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ABSTRACT

iv



A unit was constructed for the study of film heat transfer
coefficionts of a heavy fuel o0il in viscous or stresamline flow,
The heat exchanger was of the shell and tube type, having ex-
tonded longltudinal stesel fins welded to the tube., Auxiliary
equipment consisted of an oil pump, oil storage reservoirs,
piping, and means for measurement of temperatures and oil flow
rates,

The unit was operated both as a fin type heat exchanger with
the oll 1in contact with thse finned surfaces, and as a straight
tube and shell exchanger with the oll on the tube silde., 0il
flow rates and tempsratures were varied over a wide range.

The data obtained was calculated by the means of existing
empirical equations, and the results were compared with those of
previous 1investigators and with the proposed correlations by
plotting.

The experimental ly determined film coefficients obtained
on the exchanger when operated as a fin type were found to be in
agreement with the best existing correlastion. Coefficients de-
termined on the straight tube and shell exchanger were found to
be forty per cent higher than the values predicted by this
correlation.

A comparison was drawn between the exchanger as a fin type
and as a shell and tube type. The fin type was found to transfar
approximately four hundred per cent as much heat per unit length
of exchanger as did the straight shell and tube type. It is
belisved that a considerable saving would be effected by the use
of a fin type exchanger in any application of heat transfer in

which one fluid film definitely controllsd the rate of heat

transfer.



INTRODUCTION



This investigation was undertsken for the followlng

purposes:
1. To determine film coefficients of heat transfer for =
heavy fuel oll in viscous flow.
2. To determine film coefficlients of the same ocll when
flowing through a fin-type heat exchanger of tube and
shell construction,
3. To compare with existing correlatlions the data obtained
in this investigation.
4, To draw a comparison between heat exchangers of tube and
shell construction with and without finned surfaces.
The available data on heat transfer to flulds in viscous
flow has been correlated by Colburn (1,2), Sieder and Tate (3),
and McAdams (4); however, no data was avallable which had been
obtained under conditions which gave a high ratio of the fluld
viscosity at the main stream bulk temperature to the fluid vis-
cosity at the tube wall temperature. Alsc, in recent investiga-
tions, Tepe (5), the data obtained were found to lie somewhat above
the correlations of Sieder and Tate (3), and McAdams (4).

In this investigation it was attempted to obtaln high values
of the ratio of the main stream viscosity to the tube wall viscosity,
and of the Graetz (8) number, Wc/kL. The coefficients of heat

transfer which were determined using a tube and shell heat exchanger



with and without finned surfacesl are compared with the theoretical
values predicted by the correlations of McAdams, and of Sieder
and Tate,

A comparison 1s drawn between a straight tube and shell ex-
changer and a tube and shell exchanger of the fin type, based on

the rate of heat transfer per unit length of exchanger.

lThe same eXchanger was used in both cases; however, the extended

fin area becomes effective only if used in contact with a fluid

having relatively low film heat transfer coefficients.
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A general correlation based on anslysis of data on heat
transfer to fluids inside round pipes is the Dittus-~Boeltar (8)
equation:

n

"8

= 0.025 (06)°*% (e )
(") (k)

where n = 0.4 when the fluid 1s being heated, and 0.3 when thse

fluid 1s being cooled.

It has been found that, while this equation satisfactorily
correlates data for high values of the Reynolds number, it fails
to correlate data'on the heating and cooling of hydrocarbon oills
below values of the Reynolds number of 7000, DBetween values of
7000 and the critical value of 2100 the equation of Morris and
Whitman (7) applies:

hD/k =D
¥

cn/k)- e n

where’v'is a function obtained from a plot cof hng)0.4 vs. DG
o A

Colburn and Hougen (2) presented a fundamental equation for

fluids in general flowlng vertically at low velocities:

2 2
h = 0.128ke (ouf) 1/3(kp P B oA tgC )
ke

Ve

The concept of "thermal turbulent" flow was introduced as
the only effective motion of the fluid under conditions of viscous

flow. TUnder such conditions the mean velocity of the fluid is



held to be unimportant; the controlling motlion belng that set up
by natural convectlon due to density differences caused by the
temperature gradient. Since "thermal turbulence" is in reality
natural convection, it 1s controlled by the same veriables, and
the Grashof number becomes effective, The significance of thermal
turbulent flow 1s questionsable when the main stream flow is
horizontal, and the movement of the liquid due to convection is
at right angles to the forced flow,

McAdams (4) demonstrated the effect of a viscosity gradient
set up by the temperaturs gradlent through a cross section of a
fluid flowing in streamline motionl. He concluded that the effect
of this viscosity gradlient could not be ignored in any corrslation
for viscous flow, except under limited conditions of small temp-
erature changes, otc.

Graetz (8) integrated the Fourier-Poisson equation (9) for
radial conduction in a moving liquid, using simplifying assump-

tions® and obtained the relationships:

tz - tl = 1l - 8¢(nl)
Es -0
where ﬂ(nl) represents a convergent infinite serles involving

the relatlonship: kL
4We

lPages (16 & 17)

2Pages (17 - 20)



Introducing the definition of the individual average coefficient
of heat transfer, the heat balance, and the arithmetlc mean
temperature difference, the equation of Graetz becomesl:

EEQ = (_w;__ ) - 8¢(nl
k 7 (kL )(T + 8@(n1))

which represents the theoretical relation based on the parabolic
distribution of mass velocity.

Drew and McAdams (10) proposed the empirical equation:

1/3 1/53
h,D _ (We) (4Wc)
2=~ (XT) - %% (e

which agrees with the theoretical equation of Graetz for values

of We¢  greater than 10.
kL

The experimental data on the heating and cooling of oils
and glycerine, flowing in either horizontal or vertical pipes,
run considerably above the Drew-McAdams equatlon when the fluid
is being heated, and considerably below when being cooled. These
discrepencles were attributed to the lack of a term to allow for
the effect of the radial variation in viscosity.

In developing his method of correlating forced convection
heat transfer dats and fluid friction Colburn (1) concluded that
there 1s no apparent correlatlion between heat transfer and fluld

friction in the viscous region. However, he proposed a general

See FPages
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method of correlating heat transfer data which could be used for
the entire range of bturbulent and viscous flow, based on data

obtained using water, air, and petroleum oil: (2)

E%D- = 1.62 ( (_‘B__)l/s (1 + 0.0152Y3) ) (awe)Y/3
( (7r) ) (kL)
3 2
where Z is the Grashof number: 2 = D R2f gga4t

ﬂfd

Sieder and Tate (3) sought a correlation which would be as
accurste as that of Colburn, but simpler to use. By employing
fluid properties at the main stream temperatures, in contrast to
the film temperature properties used by Colburn, they derived the

simplified equation:

(h.D) (. )0+ 14 (4Wc)1/3 1/3
()7 = nes gEm - Lee ¢ (BRENRNY

noting that for viscous liquids in tubes of ordinary size the

Grashof number 1s small, and: (4)

1/3 1/3 .
1.62 (Ea) / (1 + 0.0152 / ) reduces to 1.86 (Ea) 0.14
(ur) (ny)

The data correlated by the equation of Sieder and Tate
contains few values of the ratio ng/my above 10. It is the
purpose of this investigation to obtain higher viscosity ratios

#McAdams (4) states that the constant 1.62 was incorrectly given

as 1.5 in reference (1).



than those obtalned heretofore, and to compare this data with
the foregolng correlations.

When the thermal resistance on the inside of a metal tube
is much lowsr than that on the outside, as when air is belng heated
by steam condensing in a pipe, external finned surfaces are of
great value 1n materially increasing the rate of heat transfer
per unit length of tube., Considersasble data has been published
for air and gases flowing outside and normal to banks of finned
tubes (4).

No data is avallable, however, on coefficients of heat trans-
fer obtained when longitudinal fins are added to the outer surface
of the tubs in the conventional shell and tube heat exchanger.

It 1s the added purpose of this Investigation to determine

such coefficients and to draw a comparison between the two types

of exchangers,



THEORETICAL
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The basic form of the conduction equation, under steady

state conditions, is written as:

_ KAAL - 5
% = £ Q Eq. (1)

where q = total heat transferred 1in Btu
Q = total heat transferred per unit time, Btu/hr.
6 = time in hours
A = heat transfer area in ft.2
L= ﬁhickness of heat transfer wall in ft,.
At = temperature difference across heat transfsr wall, °p,

k = thermal conductivity of the material of which the wall
is made, Btu/hr. x ££.2 x °p./ft.

The thermal conductivity k is variable with temperature for any
glven substance, and this variation 1s generally linear, corres-

ponding to an equation of the type:
k = a + bt

where a and b are constants and t 1s the temperature.

Consider a quantity of heat @, passing through a wall of
area A and composed of several thicknesses of different materials,
Let the thicknesses of the layers be denoted by 1, Lg, and La,
and their thermal conductivities by k4, ky, and ks respectively.

Iet the temperature drop across the whole wall thickness be denoted

by At, and across each individual thickness by 4ty, At,, and



1z

AtS’ respectively. It is then apparent that

At = Atl + Atz + AtS

Equation (1) can then be written for each of the layers as follows:

Aty = Q X L,/kqA Eq. (2)
Atg = Qp x Lo/koA " Eq. (3)
Atz = Qz x Lz/kzA Eq. (4)
Adding (2), (3), and (4):
Atl + Aty + Aty = L)/ A+ QLKA+ QgL kA
= At Eq. (5)

Since 2ll the heat which passes through the first layer must

pass through the second and third layers also,

Ql = Q2 = Q3 ® Q, and:

Q = At Eq- (6)
L L
1 sz kSA

Denoting Ly/kjA, Lo/kpA, and Lz/kzA as resistances Ry, Ry and

R; respectively, Eq. (6) becomes:

Q = A

Rl + R + R3

Eg. (7)

(3

Ay
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In the above derivation the area A perpendicular to the
direction of the flow of heat remained constant, being a flat
surface; however, 1t 1s obvious that in the case of heat flow
through a curved surface, such as through the wall and lagging
of an insulsted steam pipe the area perpsndicular to the direction
of heat flow becomes increasingly larger as the diameter increases.
In such a case Eq. (6) becomes:

Q = At Eq. (8)

Iy Lo Ly
kA + Kk, + KA,

where 4,, A2 and Az represent the areas of the various thicknesses
respectively.

In any case of heat transfer to or from a fluld through a
wall there 1s a thermal resistance to heat flow, and therefore
a tempe rature drop, across a thin film of the fluld adhering to
the wall., This resistance may be denoted by R; = Ll/klAl;
however, due to physical difficulties in the measurement of the
thickness I and the conductivity k,, these variables are combined

into the film coefficients
hy = Ik/I

where h, has the units Btu/hr. x £t.% x °F.
Considering a tube and shell heat exchanger, with fluid
flowing through the tube and steam condensing outslde the tube,

Eq. (8) would become:

Q = At EQo (9)




where hl =

>
TR

H

Ay =

film coefficient of fluid in tube, Btu/hr.x ft.

inside area of tube, ft.2

thickness of tube wall, ft.

14

2 o)

X

F,

thermal conductivity of tube wall, Btu/hr.xft.<x°F/ft.

mean wall area
mean of inner and outer wall areasl
steam film coefficient, Btu/hr.xft. x°F.

outside area of tube, ft.2

Since the values of the film coefficlents cannot be con-

veniently determined directly from experimental data, it is

customary to define an overall heat transfer coefficient U, on

the basis of

a definite arsa., For example, if Al 1s chosen,

Eq. (9) becomes (multiplying numerator and denominator of the

right hand side by 4;):

Ay Ot -

Q = “q.
1 AqL A
—_ o+ + A3
hy 3§§k g
Defining Uy as: U, = 1 Eq.
1o+ AL 4+ A
h, av Asfg
it can be seen that Q = UlAlAt Eq.

which is the

general mathematical expression for the flow of

heat from one medium to another.

1

Agy = (A1 + Ag) /2 may be used,
logarithmic mean:
s Ag - Ay

by = 8”74
2‘31°gKI

(10)

(11)

(12)

When the value of Ag/A; does not exceed 2, the arithmetic mean
For values of Ag/A] > 2 use the

McAdams (4)



It is clear that other overall coefficlents U,y, Ug, etc.,
could be obtained on the bgsis of other areas,

In the case of thin walled tubes of large diameter, where
the inner area, outer ares, and mean wall area ae all very nearly
equal, it is permissible to use a common value for A as this
will introduce a negligible srror into the result., In such a

case the resistance equation becomes:

In any case of heat transfer to a fluld there are several
variables which must be included in an squation which would
predict the values of the film coefficient. These variables ars
fluid velocity, its viscosity, thermal conductivity, specific
heat, density, plpe diameter, and others in some cases. The only
satisfactory means yet found of arranging these variables into
useful form is that of dimensional analysis. The following di-

mensionless groups are of particular importance:

Nusselt Number hD/k

Reynolds Number DG/n

Prandtl Number cn/k
S 2
Grashof Number D°B/RA tg/n
where h = film coefficient of heat transfer, Btu/hr.xft.zx p,
D = pipe diameter, ft,
k¥ = thermal conductivity of fluid, Btu/hr.xft.%x°F./ft.
G = mass velocity of fluid, 1b./ft.Zxhr,

15
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= fluid viscosity, 1b./hr.x ft.

¢ = speclific heat of fluid at constant pressurs, Btu/lb.on.
© = fluid density, 1b./ft.°

B = coefficient of thermal expansion, 1/°F.

At = temperature difference,oF.

In the correlation of heat transfar data the asbove dimension-

less groups usually occur in the form: (11)
hD/k = K(De/m)® (au/k)® (0%P2 A tg/m?)°

where K, a, b, and ¢ are experimentally determined constants.
The correlation may then be established by plotting the experimental
data In various ways to obtaln the proper relationship between the
groups.

In the case of & viscous fluld flowlng through a long pipe,
McAdams {4) demonstrates the effect of a viscosity gradisnt in
the fluld cross section, corresponding to the temperaturs gradient
across the fluid cross section.

When a fluld is flowing at a constant rate through a long
pipe under lsothermal conditions and in viscous or streamline
flow, a parabolic velocity gradlent 1s set up over any cross section,
with maximum velocity at the axls and zero velocity at the wall,

This condition 1s shown by curve AA in Fig. 1.

If the fluld now enters a section of plpe jacketsd by steam
condensing at constant temperature, a temperature gradient is set
up, the temperature ét the wall being high and that at the axls

being low. Since the viscosity of a liguid falls with rise in
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temperature a viscosity gradlent 1s established, with low viscosity
at the wall and high viscosity at the axis. As a result, the
layers of liquid near the wall will flow faster than they did in
the unheated section of plipe. Since total flow ramains the same
some of the liquid from the center of the pipe must flow toward

the wall to maintain the increased wvsloclty of the layers near

the wall, The heating of the liguld therefore develops a radlal
component of the velocity which distorts the parabola to curve BB
in Fig. I.

If the liquid were cooled a radial flow in the opposite
direction would be developed, agaln distorting the parabola to
the shape of curvse CC, Fig. I.

If density changse is appreciable with temperature other
disturbances may occur, although, as pointed out beforel, these
disturbances would probably be negligible in horizontal flow,

It ecan bs concluded from the above presentation that theo-
retical equations which ignore the distortion of the parabola
cannot be expected to & ply except in cases where temperaturs
differences are small or fluid properties vary only slightly with
temperature,

Graetz (8) integrated the Fouriler-Polsson squation (9) for
radial conduction in a moving liquid, using the following con-
ditions and assumptions:

l. Fluld of specific heat ¢ and thermal conductivity k
enters at temperature t,, and is heated or cooled

without chénge in phase.

1Page 6
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2. Fluld is flowing inside a plpe having a hesated or
cooled length L, the flow belng at constant mass
rate 1n undlistorted laminar motion.

5. Since the flow 1s assumed to be laminar in character,
the distribution of local mass valocity over any
cross section is parabolic, with zero wall velocity
and maximum axis velocity (curve AA in Fig. 1).

4, Heat 1is assumed to be transferred by radlal con=-
duction only, with the thermal conductivity of the
fluld remaining uniform. The temperature of the
wall surface tg 1s assumed to be uniform.

The relation obtalned by the integration is:

ty - ty ,
m = 1 - 8¢(nl) ®qg. (15)
where §(n;) = 0.10238e - 14.6272n) , 0,01220e -89.22n3
+ 00002376 -212n1 + 4 8 0 6 0 0 ¢ 0 PP 2H
and nq = yrkL/4We
The indlvidual average coefficient of heat transfer can
be dsfined by:
h, = A/AAt
= (We)(ts - t9)/(#DL)(tg - t),
Multiplying through by 1/k and rearranging terms glves:
hD/k = 1/ (Wo/xr) (%2 - %) Eq. (14)

(Es"' E )m

The average h may be based upon any type of mean temperaturs
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desired. McAdams (4) recommends the use of the arithmetic mean

of the terminal values for design purposes:

(tg - t)y = (Bs - 1) : (tg - t2)  =q. (15)

Equations (13), (14), and (15) may be combined as follows:
tp = £ = (tg - t7)(1 - 8 (nq) )

Il

h,D/k

wa /wt) (Bg = B3)(1 - 8@(ny)
1/ (We/XL) (t: AENEETS
2

£7)(1 - 88 (n))
t17'+ (ts - tg )

(tg
2/ (We/KL) (%

tg - t3 = (tg - t1) - 8f(ny)(tg - t3)
bty - £ - tg + £ = - 8f(ny) (tg = tq)
(65 - t2) = 8f(ny)(tg - %)

1 (t l)(l 8¢(n1))
h, D/k 2/ (We/%L) (E::::25711 P )

= 2/y (Wc/XL) (i ; g¢§gi%g Eq. (16)

which represents the theoretical relation based on the parabolic
distribution of the mass velocity. (curve AB in Fig. 2)
In the special limiting case when the fluid 1s heated nearly

to the constant temperature of the wall, t, = tg,

(tg - t), = (g - t1)/2 = (to - t31)/2
(tg - t1) = (tg - t7) , and

1 - 8p(ny)

0 = - 8¢(n1)

1
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Then Eq. (16) reduces to:
h,D/k = 2Wc/7 kL

which 1s the equatlon of the asymptote AE in FPig. 2. With con-
stant surface temperature tg, no rellable value of hoK/k can
lie above thls asymptote.

The emplrical eguation proposed by Drew and McAdams corres-
ponds to the theoretical equation (Eq. 16) for values of We/kL
above 10 (see Fig, 2):

/3

1/3 1 1
h,D/k = 1.75(We/kL) = 1.62(4We/7 kL)

The development of the equation of Sieder and Tate (3) is
covered in the previous section.l
The theory applised to the fin type heat exchanger is similar
to that of the stralight tube and shall exchanger with the follow-
ing exceptionss
1. A hydraulic radius, based upon some method of
evaluation, must be used in the determination of the
equivalent pipe dlameter.
2. The temperature of the fins is not equal to the
tube wall temperature.
5._ There 1s a large difference between the area of the
steam side (inner tube area) and the fluild side
(outer bare tube area plus fin area).
There are several methods of evaluating the equivalent dia-
meter. The equivalent diameter is esqual to four times the hy-

drsulic radivs, m. The hydraulic radius (11l) is defined as the

1Pages (8-9)
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ratio of the cross sectional area to the wetted perimeter,

In this investigation the evaluatlion of m was made on two
saparate bases to determine which value was applicable undsr the
conditions involved:

1. Considering one channel of the annulus alone (cross
secional area bounded by the two walls of the annulus and two
adjacent fins).

a. Using total wetted perimeter.
b. Using only that portion of the wetted perimeter
which transfers heat,

2. Considering the total annulus and ignoring the fin area,

a. Using total wetted perimeter.
b. Using only that portion of the wetted perimeter
which transfers heat.

McAdams (4) recommends the use of the total wetted perimeter
in the calculation of fluid flow problsms, and the use of only
that portion of the wetted perimeter which transfers heat in the
calculation of heat transfer data,

The values of the equivalent dlameter obtalned from calcula-
tion of the hydraulic radius by methods (la) and (1lb) were found to
be too low as evidenced by abnormally low values of the Reynolds
number DG/u, and of the Nusselt number haD/k. Evaluation of the
hydraulic radius by method (2b) gave abnormally high values of the
Reynolds number. The method of (2a) was used in the calculation
of the results of this investigatlion as 1t gave reasonable values
of both DG/u and hgD/k.

McAdams (4) presents a method for predicting the temperature
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drop through bar fins from equations obtalned by the integration
of the conduction equation (4).

For finite fins of constant cross section S and perimeter b,
having surface temperature t,, exposed to surroundings at t,, a
heat balance gives:

2
~ka®t,/ax° = hbax(ty - t.),

a

neglecting radial gradient in temperature, Integration gives:

(Ot)x/( At)g
and (At)m/(At)O

cosh a(xg - x)/cosh axg

tanh axp/axe

where cosh and tanh represent the hyperbolic cosines and tangents,

respectively:’
coshy = (e +e7¥)/2 ; tanh y = (o3 - e~¥)/(e7 + o7¥)
and e = 2.718.
0.5
The term a is defined as: a = (hb/kS) H

exposed perimeter of the fin

= film heat transfer coefficient of the fluid

thermal conductivity of ths fin

w K F U©
]

= cross sectional area of the fin
xp = total length of the fin from its base
x = distance from base of fin
(4t), = temperature difference between the surrounding
fluid and the base of the fin
(At), = temperature dlfference between the surrounding
fluid and the fin at distance x from the base
(At)m = mean tempesrature difference between the

surrounding fluid and the entire fin.
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In this investigation the calculated values of the hesat
transfer coefficisnt h are corrected for the drop in temperature
along the fins by the above method.

The same heat exchanger was used throughout in obtaining the
experimental data presented in this thesis; however, in those
experimental runs which were made for a straight tube and shell
heat exchanger the flows of steam and oil were interchanged, the
steam being placed in contact with the finned surface. Since the
controlling thermal resistance was, 1n all cases,the oil film,
the presencse of the extended fin area on the steam side had no
effect upon the overall heat transfer coefficlent, and the ex-

changer could be considered to be of the stralght tube and shell

type.



EXPERIMENTAL
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APPARATUS

The experimental apparatus used in this investigation con-
sisted of a shell and tube fin type heat exchanger, and aux-
iliary equipment. Two methods of operation were employed, using
a heavy grade of industrial fuel oll as the experimental fluid:

1. 01l was passed through the tube and steam was intro-
duced into the shell of the exchanger.

2, 0il was passed through the shell and steam was intro-
duced into the tube of the exchanger.

In each of the methods of operation outlined above, the
steam temperature, and the inlet and outlet o0il temperatures were
determined with thermometers, and the rate of o0il flow was deter-
mined by welghing the amount of o0il collected in a tared con-
tainer over a given timed period.

The pressure of the steam was indicated by a gage, and used
as a gulde in maintaining constant pressure and therefore constant
steam temperature. The pressure was not recorded, and steam gual-
ity was not determined, as 1t was not desired to run a check heat
balancé on the exchangsr,

Two 550 gallon storage tanks were used as oll reservoirs with
provisions for pumping to or from either tank. A rotary gear pump
was used to provide oll circulation, and a by-pass across the
pump discharge provided control of the rate of oill flow through
the exchanger. Quick-opening valves on the return line to the
reservoirs permitted instantaneous change of direction of flow
from the return linse iInto the tarsd weighing contalner at the

beginning of a timed period, and from the container to the receiv-



27

ing tank at the end of the times period. Times were determined

with a one-second interval timer,

The arrangement of the apparatus is 1llustrated in Fig, 3,

with the iIndividual parts being described in detail in the follow-

ing section.
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HEAT EXCHANGER

The heat exchanger employed in this investigation was sup-
plied by the Henry Vogt Machine Co., of Louisville, Ky. (Fig. 4).
It is of the shell and tube type, contalining a single #13 gage
stesl tube with an outside diameter of one inch, and a length of
approximately seven feet, The tube has twenty longltudinal
stesl fins spot welded to its outer surface, the fins belng
one-half inch high and thirteen one-hundredths of an inch in
thickness, and approximately six feet in length. The outer extrem-
ity of each fin is in contact with the inner wall of the shell.

The shell 1is constructed of two-inch standard steel pipe,
flanged at both ends, and fitted with standard one-inch couplings
near 2ach end at the bottom for introduction of steam and re-
moval of condensate. A three-sighths inch standard coupling
walded into the top of the shell near the exit end provides for
the removal of air from the shell when starting the period of
operation, The shell was not insulated.

There was no provision on the exchanger for the attachment
of a steam gage or thermometer well for determination of steam
temperatures and pressures., These values were measured on the
shell of an adjacent seven-tube shell and tube exchanger which
was connected in parallel with the steam and oil lines of the
exchanger used 1In this 1lnvestigation, the seven-~tube exchanger
being provided with a pressure gage and shell thermometer well.
During the operation of the test exchanger the steam and conden-

sate lines from the parallel exchanger were left open for the
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determination of steam temperature and pressurse.

In the operation of the unit as a fin type exchanger, the
01l and steam lines were Ilnterchanged, allowing the oil to pass
through the shell in contact with the finned surfaces of the tube,
and the stsam to be introduced into the tubse at one end, with

provisisons feor alr venting and condensate removal at the exit end.

Mixing Chambers:

To assure thorough mixing of the oil before determination
of the lnlet and exlt temperatures two cylindrical perforated
plate mixing chambers were used. These chambers were constructed
and installed by Tepe (5), and a complete description of their
construction together with blueprints can be obtained from this
thesls, Mlixing was effected by turbulence caused by the oll flowing
through staggered holes of various sizes in a series of perforated

plates.

Thermometer Wellss:

Thermometer Wells for the determination of inlet and outlet
oll temperatures were constructed and installed by Tepe (5). ZEach
well consisted of a one-quarter inch copper tube closed by sweating
at one end and of sufficlent length to reach into the main stream
of the oil without touching the pipe wall. Each of these tubes
was brazed Into a one-inch standard iron pipe plug. The plugs
were screwed into tees at the points at which it was desired to

take the oll temperatures.
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Thermometer wells were filled with cottenseed oil. One-fifth
degree Fahrenhelt thermometers were used for the determination

of o0il and steam temps ratures.
AUXILIARY BQUIPMENT

Pump:

The pump employed feor the circulation of the fuel oll
through the heat sxchanger is a rotary gear pump, manufactured
by the Viking Pump Company, of Cedar Falls, Iowa., It is Type BL,

with two-inch suction and discharge openings,

Motor:

The o0il pump was driven by a Westinghouse twec hundred and
twenty volt three phase five horsepower seventeen hundred and
fifty revolutions per minute squirrel cage induction motor. The
speed of pump rotation was rseduced to one hundred and seventy-
five revolutions per minute using 2 1line shaft with intermediate
pulleys of twenty-five and five inch diameters. The motor pulley
was slx inches in diameter and the pump pulley twelve 1lnches in
diameter.

In order to reduce the pressure drop between the reservolrs
and the suction side of the pump, the pump and motor were removed
from their existing location on the operating floor and installed
in the basement of the laboratory. Since the operating floor is
one story above the reservoirs and the basement one-half story
below them, this change provided a constant head upon the inlet

gide of the pump, thus increasing the capaclty.
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Resarvoirs:

The reservoirs consisted of two flve hundred and fifty
gallon underground gasoline storage tanks supplied by the
Standard 011 Company of Kentucky. During operation of the
heat exchanger cil was pumped from one tank through the heat
exchanger into the other tank., The feed and return llines were
connected to both tanks so that direction of flow could be re-

versed at will.
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The following procedure was used in making each experimental
run on the heat exchanger:

1. 0il lines were checked

a. To assure correct flow of oil from and to the
reservoirs,

b. To make sure that all valves on the discharge side
of the pump, including the bypass across the pump
discharge and suction lines, were wlde open, If
the pump were started with the discharge line closed
the 01l line would be broken as the pump is of the
positive displacement typse.

2., BSteam lines wers checked

a., All vents were opened and the condensate drained
from the lines,

b. Steam was introduced into the shell of the
exchanger and vented to the atmosphere for several
minutes to assure removal of air from the shell of
the sxchanger.

¢c. Vents were then closed and the steam pressure was
adjusted to the desired valve.

3., Pump was started and the oil flow rate was adjusted to
the desired value by regulation of the pump bypass. Maximum oil
flow was obtained by completely closing the bypass.

4, Thermometsers were then inserted into the wells for
measuring the steam temperature, and the inlet and outlet oll
temperatures.,

5. The exchanger was allowed to operate for approximately
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one-half hour to attaln equilibrium conditions. During this time
temp eratures and steam pressure were noted.

6. When inlet and outlet oil temperatures, steam temperature
and steam pressure became constant, the timed test period was
started. Readings of inlet and outlet o0il temperatures, and of
steam temperatures, were taken at five minute intervals. OSteam
pressure was maintained at a constant value. 0Ll rates of flow
were determined in most of the runs ten minutes and thirty-five
minutes after the start of the run. 1In a few cases where it be-
came apparent that equilibrium had not been reached at the beginning
of the run, the length of the run was extended to one hour's time
and a third oll rate was taken fifty minutes after the starting
time.

7. At the completion of the run the thermometers werse
removed from the wells, the pump was shut down, the steam was shut

off, and all vents were opened to the atmosphere.
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Before the experimsental dats obtained could be converted to
useful form, 1t was necessary to determine the variation of the
physical properties of the o0il with change in temperature. In-
formation on the variation of these properties was obtalned from
the thesis of Tepe (5), who determined them experimentally or from
reliable sources,

In order to simplify the calculatlons of the experimentsl
runs made on the heat exchanger, values of the oll viscosity in
English units, 1lb/ft.x hr.,, were calculated and plotted vs. temp-
erature in Fig. (6). The values in terms of Saybolt Seconds were
read from Fig. 5 (5) at 20°F. intervals. Values of the specific
gravity of the oll in gm./cc. were read at the same temperature
intervals from Fig. (5), which was replotted from Fig. 8 (5).
Conversicn to the English units was effected by the method of

McAdams (4):

n'/P = A6 - B/®

where n' = viscosity in polses
/ = density in gm./c.c.
e = time of efflux in Saybolt Seconds
A = constant 00,0022
B = constant 1.8

The value of ! obtained in poises may be converted to .,
1b./ft.x hr.,, by multiplying by 100 to obtain centipoises and by
the constant 2.42 to obtain 1b./ft.x hr., (11)
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The values of the oil viscosity in 1b./ft. x hr. units were
determined as in Table I and pletted vs. temperature in Fig. (6).

Values of the specific heats of the oil at various temp-
eratures were replotted in Fig. (7) from Fig. 6 (5).

Values of the thermal conductivity of the o0il at various

temperatures were replotted in Plg. (8) from Fig. 7 (5).
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TABLIE T

COMPUTATION OF VALUES FOR VISCOSITY VS. TEMPERATURE CURVE

Assumed 0il Density 01l Viscosity 011 Viscosity
0il
Temp.
t Ve e a = (0.00220-1.8/0)
x (242,2)
°F, Gm. /cc. Seybolt Seconds  1b./ft.xhr.
90 0.9925 1240 655
110 0.9860 580 304
130 0.9795 310 160.3
150 0.9730 182 91.7
170 0.9675 118 57.2
190 0.9610 84,0 38,0
210 0.9545 65.0 26,7
230 0.9480 54,2 19.7
250 0.9420 47.6 15.3
270 0.9355 43,0 11.9
290 0.9300 39.8 9.52

310 0.9235 37.6 7.76
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The observed and calculated data are tabulated in Table II,
together with the indicated mathematical operations which enable
the calculation of each succeeding step. Values of the varlables
and constants used 1n this table are derived in the Sample Cal-
culationsl.

The data for each run are based on the average values of
observations made at five minute intervals during the pericd of
each run, during which time operating conditions were kept as nearly
constant as possible. As described in the Experimental Procedur92
the rate of oll flow was determined sither two or three times
during each run, depending on the length of the run. In those runs
in which 1t became apparent that equilibrium had not been reached
at the beginning of the run, the unreliable readlings taken at the
beginning of the run were discarded and the starting period of the
run was advanced to a point at which it was apparent that equilibrium
had been reached,

As an inspection of Table II will reveal, it is divided into
two sectlons. Table IIA contains data and results for the experi-
mental runs made wlth the oll on the tube side and the steam on
the shell side of the exchanger. Table IIB contains data and results
for the experimental runs made with the 0il on the shell sids, in
contact with the‘fins, and with steam on the tubs side,

Since the exchanger was not lagged there was a heat loss
from the shell to the surrcunding atmosphere due to conduction and
convection., This loss was of no significance when the exchanger was

operated wilth o0il on the tube side and steam in the shell, as all

lPages (80-91)
%rages (36)
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heat lost was furnished by the steam in the shell. However, with
the exchanger operating with the oil flowing on the shell or fin
side the heat lost to the atmosphere was given up by the oil, and
this introduced an error into the heat balance which was calculated
on the basis of olil temperature rise and rate of flow,

The quantity of heat lost under these conditions was esti-
mated by the method of McAdams (4) and the total heat transferred
per hour, Q, was corrected for each run. These corrections werse
not great, however, ranging from one to five per cent of the

total heat transferred per hour.



TABLE II-A

EXPERIMENTAL RESULTS - OIL ON TUBE SIDE

- ,
0.003418

Run Lb., o o o o
No. Lb. /Hr, Hr. x Ft.” F F F

1 56.9 16,650 91.3 184.6 93.3
2 90,7 26,550 89.7 181.6 91.9
3 226,0 66,150 85.3 146.2 60.0
4 178.0 52,100 87.9 161.4 73.5
S 416.0 121,800 80.0 141.1 61.1
6 391.5 114,600 80,0 141.0 61.0
7 55.5 16,230 87.8 212.9 125.1



TABLE II-A (Cont,)
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EXPERIMENTAL RESULTS ~ OIL ON TUBE SIDE

t, tg Atl Dty At
- 2.3 1log ot
E2
Run
No. Op ° °F °F °F
1 138.0 262,0 170.7 77.4 118.2
2 136.0 272.7 183,0 9l1.1 131.8
3 116.0 206,8 211.5 150.6 179.4
4 125.0 296.9 209.0 135.5 170.0
5 110.6 301.8 221.8 160.7 190.0
6 110.5 300,1 220.1 159.1 188,.8
7 169.0 299.6 211.8 86.7 140.2



TABLE II-A (Cont.)

EXPERIMENTAL RESULTS - OIL ON TUBE SIDE

k

A
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Al

Ata a w
Aty + Atz At ©, At t4 At t, At tg
e
Run o Btu,, Btu__ o Ib. Ib.
No. F Ib.x F Hr xFE X F Ft. x #Hr. Ft. x Hr.
1 124.0 0.4450 0.06570 128 13.1
2 135.7 0.4425 0.06575 136 11.7
3 181.0 0.4340 0.06620 250 8.95
4 172.2 0.4380 0.06600 187 8.95
5 191.3 0. 4300 0.06626 307 8.45
6 189.6 0.4300 0.06626 307 8.60
7 149.3 0.4600 0.06510 58.5 8.65
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TABLE II-A (Cont.)

EXPERIMENTAL RESULTS - OIL ON TUBE SIDE

DG Q Ug Uln 2
Mg Ug
0.0675G We(to-tq) Q Q
=, R 4 (07T T.3705t
. 2.0
Run ___Btu O ____3_13}_1__2__0__ Hr.xFt.”x"F
No. Btu/Hr. Hr.xI't."x F Hr.xFt.“x F Btu
1 8.78 2,360 13.9 14.6 0.0719
2 13.17 3,685 19,9 20.4 0.0502
3 17.87 5,965 24,1 24,3 0.0415
4 18.81 5,740 24.5 24.6 0.0411
5 26.8 10,930 41.7 42,0 0.0240
6 25.2 10,510 40.5 40.6 0.0247
7 17.73 3,200 15.7 16.6 0.0636
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TABLE II-A (Cont.)

EXPERIMENTAL RESULTS -~ OIL ON TUBE SIDE

1 X ha 1
Ulm ha hlm

1 -0.0008 1 -0.0008

Ug Uim

Run  Hp.xPt. xOF  Hp.xFt. xF Btu_ _ Hr.xPt,°zOF
Xo. Btu Btu Hr.xrt.°x°F Btu
1 0.0685 0.0711 14.1 0.0677
2 0.0490 0.0494 20.2 0.0482
3 0.0411 0.0407 24,6 0.0403
4 0.0406 0.0403 24.8 0.0398
5 0.0238 0.0232 43.1 0.0230
6 0.0246 0.0239 41.8 0.0238
7 0.0602 0.0628 15.9 0.0594



TABLE II-A (Cont.)

EXPERIMEINTAL RESULTS - CIL ON TUBE SIDE

h haD " hmD We (4 We)
im < —- T (5 KT)
0.0675ha  0.0675hqy, We
~—x —p ET458%
Btu
Run A7, T .
No. Hp.xFt. x F
1 14.8 14.5 15.2 55.6 75.8
2 20.7 20.6 21.2 94.5 120.4
3 24.8 25.1 5.3 229.0 291.5
4 25.1 25.4 25.7 183.0 2326
5 44.0 43.¢ 44.8 418.0 532.0
6 42.0 42.6 42.8 393.0 500.0
v 16.8 16.5 17.4 60.8 "B



TABLE II - (Cont.)

EXPERINENTAL RESULTS - CIL ON TUBE SID=

~-1/3
(4 50)™®  (nap) n
(W’EI;) ( k ) My
(4 Wc)-l/3
(7 kL)
Run
No.
1 0.2362 3.422 9.77
2 0.2025 4,210 11.61
3 0.1509 3.785 27.95
4 0.1626 4,130 20.920
5 0.1234 5,405 36,35
6 0.1260 5.370 35,70
7 0.2347 3.875 6.76



TABLE II-B

EXPERIMENTAL RESULTS - OIL ON FIN SIDE

w tl t2 tz'tl ta
W t.+t
0.01546~ L
2
Run — Lb. o ) ) o o
No. Lb./Hr, Hr.x Ft. F F F F
8 216.2 14,000 93.0 198.5 105.5 145.0
9 1018.0 65,850 86.0 148.7 62.7 117.8
10 868.0 56,150 84,3 156.4 72.1 120.8
11 902.0 58,400 89.6 146.6 57.0 118.1
12 1326.0 85,750 90.0 140.3 50.3 115.2
13 4220.0 273,200 119.2 139.7 £0.5 129.5
14 1063.0 68,800 89.9 17C.9 81.0 130.4
15 1193.0 77,200 90.5 163.7 73.2 127.1
16 1792.0 116,000 96.7 150.2 53.5 123.5
17 840.0 54,400 86.7 157.9 71.2 122.3
18 980.0 63,400 88.5 173.8 85.3 131.2
19 337.5 21,800 83.0 216,4 138.4 149.7
20 341.5 22,100 82.5 171.4 88.9 127.0
21 351.0 22,700 82.5 190.6 108.1 136.6
22 373.0 24,150 82,4 203.8 121.4 143.1
23 396.0 25,600 83.0 218.9 135.9 160.0
24 394.0 25,480 83.0 223.6 140.6 153.3
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TABLE II-B (Cont,)

EXPERIMENTAL RESULTS - OIL ON FIN SIDE

tg Aty Aty Bty 1N
ts-tl ts-tz Atl— th Atl + Atz
Z.51log 4t —
Run ) o o o Ptz ©
No. F F P F F
8 261.5 168.3 62.8 107.0 115.6
9 258.4 172.4 109.7 138.8 141.0
10 262,0 177.7 105.6 138.9 141.7
11 297.6 168.0 111.0 140.3 139.5
12 256.7 166.7 116.4 140.,7 141.6
13 256.9 137.7 117.2 128.6 127.4
14 294,5 204.6 123.6 160.3 164.1
15 286.1 195.6 122.4 156.7 159.0
16 28€.8 150.1 136.6 162.1 163.4
17 260.8 174.1 102.9 138.2 138.5
18 307.3 218.8 133.5 172.%7 176.2
19 284.3 201.3 67.9 122.9 134.6
20 235.2 152.7 65.8 102.0 108.5
2l 256.1 173.6 65.5 111.1 119.6
22 271.8 18G.4 68.0 118.8 128.7
23 294.7 211.7 75.8 132.2 143.8
24 305.3 222.3 8l.7 140.6 152.0
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TABLE II-B (Cont.)

EXPERIMENTAL RESULTS - OIL ON FIN SIDE

c k g Al DgG

At tg At b At t At & e
0.0883 G

run Btu,_ Btw Lb. Lb. Ay

No, Lb.x F Hr.x Ft.x F Ft.x Hr. Ft.x Hr.

8  0.4480 0.06560 106.0 15,3 11.62
9 0.4350 0.06610 235.0 13.8 24.74
10 0.4360 0.06605 214,0 13,1 23.15
11 0.4350 0.06610 235.0 13.8 21,90
12 0.4330 0.06620 260.0 14.0 29,05
13 0.4410 0.06590 264.,0 14,0 91.40
14  0.4415 0.06585 258.0 9.15 23, 55
15  0.4390 0.06595 177.0 10.0 38.45
16 0.4380 0.06600 196.0 9.90 52,20
17 0.4370 0.06610 205.0 13,4 23.40
18 0.4420 0.06585 156.0 7.95 35.82
19 0.451C 0.06545 95.0 10.1 20.65
20 0.4390 0.06595 177.0 18.4 11.02
21 0.4440 0.06575 132.0 14.0 15.18
22 0.4470 0.06565 111.0 11.8 19.186
23 0.4560 0.06530 71.5 9.10 31,60
24 0.4525 0.06540 84,2 8.20 26.68
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TABLE II-B (Cont.)

EXPERIMENTAL RESULTS - CIL CN FIN SIDE

Q! Ntga he + hp Q"

Shell to

Wc(tz-tl) Atmosphere (4.03 atgg)

.(h. . + h))
t. - 80 c r
Run Btu ® o Bty Btu
No. Er. B Hr.x Ft.'x F Hr,

8 10, 220 65.0 2.22 581

9 27,780 37 .8 2.11 ‘ 322

10 27,320 40.8 2.12 346

11 22,390 38.1 2.11 324

12 28,880 35.2 2.10 298

13 40,080 45,5 2.16 431

14 38,100 50.4 2,16 439

15 38,350 47.1 2.15 409

16 42,000 43.5 2.13 374

17 26,200 42,3 2.13 364

18 36,960 51.2 2.16 446

19 20,350 69,7 2.24 630

20 13,320 47,0 2.15 407

21 16,860 56.6 2.19 500

22 20, 240 63.1 2.21 562

23 24,540 80.0 2.28 735

24 25,060 73,3 2.26 668



TABLE II-B (Cont.)

EXPERIMENTAL RESULTS -« CIL ON I'IN SIDE

Q Ua Ulm %‘
Q' + Q" Q Q &
11.634t 11,634t
- 2_0

Run Btu ____Btu —o— .._...B.EE_Q_O_ Jdr.xFt, X F
No., Hr, Hr,xFt, x F Hr.,xFt, X F Btu
8 10,800 8,02 8.56 0.1247
9 28,100 17.11 17.40 0.0584
10 27,670 16.80 17.12 0.0595
11 22,710 13,98 13.89 0.0715
12 29,180 17.70 17.80 0.0565
13 40,480 27.25 27,00 0.0366
14 38,540 20.15 20.60 0.0496
15 38,760 20,92 21.22 0.0478
16 42,370 22,22 22.40 0.0449
17 26, 560 16.46 16.84 0.0607
18 37,400 18.21 18.861 0.0549
19 20, 980 13,40 14.68 0.07486
20 13,730 10.89 11.57 0.0918
21 17,360 12.47 13.40 0.0803
22 20,800 13,90 15,05 0.0719
23 25,280 15.10 16.40 0.0661
24 25,730 14.52 15,71 0.0688
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TABLE II-B (Cont.)

ZXPERIMENTAL RESULTS -~ OIL ON FIN SIDE

1 1 1 ha
Uypm ha Nyg Uncorrectad
1 -0.0126 1 - 0.0126
Ua Ulm

Run  Hr.xFt.°x°F  Hr.xFt.°x°F  Hr.xPt,xCF Btu_,

No. Btu Btu Btu Hr.th.2§°F
8 0.1168 0.1121 0.1042 8.91
9 0.0575 0.0458 0.0449 21.82
10 0.0584 0.0469 0.0458 21.35
11 0.0720 0.05889 0.059%94 17.00
12 0.05861 0.0439 00,0435 22.80
13 0.0370 0.0240 0.0244 41.60
14 0.0485 0.0370 00,0359 27.00
15 0.0470 0.0352 0.0344 28.40
16 0.04458 0.0323 0.0320 30,25
17 0.0593 0.0481 0.0467 20.80
18 0.0536 0.0423 0,0410 23.62
19 0.0681 0.0620 0.0555 16.10
20 0.0865 00,0792 0.0739 12.62
21 0,0746 0.0677 0.0620 14.79
22 0.0665 0.0583 0.0539 16.87
23 0.0610 0.0535 0.0484 18.68

24 0.0636 0.0562 0.0510 17.78



TABLE II-B (Cont.)

ZXPERIMENTAL RESULTS - OIL ON FIN SIDE

hlm log axe axs

Uncorrected log ha 0.5 log ha 0.5 log ha

- 1.1763

Run Btu2
No. T.XFE. “XOF

8 9.58 0.9499 0.4750 -0,7013 0.1989

9 22,26 1.3389 0.6694 -0, 5069 0.3113
10 21.82 1.3294 0.664"7 -0,.5116 0.3079
11 16.83 1.2304 0.6152 -0,5611 0.2748
12 23.00 1.3579 0.6789 -0.4974 0.3181
13 41,00 1.6191 0.8006 -0,366%7 0.4298
14 27.82 1.4314 0.7157 -0.,4606 0.3462
15 29.05 1.4533 0.7266 -0.,4497 0.3550
16 31.20 1.4907 0.7454 -0.4309 0.3708
17 21.40 1.3181 0.6590 ~0,.58173 0.3039
18 24.40 1.,3733 0.6866 -0.4897 0.3238
19 18,00 1.2068 0.6034 -0.5729 0.2674
20 13. 52 1.1011 0.5506 -0.6251 0.2371
21 16.10 1.1694 0.5847 -0,.5816 0.2561
22 18.56 1.2271 0.6136 ~0.5627 00,2737
23 20.65 1.2714 0.6357 -0. 5406 0.2880

24 19.60 1.2500 0.56250 -0.5513 0.2809



EXPERIVMENTAL RESULTS - OIL ON FIN SIDE

TABLE II-B (Cont.)

tanh axs (At )m ha him ha Dg
(&t)o Corrscted Corrected k
tanh axe ha him 0.0883 ha
axe (At)m{ﬂt)o ('A“t)m/@t)o k
Run
l\\o.
8 0.1963 0.988 9.03 9.70 12.15
9 0.30186 0.969 22.55 23.00 30.10
10 0.2685 0.970 22.00 22,52 29.40
11 0.2681 0.975 17.42 17.28 23.25
12 0.3078 0.967 23,60 23.80 31.45
13 0.4051 0.944 44,10 43,50 59.10
14 0.3330 0.961 28.05 29.00 37.65
15 0.3408 0.960 29.60 30.25 39,60
15 0.3547 0.956 32.40 32.60 43,40
17 0,2949 0.971 21.40 22.05 28,60
18 0.3129 0.967 24,42 25.22 32,80
19 0.2612 0.976 15,50 18.42 22.25
20 0.2328 0.983 12.85 13.77 17.20
21 0.2506 0.979 15.08 16.44 20.24
22 0.2671 0.976 17.28 19.00 23.20
23 0.2803 0.974 15,18 21.20 25.94
24 0.2737 0.974 18.27 20.12 24,65
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TABLE II-B (Cont.)

EXPERIMENTAL RESULTS - OIL ON FIN SIDE

62

hyy Do We (4 Wo) (4 We)"*? (na Dy A
= kL (7 kL) (7 kL) k a,
-1/5
0.0883 hy, _We %) /
% 6.458 Xk

Run
No.

8 13.05 228.4 290.5  0.1510 1.83 8.0
9 30.70  1037.0  1320.0  0.0912 2.74  17.0
10 30.05 887.5  1130.0  0.0960 2.82  16.3
11 23.05 018.5  1170.0  0.0949 2.20  17.0
12 31.75  1342.0  1708.0  0.0837 2.64  18.6
13 58.30  4370.0  5560.0  0.0564 3.34  18.9
14 38.90  1105.0  1408.0  0.0892 3.36  28.2
15 40.50  1229.0  1562.0  0.0862 5,42 17.7
16 43.60  1842.0  2345.0  0.0753 5.26  19.6
17 29. 45 860.0  1094.0  0.0970 2.78  15.3
18 33.85  1018.0  1297.0  0.0917 5.01  19.6
19 24.85 359. 5 457.0  0.1£98 2.80 9.2
20 18.42 551.0 446.5  0.1308 2.25 2.6
21 22.08 366. 5 466.0  0.1290 2.61 9.4
22 25.55 392.5 500.0  0.1260 £.92 9.4
23 28.65 428.0 545.0  0.1225 5.18 7.9
24 27.16 422.0 537.0  0.1230 5.04  10.3
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65

The derived data obtalned as a result of thls investigation
were plotted according to the existing msthods of correlation, in
order to determine whether the empirical equations proposed by
these correlations would be substantiated by this data.

In Fig. (10) the proposed correlation of Sieder and Tate (3)
is reproduced, and the values obtalned in this investigation arse
plotted on this figure. Most of the data were obtained under con-
ditions such that the values of the ratio_ua/uw were larger than
those of the data correlated by Sieder and Tate; the data of the
latter including few values of ug/uy above 10, while the data
derived in this investigation includes values of,ua/nw from 7 to 37.

The data obtalned when the heat exchanger was operated with
the oil on the tube side was found to lie about forty per cent
above the extension of the Sieder and Tate curVe,‘which is in
general agreement with the findings of Tepe (5) who reported data
approximately fifty-five per cent above the curve.

The data obtained when the heat exchanger was operated with
the oil on the fin side was found to lie close to and on both
sides of the Sieder and Tate curve,.the mean being almost identical
with the curve,

The McAdams (4) correlation is reproduced in Fig. (11), and
the data of this thesis plotted upon it. The data obtained in both
methods of opsration of the heat exchanger were found to lie
considerably above this curve.,

In order to draw a comparison between a fin type hseat
exchanger and a tube and shell exchanger of the same size, values

of the total heat transferred per hour per unit length of exchanger,



Q/L, were tabulated with the corresponding values of the mass
velocity, G, in Table III. The values of Q/L were then plotted

ve., G for each type of exchanger in Fig. (12).
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TABLE IIT

COMPARISON BETWEEN SHELL AND TUBE HEAT EXCHANGERS WITH

AND WITHOUT FINS

Run No. Q/L G
Q/6.458
Btu/hr.x ft, 1b,./hr.x £t,2
1 365 16,650
2 570 26,550
3 924 66,150
4 888 52,100
5 1691 121,800
6 1628 114,600
7 495 16,230
8 1670 14,000
9 4350 65,850
10 4285 56,150
11 3510 58,400
12 4510 85,750
13 6260 273,200
14 5960 68,800
15 5995 77,200
16 6550 116,000
17 4105 54, 400
18 5790 63,400
19 3245 21,800
20 2120 22,100
21 2684 22,700
22 3230 24,150
23 3915 25,600
24 3980 25,480
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From the comparisons drawn between the data of this thesis
and the correlations of McAdams (4) Fig. (11), and of Sieder and
Tate (3) Fig. (10), it can be concluded that the use of a term
such as_na/nw, the ratio of the oll viscosities at the bulk
temperature and the wall temperature, is necessary to allow for
the effect of radial varlation in fluid viscosity caused by the
temperature gradient through the fluld cross section. This is
demonstrated particularly well by the data obtalned on the fin
type heat exchangerl, which is correlated falrly well by the

Sieder and Tate method, while falling one hundred per cent above

11t should be pointed out here that in order to obtaln a correlation
of the fin heat exchanger data with previously proposed methods

of correlation, it was necessary to modify the previously pro-
posed methods of evaluation of the equivalent pipe diameter. The
data correlated by Sieder and Tate (3) was obtained on liquids
flowing inslde tubes, and therefore the problem of evaluating

an equivalent diameter did not arise. However, in order to obtain
an agreement between thls data and the fin heat exchangsr data

the equivalent diameter had to be evaluated using the total wetted
perimeter of the annulus alone, excluding the psrimeter of the
fins, This 1s in contrast with the propossd method for heat trans-
far (4), under which evaluation would be made using only that

portion of the wetted perimeter which transfers heat,
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the correlation of McAdams, the latter containing no term to
allow for the radialrvariation in viscosity. The data obtalned
on the straight tube and shell exchanger, while not satisfactorily
correlated by either method, falls closer to tha curve of Sieder
and Tate.

The failure of the Sieder and Tate correlation for
values of the ratio p,/ny, above 10 is indicated by the data of
Tepe (5) and borne out by the data on the straight tube and shell
exchanger which was obtained in this investigation. It is there-
fore evident that in order to obtaln a closer correlation of the
data having values of mug/n, above 10, an additional factor which
takes thls into account should be included in the correlation.

An examination of the plot of Q/L vs. G (Fig., 12) for
the tube and shell exchanger with and without fins shows that
the addition of fins permitted an average increase of approxi-
mately four hundred per cent in the heat transferred per foot
of exchanger length over the same exchanger without finsl. While
this comparison 1is not quantitativez; considering the results
qualitatively 1t is apparent that iIn any case of heat transfer
where one fluid film is definitely controlling the rate of heat
transfer, the uss of an exchanger of the fin type would be
desirable in view of the savings effected iIn matsrial and

Installation space.

1see footnots 1, page 3.

2In one case the oil was flowlng inside a tube and in the other
case in the annulus around the tube. To draw a strict comm rison
betwean tube and shell heat exchangers, with and without fins,

the oll would have to flow outside the tubs iIn both cases.
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(o)

film coefficient of heat transfer, Btu/hr.x £t.% x OF

plpe diameter, ft.

thermal conductivity, Btu/hr. x ft.°x °F,/ft.

mass velocity, lb./ft.2x hr,
viscosity, 1b./ft. x hr.

specific heat of fluid at constant pressure, Btu/lb. x °F,
acceleration due to gravity, ft./ sec,?
temperature difference, °p

inlet temperature of fluid, °F

outlet temperature of fluid, Op

steam temperature, Op

coefficient of thermal expansion, 1/°F
£luld density, 1b.ft.>
length of tube, ft,
weight of fluld flowing per unit tims, 1b./hr.
total heat transferred, Btu.

total heat transferred per unit time, Btu/hr.
time, hrs,

2

thermal resistance, hr. x £t.°x °F./Btu

heat transfer ares, ft.z
overall coefficient of heat transfer, Btu/hr, x ft.zx r
wall thickness and fin length, ft.

dimensional factor, 1/ft,

perimeter of heat transfer surface, ft.

cross sectional area of heat transfer surface, ft.z
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Subscriptss
a, av., arithmetic mean
m, 1lm, logarithmic mean
w, value at the wall or wall temperature
f, value at the liquid film or film temperature
s, value at the steam temperature; value for stesl
0, value at the fin base
sa, value from shell to atmosphere
e, equlvalent
1, inlet value

2, axit value

Nomenclature 1s that approved by the American Institute of

Chemical Enginesrs.
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A, OIL ON THE TUBE SIDE

2
Calculation of G, mass velocity of the oil, 1b./hr.xft.

outside diameter of tube = 1.0 in.

(Fig. 4)
Tube wall is of #13 BWG gage steel
#13 gage = 0.095 in, Perry (12)

Inside dlameter of tube

D = 1.0 - 2(0.095)

il

0.810 in.
0.0675 ft.

Internal cross sectlonal area of tubs
= 7D°/4

= (3.14)(0.0675)2/4

0.003418 ft.2

G = W/0.003418 1b./hr. x ft.°

The calculations of temperatures and temperature dif-

ferences are self-explanatory in Table IIA.

Evaluation of the physlcal properties of the oil

a. Specific heat, ¢, Btu/lb.x °F., evaluated at the bulk
oil temperature ty from Fig., 7.

b. Thermal conductivity, k, Btu/hr. x £t.%x Op/rt.
evaluated at the bulk oil temperaturs t, from Fig. 8.

c. O0il viscosity at the bulk oil temperature, u,, evalua-

tsd at the bulk oll temperaturs, t,, from Flg. 6.
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Cil viscosity at the tube wall temperature, nmg,
evaluated at the tube wall temperature, tg, from

Pig. 6.

The value of the Reynolds number, DG[ua, was calculated

using the internal tube diameter D = 00,0675 ft,

The total heat transferred to the oil, Q, Btu/hr., was

calculated from the heat balance on the oil:
Q = WC(tz - tl)

Values of U, the overall heat transfer coefficient,

Btu/hr. x ft.2 x °F, were obtained on the basis of both
arithmetic and logarithmic mean temperature differences,

using the equation for heat transfer:

Q = TAAt
6.458 ft. (Fig. 4)

The heated length of the tube, L

Internal tube wall arsa

A = 0,0675 x 3.14 x 6,438
= 1.370 ft.°
Thens
U = Q/A At
= Q/1.370A%t

The values of h, the oil film heat transfer coefficient,

2

Btu/hr, x ft.7 x OF., wers calculated on the basis of

Ug and Uy by the resistance equatlon:



8.

1 1
E ot & +

thermal conductivity of tube wall

26 Btu/hr. x ft.2 x°F/ft. Perry (12)
tube wall thickness

0.095/12

0.00791 ft.

2 x %, (approximate value used

2000 Btu/hr, x ft.
for the steam film coefficient when the liquid

film coefficient 1s relatively small.)

1/U = 1/h + 1/hg + Ty/kg
= 1/h + 1/2000 + 0.00791/26
= 1/h + 0.0005 + 0.0003

1/h = 1/U - 0,0008

The calculation of the dimensionless groups is self-

explanatory in Table IIA,
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B. OIL ON THE FIN SIDE

1. Calculation of G, mass velocity of the oil, 1lb./hr. x £t.2

OCutside diameter of tube = 1.0 in. = dy

(Fig. 4)
Shell of exchanger 1s 2 in. std. pipe
Internal dlameter of shell = 2,067 in, Perry (12)

= d2

G will be calculated on the basis of the free cross
sectional area between the shell and the tube. The

free area of this annulus is reduced by the total cross
sectional area of the fins welded to the outside of

the tube.

The tube has 20 fins, each 0.5 in. high and 0.031 in.

in thickness,

The fins are arranged in pairs, each palr being connected
at the base by a strip of metal 0.031 in. thick, spot-
wolded to the tube,

The width of this strip is:

]

7747/20 - (2 x 0.031/2) (7)(1)/20 - 0.031

0.1572 - 0,031

0.1262 in.

The cross sectional arsa of the fins

= 0.5 x 0,031 x 20

0.31 in.?

i
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The cross sectional area of the connecting strips

0.1262 x 0,031 x 10
2

0.039 in.

Total area to be subtracted from the annular space

= 0.31 + 0,039

= 0.349 in.”
Then, the free area of the annular space
2 2/4
= ’D”dz /4 - 77‘dl / - 0.349
144

(3.14) (2.067)%/% - (5.14)(1.0)2/% - 0.349
144

0.01546 £t.%2

G = W/0.01546 1b./hr. x ft.2

The calculations of temperatures and temperature differ-

ences are self-explanatory in Table IIB.

Evaluation of the physical properties of the o0ll was made

as under A (3).

Calculation of the equivalent diameter of the annulus.
Since flow occurs 1n an annular and non-circular cross
section an equivalent dlameter, D,, ft., must be cal-

culated,
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m = graa of stream cross section
wetted perimeter (11)

In the calculation of the hydraulic radius m, ft.,
the total wetted perimeter of the annulus, excluding

the fins, was used.

Wetted perimeter

7(2,067) - (20)(0.031) + (1.0) - (20)(0.031)
= 8.40 in.
= 0.70 ft.

Total free cross sectional area of annulus
= 0.01546 ft.2

Thens
D = 4m

= (4)(0.01546)/0.70

= 0,0883 ft.
This value of the equivalent diameter is used in thse
calculation of the Reynolds number and other dimension-
lass groups.
The total heat transferred to the oil, Q, Btu/ar. was
calculated from the sum of Q' and Q", where Q' was
obtained from a heat balance on the oill:

Q! = Wc(tz - tl)

The average temperaturs of the alr surrounding the heat

exchanger was 80°F. The temperature difference from

See Page (72)
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the shell to the atmosphere was calculated as the difference

ty - 80 = Atg,

a

The heat loss from the shell to the atmosphere, ", Btu/hr.,
was calculated by the method of McAdams (4). Values of
h, + h,, the film coefficients of conduction and radiation
respactively, are given for various slzes of bare standard
steel pipe, for various values of.Atsa, the tsmperature
difference betwesen the heated pipe and a room at 80°F. By
interpolation, the values of h, + h, for 50°F. intervals of
Atgg were obtained, and plotted vs. 8tgg in Fig. 9,
The area of the shell exposed to the atmosphere and to

the 0il on the inner sides:

= 3.14 x 2.38/12 x 6,458

= 4,03 ft.2
the outside dlameter of 2 in. standard pipe belng equal to

2.38 1in. Perry (12)

Values of h, + hp were road from Fig. 9 for the calculated
value of Atg, for each run, and the heat loss obtained by the

relation:

Q" = 4.03 x Btgg x (hg + hp)
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6., Values of

Btu/hr.

X

using the

A

7. The values of h,

Btu/hr., x ft.” x

and U 1m
1/h

where A

i

U, the overall heat transfer coefficient,

2

ft.” x OF., were obtained as under A (6)

area of the fins + bare tube

9.90 + 1.73

2
11.63 £t. (Fig. 4)

Q/A Ot
Q/11.63 At

2

by the resistance equation:

1

H

1/U0 - A/h A - xuA/k A,

heat transfer area on oil or fin sids

11.63 ft.2

heat transfer area on steam or tube side
1.370 £t.2

arithmetic mean of the outer and inner tube
wall surfaces.

(1.370 + 1.730)/2

1.55 ft.2

2000 Btu/hr. x £t.° x OF

equlivalent wall thickness

mean of tube wall thickness and one-half the
fin length,

0.095 + 0.500/2

0.345 in.

0.02875 ft.

the 0il film hsat transfer coefficient,

88

°F., were calculated on the basis of U,
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~
]

thermal conductivity of steel
2

26 Btu/hr.x ft.° x °F./ft.

The equivalent wall thickness x, was calculated assum-
ing that the tube wall must transfer all of the heat
elther to the oll or to the base of the fins, The heat
transferred by the fins must pass through the base of
the fins; however, approximately one-half of the total
heat transferred by the fins is transferred in the lower
half of the fin, and the other half by the upper half.
To approximately account for this condition the equivalent
wall thickness was taken as the arithmetic mean of the
mean tube wall thickness and one-half of the fin helght.
Thens

1/h = %/U -)11.63/(2000)(1.570) - (0.02875)(11.63)/(26)
1.55

= 1/U - 0.00425 - 0,00830
= 1/U - 0.0126

Correction of the values of the oll film heat transfer
coefficient for the drop in temperature from the base of
the fin to the tip.

The values of h may be corrscted by dividing the uncor-

rected valuss by the ratio (4t),/ (At)y, where:
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*

(8t) /(At)y = tanh eaxg/axe
a = (nb/us)®-®
b = 2(0.5) + 0,031
12
= 0.086 ft.
k = 26 Btu/nr. x £t£.° x °F,/ft.
S = (0.5 x 0.031)/12
2

= 0,001292 ft.

The following equation was derived for the calculation of

the value of axel

& = (hb/xs)0+®

log a = 0.5(log h + 0.5 log(b/kS)
= 0.5 log h + 0.5 1log(b/k8)
= 0.5 log h + 0.5 Log(0.086)/(26)(0.001292)
= 0.5 log h + 0.5 log 2.56
= 0.5 log h + (0.5)(0.4082)
= 0.5 log h + 0.2041

xp = 0.5/12

= 0.04165 f¢t.

log x¢ = 10g 0.04165
= 8.6196 - 10
= -1.3804

% The source of this equation and the definitions of the terms

used are covered in the Thsoretical section, pp. (22-23).
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log axp = log a + log X,

0.5 log h + 0.2041 - 1,3804

= 0.5 log h - 1.1763
Using the uncorrected value of h the value of 8x, Wwas
calculatsed from the abovse equation. From a table of hyper-
bolic funetions (13) the value of tanh axy was obtalned,

and the ratio (&t), /(At), calculated from tanh axp/axe.

0
The uncorrected value of h was then corrected by dividing

by the ratio (At)m/%at)o. (4)

The calculation of the dimenslonless groups 1s self-

explanatory in Table IIB.
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