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ABSTRACT

This investigation of variations in aluminum root-wall thickness
on the bond resistance and heat-transfer performance of Al-Cu Bimetal tubes
with copper liners indicates no significant effect or consistent trend be-
tween the: four experimental tubes at the conditions under which they were

investigated.

The performance of an equivalent all-aluminum tube under identical
tegt conditions was used as a basgsis of comparison for evaluation of heat-
transfer performance and bond resistance of the four Bimetal tubes having
nominal aluminum root-wall thicknesses of 0.02, 0.03, 0.0h, and 0.05 inch.
In general, the magnitude and effect of bond resistance on heat transfer
determined by two test methods--one with steam condensing inside the tube
and the other with cold water flowing inside the tube--are in agreement
with results expected on the basis of thermal-expansion considerations.
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EFFECT OF ROOT-WALL THICKNESS ON BOND RESISTANCE
TO HEAT TRANSFER OF BIMETAL TUBES

INTRODUCTION

Bond resistance is defined as the resistance to heat transfer
at the contact surfaces between the liner metal and the fin-root metal of a
Bimetal finned tube. It is believed that an extremely thin film of air in
the metal-to-metal bond zone constitutes an additional resistance to heat
transfer which varies with the particular use of the tube. The variation in
bond resistance is due to the thermal contraction and expansion of the two
dissimilar metals due to the difference in thermal-expansion coefficients of
the two metals, e.g., the thermal-expansion coefficient of a copper liner is
66 percent of that of aluminum so that, depending on the relative temperatures
of the inner and outer surfaces of the bond zone, the clearance constituting
the bond resistance may expand or contract, resulting in a corresponding
variation in bond resistance. Although it may appear that the thickness
variations of the air gap are slight, the effect of the variation on heat
transfer is great because the thermal conduetivity of air 1s approximately
one ten-thousandth that of copper.

The heat-transfer performance of a finned tube 1s related to the
outside heat-transfer area and mean overall temperature difference driving
force by the following relationship:

Q = UpA AT , (1)

where Q = Heat transferred, Btu per hour
Uo = Overall heat-transfer coefficient Btu/(hr)(°F)(ft®) outside surface
A = Total outside heat-transfer area, sq ft
AT = Mean temperature difference, °F,

If no fouling is present, the heat-transfer coefficient, Uy, is
further defined as follows:
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1 1 1 éb_)
U " R R R O (2)
Ug hq m hy (A.'j_ »
where hy = Outside film coefficient for a finned tube, Btu/(hr) (°F) (£t2)
hi = Inside film coefficient, Btu/(hr)(°F)(ft2)
A3y = Inside tube-surface area, ftz/ft of tube length
Ay = Outside tube-surface area, ftz/ft of tube length.

The reslstance of the tube-metal wall to heat transfer, rp, may be defined as

follows:
(a) for monometal finned-tube construction:

X A
o= a2 (—9—) , (3)
kn Ame
where Xe = equivalent finned-tube wall thickness based on the equivalent

tube diameter, ft (see nomenclature list)
ky = Thermal conductivity of the metal wall, Btu/(ft) (hr)(°F)
A . = Average tube-metal area between di and de, Tt2/ft

() for copper-aluminum Bimetal tube construction:

r, = iﬁﬁl@i.(énk) + Ry {8o) + (XQ} (Ao)
AL v

" K1 Ame (Ao)oy KLu (An)gy

~~
=

where R~ = Bond resistance, (£12) (r) (°F)/Btu.

The bond resistance of a Bimetal finned tube may be determined by
assuming that the outslde film coefficient at infinite inside water velocity
is the same as the outside film coefficient of the all-aluminum tube (computed
from a Wilson plot intercept using equation (2)), and by using this value of
ho as the value for the Bimetal tube in equation (2). The inside water film
resistance (Ag/Aihi) in equation (2) is zero at infinite water velocity.

When Wilson plot data cannot be obtained for Bimetal and all-aluminum tubes,
the bond resistance of the Bimetal tube may be determined from the overall .
heat-transfer coefficient of the Bimetal tube and the corresponding overall
heat-transfer coefficient of an equivalent all-aluminum tube under duplicate
test conditions by assuming the inside and outside film coefficients of the
Bimetal tube to be respectively equal to the inside and outside film co-
efficients of the all-aluminum tube, and then using the following relationship:

(.l__) - (%_) - Ry -0 (5)
Uo Bimetal 0/3ll-gluminum _(A@)Cu

A correction may be applied for the difference in the tube-wall resistance of
the Bimetal and all-aluminum tubes by combining the answer obtained in equa-
tion (5) with equations (3) and (k).
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Information on the relative performance of Al-Cu Bimetal, all-copper
and all-aluminum tubes had been compiled from test data provided by eleven
organizations on thirty different units for crossflow of air on the outside
of tube banks!, Except for a few Bimetallic units, heat-transfer data on the
all-copper, all-aluminum and the Al-Cu tubes were correlated satisfactorily.
The correlation indicates no appreciable difference in the heat-transfer per-
formance of monometallic and Bimetallic tubes for applications of low heat
flux.

It was proposed to investigate the :effect of the aluminum root-wall
thickness on the bond resistance to heat transfer of four Bimetal tubes having
aluminum fins and copper liners over a range of heat fluxes, The four tubes
were to have nominal root-wallthickness of 0,02, 0,03, 0,04, and 0,05 inch,
The heat-transfer performance of a similar all-aluminum tube was to be used
as a basis of comparison. Table I gives the characteristics of the all-
aluminum tube and four Bimetallic finned tubes.

APPARATUS- AND PROCEDURE

Two test procedures were used to cover the range of heat fluxes in
this investigation. The basic difference between the two test arrangements
was that of reversing the temperature gradient directions. In one arrange-
ment, cold water was passed through the inside of the copper liner and a hot-
water bath was maintained on the fin side of the tube. Under this condition
the air-gap thickness increased, since the thermal-expansion coefficient of
aluminum is considerably greater than that of copper. In the other arrange=-
ment, steam was condensed inside the copper liner and a water bath was main-
tained on the fin side. This reversal of temperature gradient resulted in a
deerease in the thickness of the air gap with a corresponding decrease in bond
resistance, Both of the above tests were repeated.on the all-alumifium tube
to obtain comparable performance with a tube having no bond resistance.

Wilson plots were obtained by varying the water flow rates through
the tubes in order to evaluate the outside film coefficients of heat transfer
and the bond resistance of the Bimetallie tubes,

1 Katz, D. L.y, et al. "Correlation of Heat Transfer and Pressure Drop for
Air Flowing Across Banks of Fimmed Tubes", University of Michigan Engineer=
ing Research Institute Project Report for Wolverine Tube Division of
Calumet and Hecla, Inc., August, 1953.
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A, Test Procedure for Steam Condensing Inside the Tube

The equipment used in the present experiment was that originally
developed for preliminary bond-resistance tests, completed at an earlier date,.
As shown in Figure 1, the apparatus consisted of a steam supply to a finned
tube submerged in a water trough. The steam was first passed through a con-
densate ‘separator:. prior to feeding to the finned tube in order to insure a
dry saturated steam feed., The steam was condensed on the inside of the tube,
the rate of condensate formation being a measure of the rate of heat transfer.

The inlet steam-pressure gage‘was calibrated within + O.1 psi, and
the outlet gage within + 0,05 psi. The water-bath temperature was measured
at three points by thermometers which were calibrated to 4+ 0.1°C., The rate
of heat transfer was measured by timing the collection of 1000 ml of conden-
sate«

Water was admitted to the trough at a constant rate, and was drained
through underflows at the opposite end of the. trough, A five-foot-long steam
sparger, resting on the tank bottom, was used to maintain the bath water at a
constant temperature. The sparger provided agitation of the bath water re-
sulting in a more uniform bath temperature.

The condensate from the finned tube was run through a Jerguson gage
in which a constant liquid level was maintained, The condensate was bled from
the Jerguson gage outlet through a subcooling coil and then collected in a
1000-ml volumetric flask. The subecooling of the condensate prevented partial
flashing: as the condensate pressure was dropped to atmospheric, Before each
run, steam was bled from the steam purge valve located at the base of the
downstream compound gage to remove noncondensable gas accumulation.

A test run consisted egsentially of timing the collecting of 100D
ml of condensate after the equipment had reached a steady state of operation.
During the test run the inlet and outlet steam pressures and the three water-
bath thermometers were read at regular intervals,

Two series of test runs were carried out at different steam pressure
levels, one series with an inlet steam pressure of 25 psig and the other with
an inlet steam pressure of 35 psig. Table II presents typical test data
obtained in test run No. 54 on the 0,03%3-inch-thick root-wall tube with steam
at an inlet pressure of 26 psig condensing inside the tube.
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TABLE IT

TYPICAL TEST DATA OBTAINED ON THE 0,03-INCH ROOT-WALL TUBE WITH STEAM
CONDENSING INSIDE THE TUBE (RUN NO. 5k4)

Steam Pressure to Steam Condensate Water Bath
Tube, psig Pressure, psi Temperature,®°C
Ty T2 Ts
26.0 .2 62.8 65.0 69.2
26.0 b3 62,5 65.8 69.2
26.0 4,3 6h,2 65,0 69,2

Time to collect 1000 ml of condensate 1.280 minutes.

B. Test Procedure with Cold Water Flowing Inside the Tube

The equipment previously described was converted from a steam feed
to a cold-water feed to the tube under test, Figure 2 shows the apparatus as
modified for the cold-water test procedure., The cold-water inlet and outlet
temperatures were measured by thermometers which had been calibrated to + O.1°K
A pressure gage on the upstream end of the tube provided a visual means for
controlling the water flow rate, A weigh barrel was used to measure accurately
the tube-side water flow rate, Provisions were made for preheating the inlet
cold water to the tube by direct steam sparging in a separate surge tank.
This arrangement permitted Wilson plot tests to be carried out, since a con~
stant average water temperature could be maintained on the tube side.

The trough was filled with water to the overflow level and steam
wag sparged to heat and maintain the bath water at the desired temperature
level, The bath-water temperature was measured by the three calibrated centi-
grade thermometers used in the previous test procedure.

A test run consisted of adjusting the inlet cold-water temperature
to such a level that the average of the inlet and outlet temperatures resulted
in the desired average temperature level. In flowing through the tube, the
cold-water temperature was increased by heat transferred from the bath, which
was maintained at a higher temperature level by sparging steam into it. After
the system had been operating at constant conditions for approximately 15 min-
utes, a test run was made. The test run comsisted of timing the collecting of
a quantity of water in the weigh barrel. During this period all thermometers
were read and recorded at regular intervals. Table III presents typical test
data obtained in test run No, 93 on the 0.03-imch-thick root-wall tube.

6
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TABLE III

TYPICAL TEST DATA OBTAINED ON THE 0,0%-INCH ROOT-WALL TUBE WITH WATER
FLOWING INSIDE THE TUBE (RUN NO., 93)

Inlet Water Outlet Water
. Temperature, Temperature, Bath Temperatures, °C
o | oF Ty To Tq
63.30 8L.40 8l.5 82.9 83.1
63.10 81.40 81.7 83.0 83.6
62,70 81.50 81.8 83,1 83.4
63450 81,50 8l.7 83,1 83.3
63 .70 81.70 81,5 83.2 83.6

Time to colleect 230 1b of water = 1,948 minutes.

ANALYSIS OF RESULTS

A. General Discussion

The characteristics of the tubes investigated were summarized in
Table I, The calculations of the characteristics for the 0,03-inch tube and
the all-aluminum tube are given in Appendices A and B respectively.

Table IV summariies the bond-registance-test results obtained with

steam condensing inside the tubes, and Table V summarizes the bond-resistance
test results obtained with water flowing through the finned tubes.

B. Analysis of Test Results with Steam Condensing Inside the Tube

Table VI contains a summary of test results obtained by condensing
gteam inside the tubes at 25 and 35 psig inlet steam pressures. A sample
calculation for the 0,03~inch root-wall tube with steam condensing at 25 psig
is given in Appendix C. Figure 3 graphically compares the overall coefficients
given in Table VI as a function of the nominal root-wall thickness, It may
be seen that the 0,03~ and 0,04-inch nominal root-wall tubes did not perform
as well as the 0,02- and 0.05-inch root-wall tubes. The all-aluminum tube,
of course, gave the best performance,
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The relative performance of the Bimetal tubes compared to the all-
aluminum tube 1s given in Table VII, The bond resistance was determined by
comparing the performance of the four Blmetal tubes with the performance of
the all-aluminum tube by the use of equation (5) under identical conditions.
The calculation of the bond resistance for the nominal 0,03-inch root-wall
tube with 25 psig steam condensing inside the tube is given in Appendix D.
Figure 4 graphically presents the variation of the bond resistance of the four
Bimetal tubes with condensing steam pressure. A comparison of this performance
with that obtained from the Wilson plot results made with water flowing through
the inside of the tubes is also given in this figure, a discussion of which is
given in section C,

TABLE VII

PERCENTAGE PERFORMANCE OF BIMETAL TUBES COMPARED TO THE
ATT.-ATDMINUM TUBE FOR CONDENSING STEAM

Nominal Root-Wall 25 psig Steam 35 psig Steam

Thiqkness, in, ‘

0.02 99.4 975
0305 95'5 96-2
0,0k 95.7 92,1
0.05 98.6 975

C. Analysig of Test Results Obtained with Water Flowing Inside the Tube

Figures 5 through 9 present the Wilson plots for the all-aluminum
and Bimetal finned tubes, Appendix E presents a sample calculation of a
Wilson plot point for the nominal 0,03-inch tube utilizing the test data given
in Table TII (Run No, 93 of Table V). The intercepts of the Wilson plots are
tabulated along with the computed overall coefficlents inm Table VIII., The
bond resistances are also presented in this table and were obtained by first
computing the outside film coefficient for the all-aluminum tube, second,
assuming that this same coefficient existed on the outside of the four Bimetal
tubes at an infinite water velocity inside the tube, and third, back calculat-
ing the bond resistance by use of equations (2) and (4). Appendix F contains
the calculation of bond resistance for the nominal 0,03-inch root-wall tube
by this method., It should be emphasized that the caleculation of bond resis=
tance by this method is highly sensitive to slight variations of the outside
film coefficignt from that assumed, There is, therefore, some question as to
how significant the decimal digits 0,38 are in the value 0,000138 for the
0.02-inch tube for the TL1.9°F water in Table VIII,
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Figures 10 through 1% present the individual experimental overall
coefficlents as a function of water velocity for the four Bimetal finned tubes|
Figure 14 again presents the four curves given in Figures 11 through 13 for
ease of comparison, This figure indicates that the effect of variation of
root-well thickness on bond resistance is of minor importance, At low heat
fluxes the performances tend to merge, while at high heat fluxes the effect
of root-wall thickness becomes more appreciable, Figure 15 presents a com-
parison of the performance of the four Bimetal tubes with the performance of
the all-aluminum tube with an average tube~gide water temperature of 71,9°F.
This figure clearly depicts the influence of bond resistance on heat-transfer
performance, Figure 16 presents a similar comparison at am average tube-gide
water temperature of 100,0°F for the 0,02-inch tube, The 100.0°F tests were
made to determine the effeet of increasing the inside water temperature on
bond resistance, Increasing the inside water temperature by 28°F resulted in
bond resistances_of 0,000138 and 0,00023 at 71.9°F and 100.0°F for the 0,02-
inch tube as indicated in Table VIII. This corresponds to a 67 percent in-
crease in the numerical value of the bond resistance, but the overall perfor-
mance remained about the same,

Figure 17 graphically indicates the relative performance of the
0.02-inch tube as indicated in Figures 15 and 16, It should be pointed out
that the difference between the two curves of Figure 17 is due to the 28°F
difference in temperature level between the average‘tube-side water tempera-
tures. The bath-water temperature was the same for both curves, It is inter-
esting to note that the relative effect of bond resistance decreased with
decreasing water flow rates below 5 ft/sec. On the other hand, the curves
indicate that for veloeitieg of 5 ft/see and higher, the relative effect of
bond resistance levels off to a constant performance of 85 percent for TL.9°F
water and 82,5 percent for 100,0°F water.

TABLE IX

CALCULATED BOND RESISTANCES FOR TESTS WITH STEAM INSIDE TUBE
AND COMPARISON’WITH TESTS WITH WATER FLOWING INSIDE TUBE

Nominal Al Bond Resistance - hr-”F-ftz/Btu
Root-Wall Steam Tnside Tubes Water Flowing Inside Tubes
Thickness,in. 25 psig 35 paig ty = 719 °F ty = 100,0 °F
0.02 0.00001 0.0000%5 0.000138 0.00023
0.03 0,000068 0.000051 0,000148
» - No dats
0.0k 0.000066 = 0.000L15 0,000185 obtained for
0.05 0.000013 0.000035 0.000158 these tubes

15
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D, Discussion of Results of the Two Tests

An examination of Figure 4 and Table IX indicates the range of
bond resistances obtained in the two tests. The steam-condensing bond resis-
tance varied from 0.00001 to 0.000115 hr-°F-ft2/Btu, whereas the cold water
tests resulted in bond resistances varying from 0,000138 to 0,000185 for T71,9°F
water, A value of 0.00023 was obtained for the 0,02-inch tube with the 100,0°F
water,

The lower bond resistances obtained with steam inside the tube as
compared to 71.9°F water inside the tube is what would normally be expected,
since the hotter fluid would thermally expand the inner liner and thereby
tighten up the bond existing between the liner and the finned-tube metal. A
comparison of the value of 0,00023%, obtained with 100,0°F water, with the
value of 0,000138, obtained with TL.9°F water, indicates an inconsistency,
since the 100,0°F water should thermally expand the liner metal and thereby
reduce the bond resistance over that obtained with 71.9°F water. The overall
coefficients obtained at infinite water velocity from the Wilson plot intercepts
of Figures 5 and 6 and tabulated in Table VIII for these two conditions are
74,8 and 97.6 Btu/hr-°F-sq ft, respectively, for the 0,02-inch tube., The
corresponding values for the gll-aluminum tube are 99.% and 121,0 respectively.
The corresponding outgide film coefficients for the all-aluminum tube are 113%,0
and 142,0 Btu/hr-°Faft2, respectively, The above information, when put together
with the computed bond resistances, indicates that the higher inside water
temperature resulted not only in a reduced overall AT driving force, but also
in reduced overall heat=-transfer coefficients and reduced outside film coef-
ficients. The net effect was an increase in the bond resistance contrary to
what would normally be expected., This diserepancy may be due to the assumption
of equal outside film coefficients for the Bimetallic and all-aluminum tubes
under the same test conditionsy It must be emphasized that a small variation
in the value of the outside film coefficient of the Bimetal tube apprecisbly
gffects the magnitude of the corresponding bond resistance,

CONCLUSIONS AND RECOMMENDATIONS

This investigation of the effect of the aluminum root-wall thickness
on bond resistance to heat transfer for the tubes studied at the conditions
under which they were investigated does not indicate any significant trend or
effect, This is clearly indicated by Figures 14 and 15 which show the relative
performgnces decreasing in the following order: 0,03, 0,04, 0,02, with the
0.05 giving the poorest performance, It should be emphasized, however, that
the differences in performance are of a minor nature, as the overall coeffi-
cients for the four Bimetal tubes corresponding to any fixed water velocity

16
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have the same order of magnitude, This is further substantiated by Figure 3%
for the condensing~steam tests, which do not indicate a consistent performance
order for the four Bimetal tubes at the two steam condensing pressures, The
lower bond-resistance values from steam-condensing tests compared to the cold-
water tests are in agreement with the results expected from thermal-expansion
considerations,

The effect of decreasing the overall temperature difference by rais-
ing the inside water temperature resulted in a decrease in the overall coeffi=-
cient as indicated in Figures 15 and 16, and an increase in the bond resistance
as indicated in Table VIII, for the 0,02-inch tube, It should be emphasized
that the relative performance of the 0.02-inch tube to the all-aluminum tube
at these two water temperatures and at normal water flow rates 1s approximately
84 percent as shown in Figure 17. It was not possible to develop a general
correlation for predicting bond resistance for Bimetal tubes over a wide range
of temperature levels and heat fluxes on the basis of the above observation.

The need for a correlation for predicting vond resistances over a
wide range of temperature levels and heat fluxes has been established, It is
recommended that an investigation be undertaken to establish a method for pre-
dicting bond resistances under these conditions and that such an investigation
be made a part of the investigation of cyclic operation on bond resistance,

17
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APPENDIX A

SAMPLE CATCULATIONS
DETERMINATION OF TUBE CHARACTERISTICS FOR 0.03-INCH TUBE

Data from Table T3

Aluminum root-wall thickness = 0,0348 in,

Aluminum root diameter = 1,057 in.

Diameter over fins = 2,010 in.

Fing per inch = 9,15

Length of finned dsection = 66.0 in,

Length of Bare dopper section = 6 in,

Length of Bare iron pipe = 16 in.

A - 0(1.057) , (2)(®) (2000 - 17057 )9.15  _ 5781 £42/5¢
12 (k) (12)

Total outside area, finned sectiont

3781 x 66

= 20,75 ft?
12

Outside area of bare sections:

oD Copper liner = 0,988 in, (6 in, long)

2.1k x 0,088 . & _ 0.1295 ft=

12 12
OD Iron-pipe sections = 1,050 in, (16 in, long)
2.1 x 1.050 , 16 0.367 £t2

12 12

Total heat-transfer area (outside):

A = (20.75 + 0.,1295 + 0.367) = 2L.247 ft2

19
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SAMPLE CALCULATTIQNS
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DETERMINATION OF TUBE CHARACTERISTICS FOR ALL-ALUMINUM TUBE

Data from Table Is

ID = 1,010 in,

Root dismeter = 1,156 in,
Root-wall thickness = 0,073 in.
Diameter over fins = 1,999 in.
Average fin thickness = .019 in,

Fing per inch = 9,28

Length of finned seetion = 64,75 in,

a, - Tx1.56 . 20 [(1.999)° - (1.156)%] 9.28

= 3,538 £t2/rt

n x 1,01
12

0,264 rt2/ft

=
| ]

]

I

3538

lB.c)"'
.26l

il

0.680 f£t2,

Total area of finned section:

34538 x §E§%2 = 19,10 £t2

Total heat-transfer area in bathi
19,10 + 0.68 = 19.78 ft2

Equivalent diameter:

Average aluminmum diameter:
1,505‘+ 1.01  _ 1,157 in,
2

Average aluminum conduction length:
X, = 1,305 - 1,010  _ 0,148 in,

12 h x 12

de = 1156 4+ 019 (1.999 = 1.156) 9,28

Total nonfinned heat-transfer area in bath was measured and computed to be

= .1.:305 il’i.

2 20
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APPENDIX C

SAMPLE CALCULATIONS FOR
RUN NO. 93 WITH STEAM CONDENSING INSIDE THE TUBE

The calculations are based on the data contained in Tables II and IV.
The values in Table IV are the values in Table II corrected by the appropriate
calibrations.

Data:

Average bath temperature = 150.6°F

Inlet steam pressure = 39,70 psia (266.8°F)
Outlet steam pressure = 18,67 psia (224,3°F)
Enthalpy of vapor im = 1169.6 Btu/lb

Enthalpy of liquid condensate out = 192,5 Btu/lb

Calculation of the water flow rate;

1000 ml x 60 min x ,987 gm/ml

102,0 1b/hr
1,280 min x 1 hr x 453.6 gn/1b

Calculation of heat transfer:

AH = 1169.6 - 192,5 = 977l Btu/lb
Q = (977.1)(102) = 99,770 Btu/hr

Calculation of average overall AT:

To determine the effective average overall AT it was necessary to
make a preliminary calculation for the tube under a specific set of conditions,
It was assumed that the inlet steam entered at 25 psig and 267°F, The con-
densing length was divided into eight zomes as shown in Figure 18, The effec=
tive AT existing at the end of each zone was computed by a trial-and-error
procedure so that the heat duty in each zone could be matched by the corre-
sponding heat-transfer rate, zone area, and AT driving force. Figure 18 in-
dicates the effective AT's for each zone. Figure 19 was prepared to indicate
the variation of* .the metal area available for condensing as a result of con-
densate buildup. '

It was found that the effective AT could be determined by summing
up 75 percent of the inlet AT and 25 percent of the outlet AT,

AT = [22h.3 + .75 (266.8 = 224,3)] = 150.6 = 105.6°F

21
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Calculation of the overall coefficient:

Using equation (1),

U,O = 99;700 , = 1,{)4‘5 Btu./hr-"F-ftz .
(21.247)(105.6)

Note: all overall coefficients are based on the total area in the
bath; i,e., finned-tube plus bare-tube areasy '

APPENDIX D

-

SAMPLE CALCULATIONIQElBQND RESISTANCE FOR 25-PSIG STEAM CONDENSING
INSIDE THE 0,03-INCH TUBE

From Table VI the overall heat-transfer coefficient, Uy, for the
all-aluminum tube is 46.7 Btu/hr-ft2-°F, and the Uy, for the 0,03-inch tube
is 4k,6 Btu/hr-ft2-°F, From equation (5) the bond resistance is obtained as
followst

Ry = 1 (1 0+259 = 0,0000684% hr-°F-ft2/Btu,
bh6 \be.7/ 3,781
APPENDIX E

SAMPLE CALCULATION OF.A WILSQN PLOT POINT FOR FIGURE T

The following calculations are based on the data for Run No. 93
contained in Tables III and V., All temperatures listed have been corrected by

the appropriate calibration.

Calculated datay

T,y = average bath temperature = 181.9°F (corrected)
Average inlet water temperature = 62,98°F (corrected)

Average outlet water temperature = 81,30°F (corrected)
Flow rate = 7090 1b/hr

Average HoO temperature = 72,1L4°F

22
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Calculation of Wilson plot coordinates:

104 10t

X =

A [+ .01L t,] W8

U, = overall coefficient

A = total outside area (finned and bare)

ty = average tube-side water temperature, °F
W = flow rate 1b/hr

Overall temperature difference:

AT = 181,9 = 72,14 = 109,8°F
Tube-side At:
At = 81,30 - 62,98 = 18.32 °F
Total heat transferredi
Q = WCp At
Q = 7090 (1)(18.32) = 130,000 Btu/hr
y = 1% _ aTx10* | 109.8x10% | g5
UoA Q 130,000
£ - 10* _ 108 462

[1 +.,01i ] W08 [1 + .@011(72,14)]7090%8

Caleulation of the overall coefficient, Uy, for Figure 11:

v, = & - 130,000 = 55,7 Btu/hr-"F-ft2,
AAT (21.,247)(109.8)

APPENDIX F

SAMPLE CALCULATION'QE;BOND RESISTANCE FOR WATER FLOWING INSIDE
" 0.,03-INCH ;TUBE

Computation of Outside Heat-Transfer Coefficient Based on All-Aluminum Tube
for Water Flowing Inside Tube :

From Figure 5 (Wilson plot for the all-aluminum tube), the inter-
cept at infinite water velocity is 4,18 with 71.9°F tube-gide water

23
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0% _ 48,

Uh

Therefore,

U = 10% - 121 Btu/hr-°F-rt2

© 7 (19.78)(.18)

At infinite water velocity the following eqﬁation holds:

L. L, Ky (6)
L. L . (0123)(3.538) . oo70n .
ho 121 117(.303)

Therefore hy, = 142 Btu/hr-ft2-°F,

Evaluation of Bond Registance

From Figure 7 (Wilson Plot for 0,03-inch tube), the intercept at in-
finite water velocity is L.92.

100 _ )y
Uoh
Therefore,
4
Vo = —2OE = 95.5 Btu/hr-ft2-°F
(2L.2h7) (4.92)

Again, at infinite water velocity the following equation may be
written for the 0,03-inch Bimetallic tube:

L L, (el (&J+m+§gm | (1)
Us Bo  (K)a1 VAmely, (Ao)g, koulhw)g,

Since the all-aluminum tube has approximately the same total outside
area and the tests ware controlled under the same conditions, hy calculated :
for the all-aluminum tube is assumed to be the same as that of the Bimetallic
tubes tested. Therefore,

b " 3,781 | 95.5 142 (117)(.290) (220) (.290)

R . 229 (l _ L (.o101)(3.781) _ .0025(5.781))
000148 hr-°F-rt2/Btu,

i

2k
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NOMENCLATURE

Total outside tube area in heat exchanger, ft2

Inside tube area, ft2/ft of tube length

Arithmetic mean metal area between Dy and D, for copper liner, ftz/ft

Average tube-metal area between Dj and D, ft2/ft

Outside tube-surface area, ftE/ft of tube length

Ratio of outside to inside surface areas

Specific heat of fluid, Btu/(1b)(°F)

A diameter for finned tube equal to the diameter of a hypothetical plain
tube with the same volumetric displacement (or with the same plane pro-
Jection) as the finned tube, ft

A diameter for finned tubes equal to the diameter of a hypothetical plain
tube with the same volumetric displacement (or with the same plane pro=
Jection) as the fimned tubes, in, de = dp + y(do=dy)N

Inside tube diameter, ft

Inside tube diameter, in,

Diameter over the fins, ft

Diameter over the fins, in,

Finned-tube root diameter, ft

Finned-tube root diameter, in.

Change in enthalpy, Btu/1b

Inside film coefficient, Btu/(hr)(°F)(ft2)

Outside film coefficient corrected to base of fin, Btu/(hr)(°F)(ft2)

Thermal conductivity of tube.wall, (Btu)(ft)/(hr)(°F)(£t3)

Number of fins per inch

Total heat load, Btu/hr

Bond resistance, (hr)(°F)(ft2)/Btu

Tube metal resistance, (hr)(°F)(ft2)/Btu

Overall temperature difference, °F

Temperature difference between outlet and inlet fluid on tube side,

(tz - ﬁl); °F

Average bulk shell-side temperature, °F

Average water temperature in tubes, °F

Qverall coefficient of heat transfer, Btu/(hr)(°F)(ft®)outside surface

Total flow through tube side, 1b/hr

Equivalent finned-tube wall thickness, ft, based on equivalent tube

diameter Dg, ft

Equivalent finned-tube wall thickness, in., based on equivalent tube

diameter, de, in.

Mean fin thickness, in.
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