - sq. ft. - OF,
The results of all 7 tests are tabulated in Table 2
and graphically in Figure VI-1, The test data is tabu-

lated in Table 1.

)



Table l, Test data

25

Date: , 575855 || L5755
Length of Test 20 min 20 min
Dry Bulb Temp. 85017 || 85°T
Wet Bulb Temp. 620F 720w
Static Pressure 0.645 ft. 0,645 £%,
iogle oL itteren s | _—Ts
Differential Pres. 0.1k £t 0.230 ft.
Meter Range | 50 50
Constant 3 3
Revolutions 48.7 55.1
Temperature Measurements
Thermo- start | 10 min | 20 min start 10.min |20 min
couple mv, mv, mv. mv., LMy, MV,
1 3.6565 | 3.6383 | 3.6272 3.6897 | 3,7120 | 3,70%1
2 5.9866 | 5.9726 | 5,9558 || 5,931% | 5.9869 | 5,974k
3 6.9110 | 6.,8727 | 6,8868 6.8503 | 6.9187 | 6,909k
L 7.2968 | 7.2574 | 7.2730 7.2739 | 7.3245 | 7.3256
5 6.7508 | 6.6865 | 6.,6791 6.5972 | 6,6270 | 6.6632
6 7.6320 | 7.5600 | 7.5618 7.6063 | 7.6552 | 7,7271
7 8.0195 | 7.9512 | 7.9505 8,0025 | 8,0075 | 8.1221
8 7.1187 | 7.0568 | 7.0486 || 7,0158 | 7.011% | 7.1137
9 6.9668 | 6.9037 | 6.8942 6.8630| 6.,8776 | 6,9752
10 3.9084% | 3.8948 | 3,8291 3.8602 | 3.8752 | 3,9002
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Test 3 Test U
Date %/23/55 || 4/23/55
Length of Test 20 min 20 min
Dry Bulb Temp. 830w 850F
Wet Bulb Temp. 61°% || 64°F
Static Pressure 0.65 ft. 0.63 ft,
Differential Pres 0.375 %, 0.525 £t
leter Range | 50 50
Constant 3 3
Revolutions L8,k 47,1
Temperature lieasurements
Thermo= start | 10 min | 20 min start 10 min | 20 min
couple mv, mv. mv, mv. mv. mv,
1 3.1433 | 3.1252 [3.1552 || 3.0958 | 3,1174 | 3.1228
2 4.,9018 | %,863% | 4,0168 H.5387 | 4.5897 | 4.5890
3 5.6740 | 5.6586 | 5.7046 || 5.2658 | 5,3263 | 5.3351
4 5.9650 | 5.9570 | 6.0170 5.5243 15,5827 | 5,579k
5 5.3822 | 5.3586 | 5.4226 || %.9457 | %.9991 |4, 9888
6 6,264k | 6,252% | 6,3177 5.813% | 5,8967 | 5,8839
7 ©.6165 | 6,6227 | 6.,6473 6.1532 | 6.1800 | 6.2260
8 5.6913 | 5,7018 | 5,7113 5.261% | 5,2218 | 5,2992
9 5.5743 | 5.5888 | 5.5902 5.1686 | 5,1651 | 5,2307
10 3.2280 | 3,2081 [ 3.2132 3.1069 | 3,1029 | 3,1243
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Test 6

Date k/23/55 || 4/23/55

Length of Test 20 ﬁin 20 min

Dry Bulb Temp. 850 870w

Wet Bulb Termp. 64CF || 65°F

Angle of Static 6 Aﬁf:]é
Manometer (2 12

Static Pressure 0.61 f%. 0.605 ft,

M e = || =

Differential Pres., 0.73 £t 0.935 f't.

Meter Rangs 50 50
Constant 3 3
Revolutions 46.9 45,3

Temperature Measurements

Thermo- start | 10 min | 20 min start 10 min |20 min

couple mv. mv, mv. mv, mv., mv, .
1 3.0050 | 3,000% | 3,002% 2,8886 | 2,9082 |2,9127
2 4,3068 | %,3079 [ 4,305k 4.0363 | 4,0567 |4.,0355
3 bo9947 | %.9982 | %,9970 || 4.6678 | 4,6956  4.6731
L 5.2452 | 5,2426 | 5,2362 || %,8989 | 4,9155 |4,8888
5 4.6653 | 4,6630 | 4,6608 h.3466 | 4.3698 [4,3523
6 5.5170 | 5.5157 | 5.5183 5.1716 | 5.1830 |5.1579

| 7 5.8504 | 5.8455 | 5,8364 5.4686 | 5.4976 | 5,4689
8 %,9376 | 14,9390 | %,9359 || %.6015 | 4.6252 |4,6128
9 14,8371 | 4.8406 | 4.8286 || 4.5175 | 4.548% |4.5000
10 - 2,9672 12,9690 | 2,9710 2.8656 | 2,8695 | 2,8781




Test

Date ﬁ/23/52
Length‘qf Test 20 min '
Dry Bulb Temp. 880w
Wet Bulb Temp. 66°F

Angle of Static
lManometer

¢ ,

=

Static Praessure

0,585 ft,

Angle of Diffsren-
tial Manometer

3
12

1.220 f%.

Differential Pres.

Maeter Rangs 50
Constant 3
Revolutions 45.3

Temperature lMeasuremsnts

Thermo=- start | 10 min | 20 nmin
coupls mv. mv.
1 2,8300 | 2.8260 | 2.8325
2 3.8317 | 3.8308 | 3,8292
3 bol3sh | bbbkl |4, koo2
L 4,6397 | 4.6512 | 4,5312
5 L,1151 | %,1233 | %,0917
6 | %.8878 |u,0051 |u.8641
7 5.1806 | 5,2015 | 5,1535
g %.3387 | 4,3570 | k.3196
9 h.2722 | 4,3038 | k,2515
10 2.77%7 | 2.7900 | 2,7612




Table 2. Test Results
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BTU/hr.-sq.ft. ~OF

Test 1|Test 2|Test 3|Test li|Test 5|Test 6|Test 7
V, Tace Velocity o o
’ feet/min, ? 317.5 |Lo3 £13 60l 710 835 922
fos Zﬁ:if SR |1.2480|1.2488)1.2466(1.2185| 1,248 1,286 (1,288
T1, Average Air ! , o
’ Temp.bOF 87 87 85 87 87 d9 90
Average indi- - | , P
catedbemf, — 548371 |5.6792 | L.7689 |1.621i3 [ 4,2162 |3,5989 |3,6332
Ty, Average tube- .
’ surface temp.OF 230425225 195 190.3 |176.3 |167.7 |156.L
Heat transferred L,
Y R, oo |1h96 (1693 |1MG7 [1WMS  |1Wk2 1390 (1390
ho, outside film
coefficient, 8.47 (9484 |10.83 |11.23 |12.9L |1k.1k |16.81
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CHAPTER VII
INTERPRETATION OF RESULTS

) The rasults of this series of tgsts were largely as
expected. There were no major deviations from the general
pattern of plotted results.

The value of the film coefficient rose steadlily with
increasing face velocities, It should be observed, however,
that the measured film coefficient differed markedly from
that calculated using Murray's method.l This was as ex-
pected for three reasons: (1) the fin spacing was much
less than 1/3 of the outside tube diameter at which point
Murray states that the error is about 12 per cents; (2)
the measured temperature was the tube-surface temperature
betwesn the fins and it is highly probable that the tem-
perature at the base of the fin was lower than the temper-
ature between the fins, possibly quite a bit lowerj; and
(3) the fin arrangement used in Murray's derivations was
for annular fins while those on the tube tested were he-
lically wound which probably interfered somewhat with the
air flow around the tube. All three of these would tend
to reduce the film coefficilent with the third probably

having the least effect.

lSee page 11,
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An examination of the test data indicates that ths
temperature varied considerably along the length of the
tube, The two extreme low temperatures at the ends of
the tube were low because the heater was only 13% in.
long, therefore, leaving 4 in, unheated tube at each end,
The heat flow from the inside of the tube then would have
a tendency to flow from the center of the tube toward the
ends which would result in the higher temperaturss beling
at the middle of the tube.

Again referring to the data, 1t can be seen that the
temperatures varied quite a bit during the tests, Some
varied around an average while some either constantly in-
creased or decreased. It is belleved that this was caused
by the varying velocity distribution across the duct. The
velocity distribution was checked with an Anemotherm pre-
vious to the tests. Although the velocity at each point
was varying constantly, the distribution across the duct
was falrly even, the maximum variance being about 30 fpm
at the lowest flow.,

It i1s felt that the method used for obtaining the av-
erage tube-surface temperature was as accurate as possible
under the circumstances, The resistance to heat flow of
the tube wall is a very small part of the total resistance,
Therefore, even 1f the thermocouples were not located at
the exact surface of the tube the error in the indicated

temperature would be so small as to be negligible. Ths
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grror was estimated to be=x5 per cent due to the probabil-
ity that the temperature variation around the tube and
along the tube was not linear as was assumed in the calcu-
lations. The accuracy of the potentiomeler was guaranteed
+0,015 per cent for the range used which was negligible
in the range of grror being considered here,

Any error involved in the measurement of the energy
input to the tube was due to heat flow through the insi-~
lated ends of the tube and any inaccuracy of the test
meter. The energy loss through the insulation was esti-
mated at less than 0.2 per csent which was considered sa
very liberal allowance. No calibration data was avail-
able for test meter, but since 1t was the standard test
mater for the Cilty of Stillwater the maximum error was
assumed to be X0.5 per cent., The total possibls error
in the measurement of heat flow was then*0,7 per cent.

The accuracy of the flow measuremsnt was dependant
upon the temperature of the flowing alr which was esti-
mated., However, an error as large as 3°F in this esti-
mate would produce an error in the flow measurement of
only 0,27 per cent., The orifice plate was made and in-
stalled in accordance with astablished rules, To he on
the safe side, the total error In the flow measurement
was chosen to be £1,0 per cent.

The estimated accuracy of the tests would bey
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hy, outside film coefficlent
Temperature measurement =x5.0
Heat flow measurement =X0,7

Total =%5.7 per cent
1

O

[

V, average face velocity =+ per cent
This agresd very closely with the curve drawn through the

plotted data in Figure VII-1,



CHAPTEL VIII
SUMMARY AND CONCLUSIONS

N The desirability of accurate design data on the per-
formance of finned tubes has become increasingly important.
The ‘dependability of this heat transfer data is dependent
upon the test method used. The cost of the data iIs depen-
dent upon the simplicity of the test apparatus and test
procedure.

These factors were kept in mind during the establish=
ment of the test method outlined in this thesis. The
method i1s adaptable to alir flows above and below the range
used in these tests. The apparatus is easily fabricated
and the accessory equipment 1s usually avallable to insti-
tutional and industrial laboratories. The test procedure
was very simple and the calculations were as direct as it
is possible to make them.

However, several modifications should be suggested.
It would bhe desirable to have an induced draft air system
to reduce the difficulty in obtaining a uniform velocity
distribution and a more constant velocity at each point
of the test section., This would require a fan of higher
rating than the one used. A centrifugal blower would be
best since they are designed to operate against a higher

static pressure.
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The method of heating the tube 1is limited as the slec-
trical load could become excessive iIf the tests were con-
ducted on a bank of tubes. Condensing steam, If avallable,
provides an adequate source of heat although its use would
complicate the test procedure and calculations. Instrumen-
tation would be more elaborate and costly.

Again, if a bank of tubes was to be tested, the tem-
perature rise of the alr would become significant and a
means of mixing the air after the test section and measur-
ing its temperature would be necessary. This would also
offer a means of obtaining an energy balance which was not
availlable to the test method described.

The test method outlined in this thesis was slmple,
direct, and inexpensive. The results obtained are believed
to have been of sufficient accuracy to make this method

practical and reliable.
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