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OBJECTIVE

The purpose of this investigation was to evaluate
the Hudson air-test apparatus as a production-control device

for bimetal high-fin tubes.

ABSTRACT

The results of this investigation indicate that
(1) the Hudson air-test apparatus can be used as a produc-
tion-control device if the sensitivity of the unit is accept-
able and (2) a testing device having considerably greater
sensitivity would permit closer production control of low-

bond-resistance tubes.

vi
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I. INTRODUCTION

Bimetal integral aluminum spiral-finned tubes have found wide usage
in a variety of heat transfer applications. For certain applications a liner
is placed inside the aluminum finned tube. This may be done to protect the
tube from corrosion or erosion. A small air gap, oil film, or other foreign
matter between the liner and the finned-tube wall would cause an additional
resistance to heat transfer. This additional resistance to heat transfer is
sometimes referred to as "bond resistance" or "contact resistance."

In heat transfer applications involving multilayer materials, no
allowance is normally made for the interface resistance to heat transfer
where the materials are in contact. Such a procedure is valid in the cases
where the materials themselves have low thermal conductivities and are con-
trolling the performance of the system. The assumption of no interface
resistance presupposes the absence of gases or vacant spaces caused by blow
holes, bubbles, rough surfaces, etc., which are likely to be present where
two solid surfaces are brought into contact.+* Traces of poorly conducting
materials between metals, such as oxide films or air, cause abrupt drops in
temperature.

Figure 1 schematically presents the heat flow pattern that exists
at the interface of two metals in contact. The metal surfaces are actually
in contact over a limited area. The void space may contain air, oil, or
other foreign material. As indicated in the figure, when heat flows from
one surface to the other the flux lines converge in the region of the area
of contact. The area of contact can be increased by pressing the surfaces
together. Pressing the surfaces together may cause the metal, at the point
of contact, to be either elastically or plastically deformed. OSeveral in-
vestigators have studied the effect of pressure on the contact surface area
and on the heat transfer rate.2'7’9 The mathematical theory of elasticity
and plasticity has been used to explain some of the heat transfer phenomena
resulting from pressing the surfaces together.g'

¥References are given on page U42.
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Fig. 1. ©Schematic representation of heat flow across metallic contact areas.

SURVEY OF PERTINENT PUBLISHED PAPERS

The thermal resistance of metallic contacts apparently has been
under investigation for quite a number of years. The problem was present in
electrical switchesB’7 and in the dissipation of combustion heat in lined
cylinder blocks.2 One of the earliest investigations reported concerned the
heat contact between different parts of a cryogenic apparatus.’. The thermal
conductance between two clean metallic surfaces in contact in a vacuum is of
importance in the design of such an apparatus. Jacobs and Star'rlk studied
the thermal conductances between various clean surfaces in a high vacuum.

The conductances were studied as a function of pressure and the investigation
was limited to good heat conductors such as copper, silver, and gold. Since
the quality and flatness of the surfaces considerably affected their results,
they polished the surfaces to approximately optical flatness. They then
found that the slightest trace of grease at the interface resulted in an
increased conductance at room temperature and a decrease in conductance at
low temperatures where the grease became hard. For copper against copper

they found a linear relationship between thermal conductance and pressure

at the interface. The following relationship fits their data:

K = 0.08°P, (1)
where
K = thermal conductance, watts/cm? °C and
P = contact pressure, Kg/cm2.
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This equation indicates that in the case of optically smooth copper surfaces,
doubling the interface contact pressure between the contacts doubles the
thermal conductance.

Weills and Ryder2 studied the thermal resistance of dry and oil-
filled interfaces between flat surfaces of various metals. The experimental
apparatus used consisted of two test blocks 3 in. in diameter by 3 in. long,
stacked axially one on another between the platens of a hydraulic press. The
upper block was inductivily heated and the lower block watercooled. The
thermal conductance was obtained from measurements of heat flow and tempera-
ture gradient through the blocks. The effects of temperature, pressure, and
surface finish were studied. The investigators found that the thermal re-
sistance at the interface 1s decreased by increasing the temperature and
pressure, by the inclusion of oil, or by plating the surfaces with a soft
metal. As a result of their experiments, Weills and Ryder made the following
conclusions:

1. The thermal conductance of a dry joint increases with pressure,
linearly for steel, and generally exponentially for aluminum and bronze.

2. The thermal resistance of both dry and oil-filled joints decreases
with a decrease in roughness of the surfaces.

3. At a given temperature, pressure, and roughness, the thermal re-
sistance of both dry and oil-filled joints decreases in the order of steel,
bronze, and aluminum.

L. The thermal resistance of a dry joint decreases as the temperature
increases. For oil-filled joints, no consistent relationship was found.

5. The thermal resistance is about one-half as great for oil-filled
Joints as for dry Jjoints at 10 psi. The effect of the oil decreases at
higher pressures. The thermal resistance is decreased by copper plating
one surface of a steel joint.

6. A hysteresis-like loop in the thermal conductance-pressure re-
lation is obtained when the pressure is decreased following an increase in
pressure.

T. The presence of a film of oxide or other foreign material of low
thermal conductivity could contribute to the thermal resistance of a joint.
However, except for very low interface pressure, the oxide resistance
appears to account for only a small part of the total resistance.

The investigators also indicated that they believe that the area in metallic
contact is directly proportional to the load during plastic deformation and
to the two-thirds power of the load during elastic deformation. This
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opinion is based on the mathematical theory of elasticity,8

Centinkale and Fishenden6 considered the plastic flow of the metal
at the interface when the surfaces are pressed together. These investigators
concluded that when pressure is applied to the contact, the softer of the two
metals will plastically flow until the average pressure at the contact in-
terface is equal to the average resistance per unit area against indentation
(Meyer hardness). If the pressure is subsequently reduced, the metallic
flow is elastic and the area of contact is a function of the pressure to the
two-thirds power.

Kouwenhoven and Potter9 studied the thermal conductance of steel-
to-steel contacts under various conditions. The effects of pressure, temper-
ature, and surface roughness were explored. The investigators assumed that
the surface consisted of a series of parallel isosceles trapezoid ridges
("like a plowed field"). As the pressure at the interface is increased, the
trapezoids are assumed to crush, increasing the contact area. They pre-
sented the following relationships for predicting the increase in contact
area as a function of the original contact area and the relative height of
the trapezoids:

Ap = Ay o+ 20 + 24iA, + 12, (2)
where
Ap = final contact area,
A, = initial contact area, and
! = decrease in trapezoid height as a result of
pressure.

Since A is the srea of contact, l/A is a measure of the resistance to heat
flow. The influence of pressure was found to be greater for rough surfaces.
In general, Kouwenhoven and Potter's results agreed with those of Weills and
Ryder.

Brunot and Bucklandlo investigated the thermal conductance of
blocks of laminated steel. They also found that the effect of pressure was
considerably greater in the case of rough surfaces and concluded that contact
resistances vary widely depending on smoothness, contact pressure, thermal
conductivity of the metal, and thermal conductivity of the material between
the metal surfaces.

The published data referred to above form a useful basis for the
investigation of bond resistance to heat transfer in bimetal tubes. The
concept of treating the effect of the bond as a separate resistance to heat
transfer is a fundamentally correct approach to the problem. The reciprocal

L
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of the bond resistance is the conductance of the bond.

PROBLEM UNDER INVESTIGATION

The Hudson Engineering Company designed and built a unit to test
the performance of finned tubes. A copy of the blueprints used to build
this unit was obtained from that company. A similar unit was built at The
University of Michigan for evaluation by the project.

The evaluation of this unit involves the determination of its
ability to detect and measure in a reproducible manner the bond resistance
of a tube. The sensitivity of the device to differences in bond resistance
between different tubes is an important control criterion of the unit.

ITI. PREVIOUS WORK ON BIMETAL FINNED TUBES

Project Reports No.26 and No. 34, entitled "Development of a Test
for Bond Resistance to Heat Transfer in Bimetal Finned Tubes'" and "Effect of
Root Wall Thickness on Bond Resistance to Heat Transfer of Bimetal Tubes,"
respectively describe a test method for bond resistance. In this method
water was circulated by natural convection on the outside of the finned tube
being tested, and steam was condensed or water was pumped inside the tube.

The main conclusions reached in these reports were:
1. The described test method was suitable for measuring bond resistance.

2. Root-wall thickness apparently had no effect on bond resistance.

ITI. DESCRIPTION OF AIR-TEST APPARATUS

A schematic diagram of the test equipment is presented in Fig. 2.
The test unit essentially consists of a centrifugal blower for blowing air
perpendicular to a steam-heated finned tube. An American Blower type THH
was used for this purpose. Provisions were made for measuring the inlet-
steam temperature and pressure, and the inlet- and outlet-air temperatures.
A Taylor vane-type anemometer, model No. A413, was used to measure the dis-
charge-air velocity. To prevent the accumulation of noncondensables, steam
was continuously bled from the system.

Straightening vanes were placed between the blower and the tubes

>
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Fig. 2. Schematic diagram of test apparatus.
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being tested in order to remove large-scale turbulence created by the blower.
The inlet-air thermometer was placed above the vanes and about 6 in. below
the finned tube. The outlet-air temperatures were measured using a thermom-
eter placed above the orifice plate but below the anemometer.

The thermometers were calibrated against a thermometer calibrated
by the Bureau of Standards. The steam-pressure gage was calibrated against
a 100-in. Merriam mercury manometer.

IV. OPERATIONAL PROCEDURE

Steam was first purged at a rapid rate through the tube to remove
inside fouling. The pressure was then set at 10 psig for all experimental
runs. Approximately 20 min were allowed for the equipment to reach equilib-
rium. A stopwatch and the anemometer were then started simultaneously, after
which inlet- and outlet-air temperatures, and steam-temperature and -pressure
readings were recorded at l-min intervals for a total of five readings. The

stopwatch and anemometer were then simultaneously stopped and their readings
recorded.

Steam was then again purged at a rapid rate through the tube to re-
move any condensate in the tube. The test procedure described above was re-
peated and the temperature data were compared with the previous measurements
to ascertain that equilibrium had been reached. Typical test data are given
in Table I.

TABLE I
TYPICAL TEST DATA

Run No. 41k
Date of Run Tube Designation No. 17
12-20-55 All=-galuminum tube
Anemometer reading = 9100 ft
Anemometer time = 5 min 4.9 sec
Inlet-air thermometer reading = 27.06°C
Calibration correction to thermometer = -0.09°C
Correction due to radiation and other effects = -1.00°C
Actual inlet-air temperature = 25.97°C = T78.75°F
Outlet-air thermometer reading = L48.66°C
Calibration correction to thermometer = =-0.03°C
Actual outlet-air temperature = U48.63°C = 119.55°F
Steam pressure = 10 psig
Barometer reading = 752.0 mu Hg
Barometer temperature = 18°C
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V. THEORETICAL CONSIDERATIONS

The overall coefficient of heat transfer is defined as

Q = UoApATp ,
where
Q@ = heat transferred, Btu/hr,
U, = overall coefficient of heat transfer, Btu/hr/°F/ft2
based on outside area,
Ay = outside heat transfer area, ft2, and
AT, = mean-temperature driving force, °F.

The overall coefficient of heat transfer is further defined for
bimetal tubes as

1
Yo = 3 A A A A T AN
pg e+ rd(meg)t o () + e (&) v (D)t ar (D)

where
hy = outside film coefficient, Btu/hr/°F/ft2,
re = fin resistance (see Equation 5), Btu/hr/°F/ft2,
ry, = root-wall metal resistance, Btu/hr/°F/ft2,
Ay = log mean heat transfer area, ft2,
r, = bond resistance, Btu/hr/°F/ft2,
A}, = outside area of the liner tube, ftZ,
r; = inside fouling resistance, Btu/hr/°F/ft7,
A; = inside heat transfer area of liner tube, ft2, and
h; = inside film coefficient, Btu/hr/°F/ft2.

The fin resistancelts12 is defined by Equation 5. The derivation

of this relationship is given in Appendix A.

1 1 - E
re = —T+I’é T f s
o e T
£

(3)

(%)

(5)
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where ro = outside fouling resistance. The fin-resistance concept as pre-
sented by Carrier and Andersonll is convenient to use where repetitive calcu-~
lations are encountered. The method is an alternate procedure which can be
used in place of that used in previous reports. Following the procedure

used in the earlier reports, the overall coefficient of heat transfer would
be written as

U, = L (6)

1 A Ap A 1 /A ?
ot Tt i)+ G G v ()

where hg = outside heat transfer coefficient based on Age A comparison of
Equation 6 with Equation 4 indicates that the following substitution has

been made:
1 S B
HE = h(') + Iy o (7)

The relation between h} and hy is given by
hd Aeg = hg Ay . (8)

The equivalent area is a function of the efficiency of the fin and may be
determined by

Aeq = Ay + Ep Ap , 9)
where
Ay = root area, ft2,
- - . 13
Ep = {fin efficiency, Fig. 3,”” and
A = Tfin area, ft2,

In the range of air velocities encountered in the operation of the
air test, the values of the air-side coefficient, hy, vary from 6 to 10. The
corresponding fin efficiencies vary from 97% to 92%, respectively. A typical
bimetal finned tube has a fin OD of 2.00 in., a root diameter of 1,10 in.,
and a fin thickness of 0.019 in. The root area, A,, for such a tube is
0.30 ft2/ft length of tube, The area of the fin, Ar, is 3.29 ft2/ft, and
Ao is 3.59 ft2/ft. By Equation 9,

Aeq

I

0.30 + 3.29 Ep
for Ep = 0.92%.

Aeq 0.30 + %.29 (0,92)

3.3% ft2/ft and
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3
b
1
e

1.08

W
W
N

For
Aeg = 0.30 + 3.29 (0.97)

= 3.L9 ft2/rt and

A 3.59

&._ — —— —3

Aeq 349 .03
hy = 1.08hg for B = 92% and
hy = 1.05hg for B = 97%.

A plot of Equation 5 giving the fin resistance, rgy, in terms of
hé, ro, and fin efficiency, Er (using Fig. 3), is given in Fig. k.
to use this figure, hd must be known. In the laboratory experimental re-
search work, hg is obtained directly. Table II presents the fin efficiencies.
equivalent areas, and hg as a function of h} for the tube described in Fig. k.

In order

TABLE IT

hd AND h, FOR FINNED TUBE OF FIG. k4

hy  Br(%)  Aeg ﬁ—j—% re ho

600 27.5 0.881 0.329 .00382 197.5

400 34,0 1.420 0.396 .00374 158.1

200 47.5 1.862 0.520 .00k63 103.8

100 62.5 2.355 0.656 .00523 65.5
50 75.0 2.765 0.772 .00594 38.5
25 86.0 3.130 0.874 .00588 21.8
10 93.0 3.360 0.910 .00684 9.35
0 100.0 3.59 1.000 0

The values of hy and hé given in Table II are plotted for con-

venience in Fig. 5.

Equation 4 indicates that the overall coefficient of heat transfer
is equal to the reciprocal of the sum of the individual resistances to heat

11




UNIVERSITY OF MICHIGAN —

ENGINEERING RESEARCH INSTITUTE

*JUSTOTIIS00 9pTsano ,m.Dw.H®> 90UBISTSad UL ..J aw.n_m
o %y
)
|
0001 002 00l 0s (074 Ol 6 A S
|
4
€
[t
/ m
.’.IIII
T — i
| 6
m ol

youl / suid 6= N

sayou| 610°0= A

sayou| vl'1='a

sayou| 002 =%
;suoisuswip bHuimojjoy 8y} bBuiroy eqn}
pauuly wnulwn[iD uD vO 9JUD}sIS8J4 U4

)
Ol X 4

12




UNIVERSITY OF MICHIGAN

ENGINEERING RESEARCH INSTITUTE

000l

‘Qu snsasa Oy jo sanTeA poaenore) ¢ *STd
0065 002 00! 0S oz ol 0S 0z ol |
06| \\\
002 \\ 2
]
\\
P
0o¢ \;
o & nO o o
8 8 o o o \\ S
V.
\\\
A 8
\\
\\ o018
/ 0z
X\
/ QauI/sut} 6= N
,610°0= A 05
w LJbrr=ta
P ,002:=
\ : buiaby
7 aqn; wnuwnio Joy %y s % o8
Z 001

15




r— ENGINEERING RESEARCH INSTITUTE -« UNIVERSITY OF MICHIGAN —

transfer. In the case of the tubes tested, the outside fouling resistance,
ro, and the inside fouling resistance, r;, were for all practical purposes
zero. The new tubes had clean fins and, as described in the previous sectiomn,
steam was used to clean the inside of the tubes. Therefore, Equation 4 re-
duces to

1 yAO &\ 1 AO '
1 - Ly 7oy \ 4 = (o
hé rf + rm \An + rb \(:AL J + hi (Ai> > (lO )

where 1/Uy = overall resistance to heat transfer, Btu/hr/°F/ft®. In this
simplified case where ro = 0, the abscissa of Fig. 4 becomes hj.

In most heat transfer studies, values of Uy are obtained directly.
Other resistances or coefficients are calculated by subtracting out known re-
sistances obtained from Wilson plots, wall temperatures, or empirical
equations.

From the above equations and discussion it can be seen that if one
wishes to study any particular resistance to heat transfer, such as bond
resistance, the other resistances involved should be minimized. If this is
done, variations in l/Uo will reflect variations in the resistance being
studied. If other resistances besides the one being studied are large and
also vary, such variations can easily mask the variations of the resistance
under study. This subject is developed further in Section XIIT.of this re-
port.

In the air-test apparatus the velocity of the air past the finned
tube affects the outside-air film coefficient of heat transfer. A review
of the literature (see Section VI) indicates that the variations in air
film coefficients are correlated in the following form:

ny = av® . (11)

The various values of a and b obtained by different investigators are
summarized in Section VI.

VI. SUMMARY OF PUBLISHED RELATIONSHIPS FOR AIR FILM COEFFICIENTS

A survey of the technical literature since 1942 indicates the fol-
lowing equations for air-side coefficients for tubes:

1. Norris and Spof‘ford:llF

1k
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hy = C1 (Vmex)' . (12)
2. Lemmon, Colburn, and Nottage:l5
Up = Cao (Vpgey)© 2. (13)
3. Jemesonl0 (for various finned tubes):
Ry = Cs (V)"0 (14)
by = Ca (Vgey) s (15)
o= Cs (Ve )°°67° (16)
B = Co (Vgax) (17)
bl = C7 (Vpgy)O:748 , and (18)
ny = Ca (Vpay) %% . (19)
4., Kays and London17 (for various finned tubes):
Fig. 92, bl = Co (Vgax)" ', (20)
Fig, 93, by = Cio (Vuax)" o0, (21)
Fig. 9%, hy = Cuia (Vmax)o.76: (22)
Fig. 95, hy = Cio (Vyay)® "%, and (23)
Fig. 96, h! = Cis (Viax ) 72. (2k)
5. Katz, Beatty, and Foust:l8
Up = Cia (V)0 ™% . (25)
6. Schmiat™’ (first row of finned tubes in a tube bank):
by = Cis (Vpgy)® ™, (26)
hy = Cie (Vmax)o'47, (27)
D! = Ciz (Vpey)O®, (28)
hd = Cig (Vgay)©:°%°, and (29)
nd = Cis (Vgax)© ™%, (30)
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An examination of Equations 12 through 30 indicates that the power
(exponent) on the maximum velocity varies from 0.29 to 0.8. Most of the
exponent values appear to be in the neighborhood of 0.65. It should be
pointed out that the above equations do not contain the value of the constants
Cy1 through C;g because the data were obtained on a wide variety of tubes in
various test arrangements and were reported in many forms. Many of the ex-
ponents reported above were computed from the published data and curves.

VII. ANEMOMETER DUCT CORRECTION FACTOR

In the early stages of this investigation it was observed that the
air film coefficients obtained on the air-test apparatus were considerably
higher than those published in the Katz, Beatty, and Foust articlel8 and in
the correlation report.go Some of the data published in the correlation
report were for tube banks one row and two rows deep. The Katz-Beatty-Foust
data were obtained on single tubes, one-row banks, and two-row banks. As a
result of this discrepancy an investigation on the influence of a 4-in. duct
on the Birams type vane anemometer was undertaken. Report No. 3721 was
issued as a result of this investigation. Figure 3 of that report (p. 12)
indicates that the actual amount of air flowing through the L4-in. duct is
66% of that indicated by the anemometer.

Early air-test results (using the 66% duct correction factor) in-
dicated that the exponent on the velocity term for all-aluminum tubes was
about 0.35 This value was considerably lower than that expected, since the
literature indicated that the probable value would be in the neighborhood of
0.6. As a result of this situation an independent check of the anemometer
correction factor for a 4-in. duct was made with the anemometer in the air-
test apparatus. Steam condensate was collected and air-side and steam-side
heat balances were obtained. The results verified the 66% correction factor.
The actual value obtained by this latter method was 65.3%. Figure 6 presents
the test curve. The test data are summarized in Appendix B.

It was concluded that the duct correction factor is an essential
correction that must be taken into consideration in analyzing the air-test
data. It was also concluded that the low value of the velocity exponent
could not be explained by an error in the anemometer duct correction factor.
Two other possible factors could explain all or part of the low exponent.
These are: (a) thermometer error due to radiation or other factors; (b) air-
turbulence factors. These are discussed in Sections VIII and IX of this
report.

16
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VIIT. THERMOMETER CORRECTION FACTORS

The possibility of radiation from the hot finned tube to the
inlet-air thermometer was experimentally investigated. This was done in
the following manner. A second inlet-air thermometer was placed in the
ambient-air stream going to the blower. It was observed that there existed
a significant difference between the temperature readings.

It was apparent that part or all of this difference might be
accounted for by the energy added to the inlet-air stream by the blower.
If only part of the difference was due to the blower, the remaining portion
would be due to radiation or possibly to conduction of heat from the test
tube to the wall of the apparatus and finally by convection to the air in
the neighborhood of the thermometer.

To determine the blower effect, the tube was not heated and the
air thermometers were read with varying air velocities. A calibration curve
was established giving the temperature rise of the air due to the blower
as a function of the air velocity past the tube. Analogous test data were
obtained for the condition in which the tube was heated. The results of
these two series of tests are presented in Fig. T and the test data are
tabulated in Appendix C.

It was concluded that these correction factors are significant and
must be taken into account when analyzing air-test data. This situation
could be avoided by redesigning the air-test apparatus so as to relocate the
inlet-air thermometer in such a manner that no such correction is required.

IX. BLOWER TURBULENCE EFFECTS

The centrifugal blower used in the air-test apparatus tends to
discharge the air against the back wall of the duct going to the tube. As
indicated in Section III of this report, straightening vanes were installed
between the blower discharge and the tube being tested. These straightening
vanes were of the "egg-crate" variety.

Discussions with professors of fluid dynamics in both the
Engineering Mechanics and the Aeronautical Engineering Departments indicated
that the straightening vanes were undoubtedly ineffective in removing all of
the centrifugal blower effects. Further discussions with the above personnel
indicated that one or two screen grids would be required to smooth out blower
disturbances.
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Initially one 30-mesh screen was inserted above the straightening
vanes. Later a second 30-mesh screen was inserted about one inch above the
first screen.

The data obtained from an all-aluminum tube in the air-test appara-
tus with no screens, one screen, and two screens, (inserted as described
above) are tabulated in Appendix D. The data are presented graphically in
Fig. 8 where the reciprocal of the overall heat transfer coefficient (1/Up) is
plotted vs the reciprocal of the maximum velocity to the 0.4 power. The power
on the velocity was determined from all of the all-aluminum test data and is
described in Section XI. The data presented on Fig. 8 were obtained from two
separate series of tests. A separate series of tests indicated that it is
necessary to clean thoroughly the inside of the tube prior to testing in order
to obtain reproducible results. The cleaning was accomplished by blowing
live steam through the inside of the tube for about one-half hour. Since this
cleaning procedure had not been used on the tube in the initial test measure-
ments made to determine the effects of the screen, a second series of tests
were run with an all-aluminum tube cleaned on the inside in the above manner
to check the effects of the screens on the tube performance. The results of
the second series, also presented on Fig. 8, indicate that the first tube was
fouled during the runs made with no screens present in the apparatus. From
the data in Fig. 8 it appears that the fouling probably present on the inside
of the tube was essentially removed during or following the tests made with no
screens present, as it does not appear significant in the one-screen and two-
screen data.

The effect of the screens on the outside-air film coefficient is
presented in Fig. 9 where the outside-air film coefficient is plotted vs the
maximum air velocity on logarithmic coordinates. As shown on this figure,
one effect of the screens is to reduce the outside coefficient 11.5%.

The use of screens between the blower and the tube being tested
tends to level out the uneven disturbances created by the blower. Since the
flow characteristics produced by different blowers would in general not be
the same, some method must be used to eliminate blower effects in order to
obtain comparable results between air-test apparatuses using different
blowers. The use of screens can accomplish this purpose.

X. TEST DATA AND CALCULATION PROCEDURE

TEST DATA

The test data taken on all-aluminum and bimetal tubes in the air-test
apparatus consisted of the inlet- and outlet-air temperatures, the anemometer
reading and anemometer time,and steam and atmospheric pressures. Typical test

20
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data obtained on an all-sluminum tube (No. 16) are given in Table III. Table
IV includes typical test data obtained on a bimetallic tube (No. 36). As can
be noted from a comparison of Taebles IIT and IV, the measurements taken were
the same for both types of tubes, differing only in the experimental values
obtained.

A summary of all of the all-aluminum test data for this report is
given in Appendix E. Appendix ¥ contains a summary of the bimetallic-tube
test data. The test data obtained in the earlier runs without two screens
were not used in this evaluation report.

TABLE ITT

TYPICAL ALL-ALUMINUM-TUBE TEST DATA

Tube No. 16 Run No. 481
Barometer reading = 732.2 mm Hg
Barometer temperature = 20.2°C
Orifice size = 4 in.
Anemometer reading = 9200 ft
Anemometer time = Y4 min, 21.8 sec
Inlet-air thermometer reading = 28.98°C
Correction for radiation and other effects = =-1.00°C
Thermometer calibration = +0.07
Inlet-air temperature = 28.05°C
= 82.50°F
Outlet-air thermometer reading = L48.73°C
Thermometer calibration = -0.04°C
Outlet-air temperature = 48.69°C
= 119.65°F
Steam pressure = 10 psig

CALCULATION PROCEDURES

Four different calculation procedures had been used at one time or
another to analyze the air-test data. The four methods have been referred
to as (1) short form of calculation, (2) modified short form, (3) long form,
and (4) modified long form. Sample calculations for each of the above
procedures are given in Appendix G for Run No. 481. The results of these
calculations are given in Table V.

The differences among the four calculation procedures are as
follows:
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TABLE IV

TYPICAL BIMETALLIC-TUBE TEST DATA

Tube No. 36 Run No. 508
Barometer reading = T720.8 mm Hg

Barometer temperature = 25.8°C

Orifice size = 4 in,

Anemometer reading
Anemometer time

8995 ft

5 min, 57.7 sec

Inlet-air thermometer reading = 30,80°C
Correction for radiation and other effects = =1.00°C
Thermometer calibration = +0.09°C
Inlet-air temperature = 29.89°C
= 85.8°F
Outlet-air thermometer reading = L47.90°C
Thermometer calibration = =0.03°C
Outlet-air temperature = 47.87°C
= 118.1°F
Steam pressure = 10 psig
Steam temperature = 114.1°C = 237.4°F
TABLE V

COMPARISON OF CALCULATED RESULTS OF RUN NO. 481

Calculation Procedure

ort o SIS ons tom ot
Vegce 980 646 672 672
Vinax -—- --- 1790 1790

U, (liner OD) 174.5 120.5 118.5 12k4.8
Uy (outside) — - 8.68 9.13
h, (liner OD)* 205 134 131.5 139.5

*Calculated assuming all resistances except air film equal 0.00085, based on
liner area.

2k
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1. The short form of calculation does not take into account (a) the
density correction on the anemometer, (b) the effects of the duct on the
anemometer, (c) corrections on the inlet-air thermometer due to radiation
and other effects, or (d) differences in tube geometry.

2. The modified short form of calculation is the same as (1) above ex-
cept that the effect of the duct on the anemometer reading is taken into
account.

3. The long form of calculation is the same as (1) above except that
items (a), (b), and (d) are taken into account. No correction is made on the
inlet thermometer for radiation and other effects.

L. The modified long form of calculation takes into account all four
(a, b, c, and d) of the above factors.

As indicated in Table V, significant differences can exist among
the results obtained from the four procedures. The modified long-form type
of calculation is believed to give the most significant heat transfer result.
This method of computation was used to compute all overall coefficients given
in this report.

XI. ANALYSIS OF ALL-ALUMINUM-TUBE DATA

The overall coefficient of heat transfer can be computed using the
data given in Appendix E by Equation 3, making proper allowance for anemometer
and inlet-air-temperature corrections. The overall coefficient of heat
transfer is related to the individual resistances by Equation 4. Equation k4
can be rearranged to give

L1 5oy b (50) 4y (20 4 g (R0), L (o
G Tttt (3) (5) * ™ (AL>+ & (Ai>+ o (ag)  OY

For an all-aluminum tube, the bond resistance, ry is zero. Assuming
no fouling on the inside and outside of the tube (ry = rd = 0), Equation 31
reduces to

1 _ 1 Ao 1 A
Uo  ny © T T Tm (Am) * by (Ai ' (32)

The outside coefficient hj is correlated by use of an equation of
the following form:

= c Vg (11)

2>
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where
c
b

a constant, and
a constant.

Equation 11 can be substituted into Equation 32 to give

1 Ao 1 (Ag
= = — + T + 1y (=2) + = . (33)
Uy c Vb m ( Am) hy (Ai

Assuming that ry , rp, and hj are constant, this equation reduces to the
following form:

—_ = + JM
UO c Vmgx > (5 )+ )
where
M = a constant = rf + rp (ég) + L éQ) s
m hs \A4

A plot of (1/Ugy) vs (l/VE) on rectangular coordinates should result in a
straight line having a slope of (1/c) and an intercept value of M.

DETERMINATION OF OUTSIDE-AITR FIIM COEFFICIENT

The value of the exponent, b, was obtained using a least mean
square22 analysis of the all-aluminum-tube test data. Various exponents were
assumed and the deviations of the data from Equation 34 were calculated. The
sum of the square of the deviations were plotted vs the assumed exponents as
shown in Fig. 10. The best exponent was obtained from the minimum value of
the sums of the square of the deviations. As given in Fig. 10, the exponent

value obtained using this procedure is 0.k4.
Figure 11 presents a plot of (1/Ug) vs (l/VmO'4) for the all-

aluminum~-tube test data. The solid line given on this figure was obtained
using a least mean square fit of the data and has the equation

1 1
= = o+ 4+ o0.00481 . (35
Uo 0.465 v, 0-% )

By comparison of Equation 34 and 35, the values of c and M are obtained as

c = 0.465 and
0.00481.

=
n

26
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The outside-air film coefficient obtained from the above analysis is
expressed by the equation

0.4
hy = o,u65vm . (36)
A second least mean square analysis was made on the all-aluminum-

tube test data to determine the validity of the assumption of a constant fin
resistance. The analysis employed a modified form of Equation 34, of the type

1
T W+m', (37)

where

0
1]

a constant,
a constant, and

A
m' = a constant = 1rp (ég + 1 /20
Am hi \Ai

o'
|

The resistance of the fin was determined for each experimental point, using
Fig. 4 and Equation 36.

The constants obtained from this analysis were

¢! = O.h69,
b' = 0,396, and
m' = -0.003%6 .

The outside-air film coefficient obtained from this analysis is
expressed by the equation
0.396
hy = 0.469 vy . (38)
A comparison of Equations 36 and 38 indicates that for all practical
purposes the outside-alr film coefficients predicted by these equations are
identical. Equation 36 is presented graphically in Fig. 12 and will be used
throughout this report to predict the air film coefficient for 2-in.-O0D finned
tubes in the air-test apparatus.

DETERMINATION OF INSIDE STEAM-CONDENSING COEFFICIENT

The inside steam condensing can be calculated from the expression
(see Equation 34)

1 /4p A
£ (=0 = M - (r¢ + 1,0} . 39
hj Ai> (f ™ Aq (39)
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The value of M is given in the previous section as 0.00481. The
average fin resistance is obtained from Fig. 4 as re = 0.0072. The metal
resistance is computed as

X Ap
T =
m K Ag ’ (40)
where
X = average root-wall thickness = 0.078/12 ft,
K = +thermal conductivity of metal root wall = 121
Btu/hr/°F/ft, and
%9 = ratio of outside to mean metal area = 13.2
m (dimensionless).
Substituting,
o 2 .
r - (.078/12)(13.2) _ 0.00071 hr/°F/ft=(outside) o
121 Btu

Substituting the values of M, rr, and r, (Ay/Aj) into Equation 39,
the inside resistance is obtained as

—l—_‘”—%‘«\ = 0.0048 - (0,0072 + 0.00071) = -0.00311 .

The above indicates that the inside condensing coefficient, computed
from the least mean square fit of the all-aluminum-tube test data, is a
negative value. This is not physically possible. The reason for this
apparent discrepancy can be seen from examination of Fig. 11l. The solid line
given on this figure represents Equation 56, obtained from the least mean
square fit of the data. The numerical value of M is found from the value of
(1/Uo) when (1/vy°-*) is equal to zero. The data used in the analysis and
plotted on this figure range from approximately (1/Vy,°-%*) = .049 to
(l/Vmo'4) = .07, Thus the line representing the data is extrapolated about
two and one half times the range of trne data in order to obtain the intercept
value.

A dashed line is also included in Fig. 11. The intercept of this
line has a value of 0,01202 predicted by a steam-condensing coefficient
calculated using Nusselt's theoretical equation. As shown on Fig. 11, the
dotted line reasonably represents the all-aluminum-tube air-test data. The
sensitivity of the air test apparatus is such that the condensing coefficient
cannot be experimentally determined.
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XII. ANALYSIS OF BIMETAL-TUBE DATA

The overall coefficient of heat transfer with bimetal tubes can be
computed using the data given in Appendix F and the modified long-form pro-
cedure illustrated in Appendix G. Assuming no fouling present on the tube,
the overall coefficient is related to the individual resistances to heat
transfer by the relationship

1 AO) Ao L A
U = + rp + T (Am + 11 (AL) * (Ai » (1)

The outside-air film coefficient is a function of only the air mass
velocity and the tube and apparatus geometry (for moderate temperature ranges )
and is independent of the bond resistance of the tube. Since the exterior
geometries of the bimetal and the all-aluminum tubes are essentially the same,
the outside-air film coefficient for the bimetal tubes is obtained from the
all-aluminum-tube data as

hy = 0.465 V0% . (36)

Assuming constant fin, steam, and bond resistances and substituting
Equation 36 into Equation 41,

1l 1

= oHG vt M, (42)

o}

where
M" = a constant for any one bimetal tube =

. A 1 /Ao
re + Iy (ﬁz) + T (Ki) EE-(EE) .

A comparison of Equations 42 and 3% indicates that they are of the
same form and therefore a plot of (1/Uy) vs (1/Vy°+%) on rectangular coordi-
nates should also result in a straight line for the bimetal-tube data. A
comparison of Equations 42 and 35 further indicates that the data for a bi-
metal tube plotted in the above manner should result in a straight line which
is parallel to that obtained for the all-aluminum tubes, but having a
different intercept (M") value. Assuming that the steam condensing coefficient
for a bimetal tube is the same as for an all-aluminum, the difference in in-
tercepts is

L . - Ao - Ao Ao
M M(aluminum) [%m(Am) bimetal rm(AZ)aluminu%J * rb(AL) - (43)
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Figure 13 presents a plot of (1/Ug) vs (1/Vpex®°®) for five
different bimetal tubes. Superimposed on this figure is the corresponding
line obtained from the analysis of the all-aluminum-tube data (see Fig. 11).
The bond resistances obtained using the intercept values given in this figure
and Equation 43 are calculated in Appendix H and tabulated in Table VI.

TABLE VI

BOND-RESISTANCE VALUES FOR FIVE BIMETAI, TUBES
(Copper Liner Material)

A Bond Resistance
Tube No. Bond Resistance x (Kf) (based on liner area)
3 .09934 .00725
L less than 0.0068 less than 0.0005
36 ' .01004 .00073%3
Sh .01684 .00123
38 . 06664 .00485

Bond-resistance values, such as given in Table VI, can be directly
substituted into an overall coefficient equation such as Equation 41. Thus
the designer can take into account the effect of the bond on the heat transfer
performance of a unit in the design of equipment.

A combined heat transfer coefficient which is a function of only
the maximum air velocity (for a particular tube in the air test apparatus)
can be computed by combining the bond and air film resistances. TFigure 14
presents this type of a plot where

is plotted vs the maximum air velocity in feet per minute on logarithmic
coordinates. The line corresponding to the outside film coefficient (rb =0)
for this figure was obtained from Equation 36. This figure can be used to
predict the effect of the bond resistance on the performance of a tube, as is
illustrated in the following example:

A bimetal tube, with no bond resistance, tested in the air-test
apparatus at a maximum air velocity of 1500 ft/min would have an outside
coefficient hj of 8.7. If this perfect tube were replaced by a second
bimetal tube having a bond-resistance value of 0.001, the air velocity re-
quired to maintain the same overall coefficient would be 2120 ft/min for an
increase of 41.4%. If the air velocity for the second tube were maintained
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at 1500 ft/min, the coefficient would drop to 7.7 for & decrease of 11.5%,

Figure 15 presents the information given in Fig. 44 with the coeffi-
cient based upon the tube-liner OD area and the air velocity based upon the
face area of the tube. The average outside heat transfer area and minimum
flow area used for these conversions were obtained from the nominal dimensions
of the tubes tested,

XIITI. SENSITIVITY OF AIR-TEST APPARATUS

The sensitivity of the air-test apparatus to bond-resistance
differences between bimetal tubes is determined by (1) the degree to which
the bond resistance controls the performance of the tubes and (2) the accuracy
of the predicted air film, fouling, metal, and steam resistances to heat
transfer. This can be illustrated by Fig. 16 where the percent of the heat
transfer resistance due to the bond is plotted vs the bond-resistance with
parameters of air film coefficients for a 16-gage admiralty tube having an
inside coefficient of 1000.

By use of this figure, the limits of the calculated bond-resistance
value can be determined if the accuracy of the overall coefficient is also
known. This is illustrated in the following two examples.

EXAMPLE 1

It is assumed that an admiralty liner bimetal tube is installed in
the air-test apparatus having a calculated bond-resistance value of 0.001 when
the steam coefficient is 1000 and the air film coefficient, hj, is 10. Figure
16 indicates that the bond resistance is lO% of the overall resistance to heat
transfer. (All other resistances constitute 90% of the total resistance.)

In this range of maximum velocity, the overall coefficient is usually known
within ¥ 3%. Since the bond resistance is obtained as the difference between
the overall resistance and all individual resistances except the bond, the
percent of resistance due to the bond is obtained for the limiting coeffi-
cients as:

(a) true overall coefficient 3% higher than measured:

resistance due to bond = lgéa:—gg) 100 = 12.6% (of overall
103 resistance)

(b) true overall coefficient 3% lower than measured:

resistance due to bond = (21§%—29) 100 = 7.2% . (of overall

resistance)
36
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From Fig. 16, the corresponding bond-resistance values are 0.0013
and 0.00068, respectively. Thus, although the overall coefficient is known
within X 3%, the bond resistance is known only within * 30%. Uncertainties
in the air film and steam condensing coefficients tend to increase the
uncertainty in the measured bond-resistance values.

EXAMPLE 2

Assume the same admiralty liner tube is run at a lower air rate
such that the outside-air film coefficient, hl, is 5. The bond-resistance
value is again computed as 0.001 (with a steam condensing coefficient of 1000).
From Fig. 16, the percent of the total resistance attributable to the bond
is 5.5%. Again allowing 3% uncertainty in the overall coefficient, the per-
cent of the resistance due to the bond for the limiting coefficients is:

(a) true overall coefficient 3% higher than measured:

resistance due to bond = (%92z632&42> 100 = 8.25%

(b) true overall coefficient 3% lower than measured:

resistance due to bond = (.7 ;79M;5 100 = 2.58%.

From Fig. 16, the corresponding bond-resistance values are 0.0015
and 0.00053, respectively. Thus, although the overall coefficient is known
within ¥ 3%, the bond resistance is known only within 0.001 ks 0.0005 or
* 50%.

As shown in Fig., 16, the higher the bond resistance the more
sensitive the air-test device because the bond resistance represents a higher
percentage of the overall resistance for any fixed air film coefficient.

Allowing a 5% indeterminacy in the overall coefficient, the smallest
bond resistance measurable with confidence (hé = lO) would be about 0.00027.
The tube in this particular case would have to perform as well as the average
of the monometallic tubes (allowing for differences in metal resistance).

Figure 17 presents the same information as Fig. 16 with an inside
coefficient of 2000, As seen from a comparison of the two figures, a change
in the inside coefficient shifts the position of the resulting curves. The
measurable bond resistance is still in the order of 0.00027.
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The following conclusions and recommendations are made:

The equipment can be used for production control if the

The equipment cannot be used to obtain sufficiently accurate
bond-resistance values in the cyclic testing of bimetal tubes.
The air-test apparatus when used for production control should

be operated at the highest air throughput with screens in order

A bond-resistance testing apparatus that can accurately measure
bond resistance of the order of 0,0004 X 0.0001 or less is

bond resistance not exceeding 0.0005 if a sensitive production=-

The bond resistance value of 0.001 as given in C and D above

XIV. CONCLUSIONS AND RECOMMENDATIONS

The single-tube test data (i.e,, Equation 36 for air film
coefficient) cannot be used for the design of tube banks.

The effect of the bond resistance (interfacial contact resist-
ance) should be included in the design calculations as an added
resistance to heat transfer for design purposes.

The bond resistance with steam condensing inside bimetal tubes

and with average air temperatures of 110°F is about 0.001 (based
on liner area) for an acceptable bimetal tube.

accuracy indicated is acceptable (0.001 * ,0003 at hy = 10).

to obtain the greatest sensitivity to bond resistance.

seriously needed. We believe that bimetal tubes can be con-
sistently fabricated without serious losses for shipment with

control device is available.
amounts to approximately lO% of the total resistance to heat

transfer in normal applications. It is recommended that the
control value be reduced to at least 5% (or to 0.0005).
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APPENDTX A

DERIVATION OF FIN RESISTANCE METHOD
FOR A FOULED TUBE

Nomenclature

Temperature Level

Position

Let the coefficient be constant for both root and fin area and equal
to hy and let the outside fouling resistance be constant and equal to ré.

Ignoring the outside area difference due to fouling, the heat
transfer to the root portion of the tube is

Ll
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ar = hd Ap (tpg - tmrf) . (14)
It necessarily follows that
= () A (bgpp - bgy) (24)
dr = (ré) r \lmpf mr/ °

Solving Equation 2A for tp.r gives

r'
ber = A oy tmr - (38)
r

Substituting Equation 5A into Equation 1A gives

r
= i (b, - ——Xi - ) (4A)
T
Rearranging Equation 4A gives
A
= T (tpg - b)) (5)
1 '

Now, again ignoring the area difference due to fouling, the heat transfer to
the fin is given by

ar = hf Ap (tps - ‘tpee)s (6A)
and it also follows that
1
dr = o Afp (tmff - tmf)’ (7A)
o

where tpre and tye are the integrated average fouled-fin interface and fin-
metal interface temperatures, respectively. ©Solving Equation TA for Smers

t
Ap

Substituting Equation 8A into Equation 6A gives

G = oA (s - TR - ). (94)
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Rearranging Equation 9A gives

ar = —AL (g - tpe)- (104)

Equation 10A for the fin is analogous to Equation 5A for the root. Now, the
total heat transfer through the tube must equal the sum of that occurring
across the root wall and that occurring across the finned section, or

qT = Clr + Qf > ( 11A )
where qp = total heat transfer rate.

Substituting Equations 5A and 10A into Equation 11A gives

A A
dp = _ (tps - tmr) + — (tbs - tmf)' (124)

1 |> 1 1
— 4+ 17 (——+I’)

0o o
h hg

Now, defining a factor equal to the ratio of the temperature drop from the
bulk stream to the fin and the drop from the bulk stream to the root, i.e.,
fin efficiency,
t -t
Ep = P8 - ‘mf (13A)
tps - tmr

Substituting Equation 13A into Equation 12A gives

Ay Ap
(57 * 9 (‘7 + 1”6)
hg ho
Rearranging Equation 14A gives
-t
A i%?é____mrl [A, + Ep Arl. (154)
v+ r’)
hg ©
Defining an equivalent area as
Aeq = Ay + EBp Ap, (164)

substituting Equation 16A into Equation 15A gives

L6
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1

ap = ———F feq (tbs -ty ) (17A)
1 + !

'
h

)

Now, the remainder of the heat transfer coefficients, involved have the
relationship

ar = % (bor = tmi) = %— (bmi = tmir) = Ai by (bpyre - 1), (181)
where A, = the mean metal heat transfer area,

A; = the inside heat transfer area,
E =TI, = the metal resistance to heat transfer,

ri = the inside fouling resistance to heat transfer,

hy = the inside film coefficient for heat transfer,

Umi = the inside tube-metal temperature,

tmif = the inside fouling-film interface temperature, and
t{ = the bulk stream inside temperature.

Upon solving Equation 18A for the interface temperature as in the
outer films, the following can be obtained:

ap = Aj (g = t1)- (194)

ar —;L, + 1"6)
o] .
e = tpg - e ) (20A)

Substituting Equation 20A into Equation 19A gives

. - : qﬁ'GE% + ré)
Q
ap = Ay tpg - —————% - b4l- (214)

1 Af Aeq

b7
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Rearranging Equation 21A gives

q - Aeq [tbs - ti] . (22n)
! (.Asg) 1, (Reqy o Aeg 1,
Ai hi (Ai i+ Am m + h(') + I'O
Now, defining Ueq = ar , (234)

Aeq (tpg = ti)

solving Equation 23A for A and substituting into Equation 22A gives

Ueq = = . (2ha)
Aeq 1 Ae Ae 1
=4 - =g, S =
Ay hy Ay ot T Ay, M Ty o
Now, defining A
€q
U, = Ueq(—), (25A)
° <AO )

substituting Bquation 25A into Equation 24A and solving for Uy gives

Aeq
A
U, = m T n 0 : T . (264)
eq rheq eq '
—) — + i + + = +
(Ai hy \mg /7R ( a) Tm ng o

Solving Equation 26A for 1/U, gives

L Ao\ L rAg Ag Aol B0\
Uo <Ai hy (Ai 1 (Am m ¥ heq (hé) * (Aeq) fo - (274)
Defining an overall resistance containing a fin-metal resistance, rs,

—_— = Y —_ ala®) N L .
Uo Ai> hy * Ag ri o+ (Am Ty + Tp + he +rd . (284)

Setting the right-hand sides of Equation 28A equal to Equation 27A and
canceling terms gives

re o+

,+ ré - A (ﬁ%) + 0 _rr . (294)

1 ho Ao
hl Aeq Aeq ©

Solving Equation 29A for ry and simplifying gives

r. = [_ZL 4 r% [ﬁp_:_fie&], (304)
h Aeq

o
L8
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but
A, = A+ Ap (314)

and
Aeg = Ay + Ep Ap . (324)

Substituting Equations 31A and 32A into Equation 30A and rearranging gives

re = —-—l, + L - B (334)
h Ay
O T4 B
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APPENDIX B

ANEMOMETER CORRECTION FACTOR OBTAINED
FROM THE AIR-TEST APPARATUS
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APPENDIX C

DATA FOR THERMOMETER CORRECTION FACTORS
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TEMPERATURE RISE OF INLET AIR DUE TO BLOWER, RADIATION, AND OTHER EFFECTS

Ambient-Air Inlet-Air Tinlet-
Run No.  pepperature*,°C  Temperature,°C  Tambient,°C Vmax Remarks
Temperature Rise Due to Blower
437 23,42 24,08 0.66 750 No steam
1438 23,07 23.67 0.60 1079 No steam
439 23,07 o, 02 0.95 1362 No steam
44O 23,04 24,01 1.03 1352 No steam
Ly 2%,38 ok, 1% 0.75 1352 No steam
Lho 26.35 26.51 0.16 134k No steam
4h3 26,46 26 .49 0.03 1641 No steam
Ll 26,48 26.67 0.19 1045 No steam
Lh5 26,08 26. 4L 0.36 700 No steam
450 26.71 26.90 0.19 1788 No steam
451 26.87 27.12 0.25 1451 No steam
452 26.92 27.24 0.32 1345 No steam
453 28,57 28.93 0.%6 960 No steam
Temperature Rise Due to Blower, Radiation, and Other Effects

LoT 27.40 29.55 2.15 748  Steam in tube
408 27.%6 29.62 2.26 79% Steam in tube
411 25,67 27,14 1.47 1170 Steam in tube
412 25.72 27.24 1.52 1178 Steam in tube
413 25,51 26.91 1.40 1510 Steam in tube
bk 25,68 26.97 1.29 1505 Steam in tube
415 25,82 26.95 1.13 174% Steam in tube
416 25,80 26.94 1.1% 174%  Steam in tube
b7 25 .94 26.91 0.97 1833  Steam in tube
418 25,95 26.95 1.00 1833 Steam in tube
419 27.83 28,88 1.05 1882  Steam in tube
420 2773 28,80 1.07 1882 Steam in tube
Lol :8.,06 29,88 1.82 810 Steam in tube
Lop 28,00 29,92 1.92 810 Steam in tube
423 27.97 29,52 1.55 121% Steam in tube
Lok 28,01 29.52 1.51 121%  Steam in tube
L5 28.18 29.45 1.27 1215 Steam in tube
426 28,06 29,42 1.%6 1213 Steam in tube
Yot 28.19 29.92 1.73 807 Steam in tube
428 28,32 29,95 1.63 807 Steam in tube
hog 28,23 28.92 0.69 1855 Steam in tube
430 28.15 28.91 .76 1855 Steam in tube
431 27.55 28.65 1.10 1886  Steam in tube
432 27.63 28.54 0.91 1886  Steam in tube
433 27.91 29,30 1.39 1220 Steam in tube
L3l 27,87 29,28 1.41 1225 Steam in tube
435 28,17 30.11 1.94 813 Steam in tube
436 28,18 30,17 1.99 813 Steam in tube

*The ambient-air temperature was measured with a thermometer located at the
inlet of the blower.,
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APPENDIX D

DATA ON EFFECT OF SCREENS

5k




UNIVERSITY OF MICHIGAN —

ENGINEERING RESEARCH INSTITUTE

U9aIdS OU ¢ 3G'6  TCGT  OL-¢cT o8 L9 42T ot'2g GG gse TC e 9t 826
usaxds ou  g/1-3  H¢'g@ Q9TT  08°62T cog¢ Lo°T¢T Le-¢g qalsia ¢ He 9t Las
u22108 OU 2  04L @@L 05 TRl ota¢ 00°GHT S8 18 cgrgee ¢ HS 9T 924
u23I0S SUO 2 oL*9  o0glL 02 et o¢ée Geront 02" #3 GG gee ¢ He 9t &8
U310 3UO 2/1-2 grL  G9TT 02 T¢I 029¢ ¢2 621 cle¢g GG gee ¢ He 9t s
LEERSERELG) ¢ 2H'g 09T  0G°HET 066¢ G6°2eT 00°¢Q ggrgee ¢ He aqny umuTmMTe-TTY 9T ¢eg
UssIDS SUO . 4 0T°6 ¢QLT  00°geT oz 0T-gTT <818 ¢grgee <R 23F 279070 = "Iy 91 2
SUS2I0S OMY L CT°'6  028T  00°2HT oLSH 06°¢TT 00°LL Ggegce ¢ He 235 36°¢ = % 9T 26
$9S9J, PUCOag
U99I0s U0 4 21°L  ¢1g 00°¢eT oLT¢ 0¢ eHT 0% 18 G0 6¢e 0S¢ He LT 9ck
USvI0S U0 2 gr°L ¢TIy 06¢eT 0¢TE 098" THT ot 78 Go*6¢e 0512 LT Gen
us’vI0s SUO 2/1-2 lo°g G221  02° T¢I oHge G9°62T 06°28 0652 oS #2 LT nen
U23I0S SUO g/t1-2 96°L o2l 02 T¢I 06LE Q¢ 62T ¢6°eg G0 6¢2 0612 LT cen
u33108 U0 K Q26 988T  0G OHT o¢LlH L6°gTT 9¢° 18 GO-6¢2 06 H2 LT coeh
U39I08 U0 4 o6 988T  06°9¢T OTLlY G6°QTT QL 18 G0 6¢e 0512 LT Tch
U238 OU L 89°6  GGQT  0G°LET 0£8% Lo-tet ¢2 28 Go-6¢e 05" 12 Lt o¢h
u93I0s OU f 696  GGT  06L¢T o2gh 00" 13T &2 ey Goége 05 %2 LT 621
U22I9s OU 2 2oL  log o ¢at 0STS Grreht 0T 48 go-6¢e 052 Lt geH
U33I08 Ou e 26°9  Log oL'¢et 0¢TE S6°THT G0 +g G062 06 2 LT Len
u93I08 OU g/1-2 L¢'g  ¢TeT 0T 06T 096¢ G T¢T r¢g Go6¢e 0S° 12 LT 9eh
uL3I3s Ou g/1-2 Getg  GTT  0£°0¢T 0%6¢ 0L°T¢T 02°<Q G062 05 #e LT Gan
U93I08 SUO 2/1-2 6g°L ¢TI2T O£ TET 09LS ¢Gr6et [gadq] Go*6¢e 0G" 12 LT weh
U22I0S BUO 2/1-2 lg*l g1l 0S°TCT 09L¢ 86 62T ¢ ¢y cor6ce 0542 LT cen
U93I0s SUO e 69 0TQ 0g-¢et coT¢ 0¢ " THT G0 g G0 6¢z 0512 LT eeh
u9aI2S JUO 2 83'9 0T8 0T 42T 00T¢ oT THT 00° 8 Go*6¢e 0512 LT 2h
U93108 SUO 4 w6 288T  02°LeT 099+ 0T 61T co°eg €062 05 %2 LT ocH
US3I08 3UO f #¢'6  2gRT  0¢°L¢T 099% BT 6TT 9128 G0 6¢e 0S5 He LT 6TH
SU92I0S OM3 f 20°6  ¢CQT  09°6¢T 0T9% G2 9Tt oL:glL Gorége 05 e LT 8TH
SU22I0S Omy L 20°6  ¢6gT  09°0HT oToY 22 9Tt G9°glL Go*6¢e 0S* 12 LT L1x
sussIds o3 g/T-¢  ¢8'g  ¢HLI  09°6CT Slirh 86°9TT 89°8L Go"6¢e 0%° 13 Lt 9TH
SU99I0S OMg 2/1-¢ £€9°8  ¢HLT  09-6¢T Sl 00°LTT oL*gL G0°6¢2 05 %2 LT STH
SUS2IDS OMY} ¢ 61°g COGT  09°Q¢T 0sTH GG 6TT Gl gl G0°6¢2 06 %2 LT Hih
SUS2I0S Omg ¢ #2°g  OTST  09°8§¢T 0STH Ly*6TT $9°gL G062 0542 LT N
susaaos omy  g/1-2 02°L QLTT  09°9¢T 0LG¢ 06 2T g2 6L Go6¢e 0S5 #2 LT cth
SUS3I0S OMT 2/1-2 w2l OLIT  OL*&¢T 0L&¢ G9°#2T Go°6L G065 06 w2 |qn3 unuTUMTB-TTY LT TTH
SUS2I0S OM% 2 129 ¢6L 0¢-.L3T olge 9¢-LeT 05°¢g G2 663 9% 2 23 €90°0 = 0Ty LT 80%
SU92I0S oMy 2 09'¢  ghlL 0¢°let 0692 0T )¢t on°¢g ¢er6ce el 23F €9°¢ = % LT Lot
$959], 3SITH
(rut) ay/n (&, pe303110)) (4, P3303110D) (o) e1sd ‘psyosago SOT}STI0q0BIE UOT}BUS TS -on
syTBWSY azTg °q XBu, Wiry ( Q\.@umv aanyeIaduway, aangeiedmay, sanyeIsdmay, ( mu.dwmwpw ﬂwwumv £ .morwm. w0 .pmo,zmm d z:m
99TJITI0 39TINO-ITY 49TUL-ITY weagg

SNEHYDS 40 LOFALE NO ViIvd

55




— ENGINEERING RESEARCH INSTITUTE -+ UNIVERSITY OF MICHIGAN —

APPENDIX E

SUMMARY OF ALL-ALUMINUM TUBE DATA

56




r— ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN —

SUMMARY OF ALL-ALUMINUM-TUBE DATA

Steam Air-Inlet Air-Outlet Orifice
?;un D S':Il‘ubeti Ch T!zbe. i (steam lt’r;ssurz ) Temperature Temperature Temperature (Btuj.h ) ATI.M Vmax Uo Size
0. esignation aracteristics orrected, psia °F) (Corrected °p) (Corrected °p) r (in.)
486 21 Ay = 3.28 2 2k, 17 238.35 87.45 143,55 3040 121.00 762 6.65 2
487 21 App gy = 0-0669 £t2 2h.17 238.35 86.75 131.98 3420 127.80 1130 T7.27  2-1/2
488 21 2h.17 238.35 86.37 126,10 1010 132.00 1415 8.05 3
489 21 24,17 238.35 85.50 121.15 4380 134.50 1730 8.60 k&
490 22 Ay = 3.57 ft2 2k, 32 238.60 84,55 120.00 4275 135.00 1775 8.88 i
491 22 Arjow = 0.0638 £t2 2k, 32 238.60 84,90 124.35 3930 133,30 1468 8.25 3
492 22 2k, 32 238.60 85.07 129.57 3490 130.80 1157 T.47 2-1/2
kg3 22 24,32 238.60 85.55 140.00 2870 124,00 775 6.48 2
k6 16 Ay = 3.52 ft2 2l 43 238,88 81.55 136.19 2945 128.20 781  6.26 2
b7 16 Apyoy = 0.0642 ££2 2h.b3 238.88 81.78 136.36 2900 127.50 779 6.12 2
448 16 24,43 238.88 80.36 117.67 4530 139.80 1785 8.85 4
ihg 16 2h.43 238,88 80.37 117.40 4510 139.70 1785 8.81 4
L5k 16 24,35 238,68 84,05 138.37 2950 125.20 792 6.43 2
455 16 24,35 238.68 83.70 138.66 2962 125.30 792 6.45 2
456 16 2k,35 238.68 82.03 118.60 k30 138.00 1780 8.75 4
h57 16 24,35 238,68 82.09 118,60 k10 138.30 1772 8.71 4
458 16 24,12 238,10 81.80 118.k2 4430 136.00 1775 8.89 Y
459 16 2k.12 238.10 81.23 121.88 4100 136.10 1480 8.22 3
460 16 24,12 238.10 79.56 125.90 3675 134.90 1165 T.46 2-1/2
461 16 2h,12 238.10 81.95 137.40 2980 126.70 787 6.43 2
hée 16 23,94 237,65 80.30 136.40 2980 127.20 792 6.42 2
463 16 23,94 237.65 79.50 126.45 3580 133.50 1132 7.38  2-1/2
el 16 23.94 237.65 79.07 120.75 4100 135.50 165 8.31 3
465 16 23,94 237.65 79.35 117.05 4510 137.50 1172 9.0l b
478 16 24,11 238.10 83.15 128.85 3590 131.10 1176 T7.64  2-1/2
479 16 24,11 23%8.10 84.20 139.7% 2950 124,00 796 6.6k 2
480 16 2411 238.10 82.80 123.68 40%0 133.30 1479 8.43 3
481 16 24,11 238.10 82.50 119.65 4430 135.50 1790 9.13 k4
482 16 24,25 238.42 85.47 121.80 4260 133.80 1710 8.90 4
483 16 24,25 238.42 85.20 125.70 4020 1%30.20 1480 8.60 3
L8 16 24,25 238,42 85.75 131.35 3540 129.50 1160 T7.64 2-1/2
485 16 24,25 238.42 86.75 141.52 2895 121.70 792 6.84% 2
521 16 2L, 31 238.55 T7.00 113.90 4570 2,00 1820 9.15 4
466 %2 Ay = 3.365 ft2 23.9% 237.65 80.15 11%.55 4150 139.90 1835 8.83 4
467 32 Aplow = 0.0616 ft2 25,94 237.65 80.43 118.60 3795 137.50 1513 8.20 3
468 32 23.94 237.65 81.20 124,45 3365 134.30 1185 7.k 2-1/2
469 32 2%,94 237,65 82.65 135.56 2825 127.00 81  6.60 2
470 32 23,94 237.65 82,48 116.62 4100 137.50 1825 8.85 s
L7 33 Ay = 3.43 £t2 23.94 237.65 82.05 118.16 k200 137.50 1810 8.90 b
L2 33 Apigy = 0.0604 £t2 23.94 237.65 82,38 121.99 3860 134,20 1512 8.38 3
473 33 23.94 237.65 83.17 127.63 3hhs 130.70 1210 T7.70  2-1/2
L7k 33 2%.94 237.65 84.51 138.65 2840 124,30 818 6.65 2
Lot 17 Ay = 3.63 £t2 24,58 239.25 83.40 137.10 2690 127.30 748 5.60 2
408 17 Ag1gy = 0.063 142 24,58 239.25 83.50 137.38 2870 127.30 793 6.21 2
b1y 17 2k,50 239.05 79.05 124.65 3570 135.70 1170 7.24 2-1/2
k12 17 24,50 239.05 79.22 124.90 3570 136.60 1178  7.20 2-1/2
413 17 2k, 50 239.05 78.65 119.47 4150 138.60 1510 8.24 3
bk 17 24,50 239.05 78.75 119.55 4130 138.60 1505 8.19 3
415 17 24,50 239.05 78.70 117.00 75 139.80 1743 8.83 3.1/2
416 17 24,50 239.05 78.68 116.98 75 139.60 1743 8.83 3-1/2
b1t 17 24,50 239.05 78.65 116.22 4610 140.60 1833 9.02 L
418 17 24,50 239.05 78.70 116.25 k610 139.60 1833 9.02 4
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SUMMARY OF BIMETAL-TUBE DATA
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APPENDIX G

CALCULATION OF RUN NO. 481, USING SHORT-FORM,
MODIFIED SHORT-FORM, LONG-FORM, AND MODIFIED
LONG-FORM CALCULATION PROCEDURES
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SHORT FORM
CONTROL UNIT DATA SHEET

Run No. 481

Date: 2/11/56

Tube Designation: All alumipum No. 16

Tube Characteristies: Liner Material: None Ao/Ai: 13.8 (assumed)
BWG : -
Fin 0.D. : 2.021
Root 0.D. : 1.143
Fins/inch : 9.0L7
Alr Vel. 9400 |ft / W min 201.8 sef
Air Out L8.73°C =| 119.7B°F
Air In 28.989% = BL.20°F
AT 19.79°C = 35.53F
Steam 10 + .11 |= 24411 psip, T E 238.1°F
Avg. Slot Width: 2,021 Orifice Size: 4 in.
Calculations:
Anemometer Reading : 2158 ft/min - Combined Steam, Metal
_81 and Fouling Resistance:
Correction

0.0008
Corr. Anemometer Rdg: 2077 00085 (assumed)

Heat Load = 2077 ®0.0872® _ 530 = _165.5 ®1.06(® _35.53 =
579.75
= 6230 Btu/hr
LMD 238.1 - 8k20 - 153.90°F = 192.90 _
ro= EES - L1298
238.1 - 119.73 = 118.37°F Lnr = 0.5602
U(Liner 0.0.) = __6250 = 15 35.55 .
0.262 ® 136.2 M = gaeoz T 62T
B(air-Liner 0.0.) = 20 at 2% SFM ﬁﬁ = i7%7§ 0.00085
o .
= 00488
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MODIFIED SHORT FORM
CONTROL UNIT DATA SHEET

Run No. 481

Date: 2/11/56
Tube Designation: A1l aluminum No. 16
Tube Characteristics: Liner Material: None Ao/Ai: 13.8 (assumed)
BWG : -
Fin 0.D. : 2.021
Root 0.D. : 1.143
Fins/inch : 9.017
Air Vel. 9400 Ift / W min 28.8 sef
Air Out 48,73 - 0.0k = |48.69FC = |119.65°F
Air In 28.98 + 0.0 - 1.0 = |28.05PC = | 82.50°F
AT 20,64PC = | 37.1p°F
S team 10 + [ik.11 | = 24]11 psja T =|238.10°F
Avg. Slot Width: 2.021 Orifice Size: U in.
Calculations:
Anemometer Reading : 2158 ft/min Combined Steam, Metal
8 and Fouling Resistance:
Correction : -0l

Corr. Anemometer Rdg: 2077 0.00085 (assume)

Heat Load = 2077 ®0.0872(® 530 = 109.0 ®1.06Q® _37.15 =
1.52 579.65
= 4290 Btu/hr
LMTD:  238.1 - 82,50 . 155.60 _ 155.60 _
T 1515
238.1 - 119.65 = 118.45
In 1.315 = 0.274
U(Liner 0.D y = 4290 = 120.5
.D. = 2015 _ °
0.262 ® 135.5 Yme = S T PO
h(Air-Liner 0.D.) 134 at 646 SFM
Lo L 0.00085
h, 120.5
= 0.00745
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LONG FORM

ATIR TEST CALCULATION SHEET

UNIVERSITY OF MICHIGAN

Date of run: 2/11/56 Run No. 481
Tube Designation: All aluminum No. 16 Barometer:  732.2 mn Hg
Temperature: 20.2 °C
Test section: Tube Characteristics: Liner Material N
A 3.58 ft2 Orifice size U4 in. "dia Rootwall Thickness 0.06 in.
Anemometer reading 9,500 rt Fin 0.D. 2.021 in.
Ap :0.0626 £t° Anemometer time¥ mirPLSsec Root 0.D. 1.143 in.
low’ —— ——r
Fins/inch 9.017
T, reading: 28.98 °C T reading: 48.73 °c
in out o
Corr: +0.07 °c Corr: -0.0k C
T 29.05 °C Tout’ L8.69 °C
T JUIET) °F ; 119.65 °F
in out
P = 10 psig + [ (729-7 ) mm Hg x 0.01935] = 2h.11 ooia
steam - 238.1 o
T 50. F (steam tables)
steam —
br, = 238.1 8k, 30 - 153.80 op 4T, 1.298
AT2
AT, = 238.1 - 119.65 - 118.45 op T, 0.2605
2 Ln_ =
L K
- 135. ° - 35.35 °
ATLM F At F
129.7 i 0.957
L :( mm;% 0.6975 = 0.878 ; /& -
Po 579.65 P
Anemometer reading: 9400 £t x 60 sec/min [ = 2020 ft/min
( L8 )sec Po
Taylor correction: -69 £t /min
128
Std. ft of air flowing = 1951 = 2
1.52
W= 1285 x 0.387 = 497 1bs/hr
Q = 498 x  35.35 x 0.24 = U210  Btu/hr
(koo ) L
Uo(liner 0.D.) = 028 x (150 ) 118.5 = - 0.00845 (on liner area)
' ’ Us .00085
- 118. 0.262 _ 8.68
Uo(outside area) = 2 X(5.58 =
-8 El_ = .00760
v _ _1es 0.0872 _ 1790 o
max (0.0626)
672 131.5 assuming all resistances
Veace = ft/min and Bo(1liner 0.D.) = except air film = 0.00085
(vased on liner area).
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MODIFIED LONG FORM

AIR TEST CALCULATION SHEET

Date of run: 2/11/56 Run No. 481
Tube Designation: All aluminum No. 16 Barometer: 732.2 mn Hg
Temperature:  20.2 °C
Test section: Tube Characteristics: Liner Material N
Ao: 3.58 ft2 Orifice size & in. "dia Rootwall Thickness 0.06 in.
Anemometer readingdt00 ft Fin 0.D. 2.021 in
Aflow: 0.0626 £t2 Anemometer time Y mingkgsec Root 0.D. 1.143 in.
Fins/inch 9.017
T. reading: 28.98 °c T reading: 48.73 °c
in out
Corr: -0.95 °C Corr: -0.0k °c
T, : 28.05 °c T 48.69 °C
e 82.50 °F out, 119.65 °F
in’ 22 out” .
P - 10 psig + [( 729.7 ) mm Hg x 0.019%5] = 2h.11 psia
steam T, = T238.1 F (steam tables)
steam = . steam tables
b1, = 238.1 - 82.50 = 155.6 °F ﬂ _ 1.315
AT 258-1 119065 = ll8.’+5 °F Tl 0,2714.
2 Ln — =
T2
= 135.5 ° = .1 °
ATLM F At 37.15 F
729.7 mm B 0.937
£ =( 2£)o0.6975 = 0.878 5 /-
Po 579.65 Po
Anemometer reading: 9400 ft x 60 sec/min [ = 50og ft/min
(261.8 )sec Po
Taylor correction: -69 ft/min
1951 )
Std. ft of air flowing = P = ——lgg?
1.52
W o= 1285 x 0.387 = 497 1lbs/hr
Q = 497 x 37.15 x 0.2k = yy30  Btu/hr
l{.).].}o [ e s i s At e -0
Uo (11 - 4 ) 124.8 1
o(liner 0.D.) 0ot x (1555 ) = = 0.00802 (on liner area)
o 0.00085
. 124.8 0.262 _ 9.13
Uo(outside area) = X 6.58)
1
1
L - 0.00717
128 h
v - 2 0.0872 _ 1790 o
max (0.0626)
. 672 ) 139.5 assuming all resistances
Trece = ft/min and Bo(1iner 0.D.) except air film = 0.00085
(based on liner area).
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APPENDIX H

CALCULATION OF BOND RESISTANCE VALUES FROM THE DATA
FOR THE FIVE BIMETAL TUBES PRESENTED IN FIG. 13

Equation 43 can be arranged in the form

AL, A Ao

r, = K*l:" - Mal1 a1, - T (f) + 1y (T2
0 0" pimetal 07 glumin
where

r, = bond resistance of the tube,

A1, = heat transfer area of liner/ft length,

Ao = outside heat transfer area/ft length,

M" = intercept value of line representing the bimetal

(from Fig. 13),

Mg11 a1, = Aintercept value of all-aluminum tubes,

A
'y (Kg)b = metal resistance of bimetal tube, equals root
W pimetal wall plus liner resistance, and

~ (2o
™\ Ay /aluminum .
1 resistance.

and the bimetal-tube root-wall thickness, Equation 1-H reduces to

A1, " Xl AQ
= ) - M -
I‘b AO l: all al. K Am

— ENGINEERING RESEARCH INSTITUTE -+ UNIVERSITY OF MICHIGAN —

metal resistance of aluminum tube, equals root-wall

Assuming equivalent thickness in the average aluminum-tube root-wall thickness

] (1-H)
um,

(2-H)
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resistance is computed for a 16

Tube No. 3:

The intercept value M"

1

v

0.09934
1507
Tube No. 38:
The intercept value M"

As before, Mg11 g1, =

Substituting in Equation 3-H:

R
b 13.7

. 0666k
15.7

[O.

Tube No. 5k:

The intercept value M"

— ENGINEERING RESEARCH INSTITUTE <« UNIVERSITY OF MICHIGAN

All of the five tubes have copper liners, therefore the liner

gage tube as

L1, Ao (0.065)(3.59)
K Ap (220)(12)(0.25)
= .000%5%.
The area ratio
A,  _ 0.262  _ 1
Ao 3.59 13.7
Substituting into Equation 2-H:
1
= —— [M" - M - . .
Ty R all al. - 0.000353]

= 0.1045 (from Fig. 13).

The value of Mgy] gluminum = 0.,00481,
Substituting the intercept values into Equation 3-H

— [0.1045 - 0.00481 - 0.000
3.7 ) 353 ]

0.00725

0.0718 (from Fig. 13).

0.00481

0718 - 0.00481 - 0.000353]

= 0.00485.

= 0.0220 (from Fig. 13).
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Mg11 a1. = 0.00481.

Substituting in Equation 3-H:

r, = i%i? [0.0220 - 0.00481 - 0.000353]
= ’i;6§h = 0.0012% .

Tube No. 36:
The intercept values

MH

"

0.0152

0.00481.

H

Ma11 al.
Substituting in Equation 3-H:

L _[0.015%2 - 0.00481 - 0.000%53]

b 13.7

0.0100k

0.000
3.7 155

Tube No. ks
The intercept value for tube No. 4 is very close to that for the

all-aluminum tubes and therefore the bond-resistance value is too small to
be measured using the air-test apparatus.
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