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ABSTRACT

Heat transfer data are presented for condensing steam at 2 inches of
mercury absolute pressure on the outside of 9 copper and 9 titanium horizontal
tubes in a vertical row. The condensing coefficient correction factor was maxi-
mum for the top titanium tube and was 46 per cent higher than the correction
factor for the top copper tube. The difference between the correction factors
for titanium and copper tubes diminished with the number of tubes in a vertical
row to 8 per cent higher than the correction factor for copper tubes with 6 to 9
tubes in a vertical row.

OBJECTIVE

The purpose of this investigation was to determine the low pressure
steam condensing characteristics of horizontal titanium tubes placed in a ver-
tical row where inundation of condensate occurs. Because of the generally low
wettability surface characteristics of titanium, it was surmised that condensing
heat transfer coefficients would be considerably higher with the possibility of
dropwise condensation. The investigation was to further include the condensing
characteristics of copper tubes. The copper tube results were to be used as a
reference in evaluating the titanium tube condensing behavior.



REVIEW OF THE LITERATURE

In 1916, Nusselt (1) derived the equations governing the condensation
of pure saturated vapors on wettable condensing surfaces. Nusselt postulated
thatthe resistance to heat transfer was due solely to conduction across the con-
tinuous condensate film formed during the condensation process. By considering
a force balance between the shear forces resulting from the viscosity of the
condensate and gravitational forces resulting from the mass of the condensate,
an equation was derived which predicted the thickness of the condensate layer as
a function of the angle of the surface with a horizontal plane. Laminar flow and
zero vapor velocity were assumed. Using the expression for the condensate
film thickness, an equation was derived for the change in heat duty with position
for a horizontal tube. By suitable integration of the expression, an equation was
developed for the mean heat transfer coefficient for condensation of a pure satu-
rated vapor on the surface of a horizontal tube which is lower in temperature
than the saturated vapor. Equation (1) was the equation obtained.

1/4
2
h_o= 0,725 5};‘;—/&—)‘ (1)
where
hm = mean condensing heat transfer coefficient, BTU/hr.-sq.ft.- °F
k = thermal conductivity of condensate evaluated at film
temperature, BTU/hr.-sq.ft.- °F/ft.
P = density of condensate evaluated at film temperature, 1b. /cu.ft
g = acceleration due to gravity, taken as 4.17 X 108 ft. /hr. 2
A = latent heat at saturation temperature, BTU/1b.
V) = viscosity of condensate evaluated at film temperature, 1b. /ft.-hr.
D = outside diameter of tube, ft.
Atf = temperature drop across condensate film, tSV - ts, °F
ts = outside wall temperature of the tube, °F
tsv = temperature of the saturated vapor, °F



For laminar flow of condensate, the film temperature, t_, is given by

f

£ sv 4 °f (2)

Experimental investigations of the condensation of pure saturated vapors on
single horizontal tubes indicate that Equation (1) predicts values generally
within +10% of the experimental condensing coefficients. The experimental
coefficients are most often higher than the theoretical values. This is attri-
butable to turbulence or rippling in the condensate layer. The average film
temperature is often evaluated using Equation (3) when turbulent flow of the
condensate is expected.

1
t. = t - = At (3)

When several horizontal tubes are placed in a vertical row such that
condensate from the upper tubes drops onto the lower tubes, the mean thickness
of the condensate film on a particular tube increases from the top tube to the
bottom tube. By accounting for the accumulation of condensate from tube to
tube, but still assuming laminar flow of the condensate, Equation (4) was de-
rived to predict the average condensing coefficient, h , for n tubes located in
a vertical row. m

1/4
3.2
h = 0.725 | X Pog) (4)
m npD Atf
where
n = number of tubes in a vertical row



Equation (3) would be used for calculating t, if turbulent flow of condensate is
expected. Experimental data taken on multiple horizontal tubes in a vertical
row by Katz and Geist(3), Short and Brown! ), and Young and Wohlenberg(5)
indicate that Equation (4) is very conservative. The correction for multiple

tube rows of (1/n) is much too severe in view of the high degree of turbu-
lence and splashing with condensate dropping from tube to tube. A turbulence
correction factor, C,, was added to Equation (4) by Katz, Young and Balelgfjian(z)
to give Equation (5).

1/4

2
k3p g\

hm = 0.725<:n nprtf (5)

Equation (5) corrects the basic theoretical Nusselt model with the correction
factor, C,, and gives a means of correlating experimental condensing data for
multiple tube arrangements. 2 The correction factor, Cp,, varies with the
number of tubes in a vertical row and with the physical properties of the material
being condensed. The surface tension of the condensate film is extremely im-
portant.

Whenever the cooling surface is not wetted, the condensing vapor tends
to form very fine drops which roll off the condensing surface due to the influence
of gravity. This phenomena is called dropwise condensation. In dropwise con-
densation the drops normally agglomerate to form larger drops. Since a signifi-
cant portion of the cooling surface is always free of liquid, the net resistance to
heat transfer is lower than for film condensation. Dropwise condensation is gen-
erally associated with the existence of a contaminant on the tube surface. Mer-
captans and fatty acids are effective promoters of dropwise condensation.
Where tube surfaces are mildly contaminated, mixed condensation may exist.
Part of the surface will exhibit filmwise condensation while the remainder of the
surface is condensing vapor in a dropwise fashion. This frequently happens with
condenser tubes which have been in continuous condensing service for a long time.

The existence of any non-condensible gas in the condensing vapor signifi-
cantly affects the rate of heat transfer due to the buildup of a non-condensible gas
around the cooling surface. The concentration of a non-condensible gas around
the tube surface forms a barrier through which the condensing vapor must diffuse
prior to condensing. The temperature of the free surface of the condensate film
will be equal to the saturation temperature of the condensing vapor at a pressure
equal to the partial pressure of the condensing vapor at the outer film surface.



As the saturation temperature decreases with the decreased partial pressure

due to the non-condensible gas, the temperature driving force for heat transfer
across the condensing film decreases. The rate of heat transfer also decreases.
Experimental work by Othmer'°’ and Hampson indicates that as little as 1.5 %
air by volume can reduce the condensing coefficient by 50 %. The greatest ef-
fects occur when there is little motion of vapor across the tubes. Under these
conditions, most of the non-condensible gases eventually migrate to the vicinity
of the tube surface.

An extensive experimental program was recently completed by the British
Admiralty in which condensing heat transfer data were obtained for multiple tube
arrangements with film and dropwise condensation of steam. (7) Photographic
studies indicated that heat fluxes six times the average heat flux were obtained
in the drop tracks formed in dropwise condensation when large drops rolled
across the surface leaving a "bare'" metal surface. About one-fifth of the sur-
face had fresh drop tracks at all times. They concluded that high heat fluxes
are sustained for times in the order of seconds in very narrow width tracks.

The heat flow through these tracks then diverged in crossing the tube wall be-
cause the entire internal surface is utilizable for heat transfer. Because of this,
they concluded that very thin metal walls would limit the effectiveness of drop-
wise condensation. .

The investigators further determined the effect of condensate inundation
on the condensing heat transfer coefficient. By pumping condensate through a
perforated tube placed above the test section, the tube on which data were taken
could effectively simulate any tube in a vertical row of 22 tubes. For filmwise
condensation, the condensing coefficient first decreased with inundation due to a
thicker condensate film, and then reversed the trend due to increased turbulence
at about the 14th or 15th tube.

In dropwise condensation, the effect of inundation was to first increase
the condensing coefficient due to enhanced wiping action for the top 6 or 7 tubes
followed by a gradual decrease. The coefficient for the simulated 22nd tube in
a vertical row was higher than for the top tube.



EQUIPMENT

The equipment in this investigation consisted of a condenser, inlet
and outlet water headers, reboiler, make-up tank, water preheater pump,
steam jet ejector and automatic controllers. Figures 1l and 2 give two views
of the equipment and Figure 3 gives a line diagram showing the flow of steam
and water. An elevation drawing of the condenser, reboiler and make-up
tank is given in Figure 4. Steam was generated by boiling distilled water in
the reboiler with 150 psig steam. The vapor flowed upward through an 8 inch
line to the condenser where it condensed on the test tubes. The condensate
returned to the reboiler through a 2 inch line. Water from the cooling tower
system was used as the coolant.

The condenser was constructed of a 6 foot length of I&inch diameter
standard gauge commercial steel pipe. Ring flanges were welded to each end
of the pipe. The flanges were made from 2 inch thick plate steel with a bolt
circle identical to a standard 18 inch, 150 pound flange. Tube sheets were con-
structed from 2 inch plate steel with both sides surface ground to give a flat
surface. Figure 5 gives a detailed drawing of the tube-sheets showing the tube
layout and double O-ring grooves. The tube sheets were constructed to accom-
modate 25 tubes placed in 3 vertical rows with the tubes on a 7/8 inch equilateral
triangular pitch. O-rings were used to seal the tubes in the tube sheet. An
8 inch by 60 inch section was removed from the top of the condenser. An 8 inch
welding tee and two pieces of 8 inch pipe with the bottom half cut off was then
welded to the condenser over the open section, as shown in Figure 6. This
formed the steam inlet to the condenser. An impingement baffle consisting of
a piece of 3 inch pipe cut in half was placed over and 2 inches above the tubes
in the condenser. This prevented direct impingement of steam onto the tubes.
A 2 inch diameter pipe located at the bottom of the condenser returned the con-
densate produced in the condenser to the reboiler. Sight glasses were provided
for visual observation. These can be seen in Figures 1 and 2. Corrugated metal
asbestos gaskets were used between the tube sheets and ring flanges.

The inlet and outlet water headers consisted of 1 foot lengths of 14 inch
standard gauge steel pipe with 1 inch steel plates welded to the pipe. The plates
closest to the condenser contained tube holes in a pattern identical to the con-
denser tube sheets. Single O-ring grooves were cut in each hole. A section of
3 inch pipe extended into the other plates approximately 6 inches. These pipes
served as the inlet and outlet water lines. The ends of the pipe within the headers
were blanked off and sections cut out of the pipe wall. This was done to insure a
more nearly uniform distribution of water flow within the tubes. The inlet and
outlet water headers were placed approximately 5 and 25 inches from the con-
denser respectively. In these positions, 8 foot tubes with a 9 inch orifice holder
could be placed in the condenser such that the tubes extended into the headers ap-
proximately 1 inch.
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Overall View of Equipment Showing Automatic Controlled, Potentiometer, and Manometers

Figure 2.
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TANK
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Figure 4. Elevation Drawing of Condenser, Reboiler, and Make-up Tank
with the Condenser Tube Sheets and Reboiler Blind Flanges
Removed
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The reboiler was constructed of a 6 foot length of 24 inch diameter
standard gauge commercial steel pipe. Ring flanges were welded to each end
of the pipe. The flanges were constructed from 2 inch plate steel with a bolt
circle identical to a standard 24 inch, 150 pound flange. Companion blind
flanges were constructed of similar material. The flanges were bolted to-
gether with a corrugated metal asbestos gasket placed between the two flanges.
A 2.inch thick steel tube sheet was constructed and welded into place 6 inches
within the shell. The tube sheet was made to accommodate 10, 10 foot long,
3/4 inch O.D. U-bend tubes. The layout is shown in Figure 4. Type S/T cop-
per trufin U-bend tubes were rolled into the tube sheets. Tube supports were
provided within the reboiler. A partition plate was welded to the tube sheet
between the tube inlet and outlet. An additional piece of metal was welded to
the partition plate to form a box such that the condensate could be kept separate
from the entering steam. High pressure steam (150 psig) was used to vaporize
the water in the reboiler. The condensate was returned to the high pressure
boiler through a steam trap. A Jergensen gauge installed on the front of the
reboiler made it possible to determine the water level in the reboiler.

A 25 gallon water make-up tank was located immediately above and
slightly behind the reboiler as shown in Figure 4. Al inch diameter pipe with
a valve connected the make-up tank to the reboiler and permitted the transfer
of water to the reboiler during operation. A sparged steam line in the make-up
tank made it possible to preheat and partially de-gas the water before it was
allowed to enter the reboiler.

A 12 foot long, 15 inch diameter heat exchanger was installed in the in-
let water line to permit the preheating of the cooling water to the desired tem-
perature. The heat exchanger was converted from a two-tube pass until to a
single tube pass unit to reduce the pressure drop. High pressure steam was
condensed on the outside of the tubes. The condensate was returned to the high
pressure boiler through a steam trap.

A 300 gpm submersible pump was modified and installed in the cooling
water line immediately after the water preheater. The pump was used during
high velocity runs when the main cooling water pump had insufficient head to
give the desired water flow rate.

A two stage jet ejector with interstage condenser was used to evacuate
the condenser-reboiler system on start-up and also permitted the removal of
non-condensible gases which leaked into the system during operation. The
ejector was connected to the reboiler with a 2 inch diameter pipe containing a
2 inch globe valve. The ejector operated on high pressure steam and process
cooling water.

13



Four automatic controllers were installed to assist in the operation
of the equipment when taking data. The controllers can be seen in Figure 2.
One instrument controlled the water flow rate. A 2 inch diameter orifice
flange with orifice was installed in the inlet water line. The pressure drop
across the orifice served as the input signal to the controller. The controller
pneumatically actuated a 2 inch globe valve which kept the flow rate at the de-
sired value. A second instrument was an inlet cooling water temperature con-
troller. A mercury filled bulb installed in the water line served as the sensing
element for the controller. The controller pneumatically actuated a steam valve
which regulated the amount of steam entering the water preheater. The remaining
two instruments were absolute pressure controllers. One sensing element was
connected to the condenser. The controller used the pressure signal to regulate
the amount of steam entering the reboiler through a 3/4 inch pneumatically oper-
ated valve so that the desired pressure in the condenser could be maintained. The
second pressure controller was installed in the steam jet ejector system to mini-
mize fluctuations in pressure at the ejector due to variations in the steam flow
rate. The control instrument controlled a small bleed valve. By bleeding in
small amounts of air, the pressure in the ejector header could be kept relatively
constant.

The water flow rates in each tube were measured by calibrated orifices
placed in orifice holders which were located at the outlet end of the test tubes
between the condenser and the exit water header. Figure 7 shows the orifice
assembly. The orifices were calibrated for each tube tested. The pressure drop
across the orifices were measured with water over mercury manometers. Both
50 inch and 100 inch manometers were used. A manifolded system permitted
the same manometer to be used for several orifices. The accuracy of the flow
rate measurement was between 1/4 and 1/2 percent. :

Inlet water, outlet water, and condenser steam temperatures were meas-
ured with calibrated 30 gauge copper constantan thermocouples using a Leeds and
Northrup K-3 potentiometer. Temperatures could be measured to 0.01 °F. The
inlet water thermocouple was placed in the inlet water header. The exit water
thermocouples were located in the orifice holder assemblies as shown in Figure 7.
The stainless steel sheath extended up-stream along the tube axis for 1 inch.
Thermocouples were placed in two places in the back of the condenser to permit
the measurement of the steam temperature.

The condenser absolute pressure was determined with a mercury manome-
ter and calibrated barometer.

14
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TEST PROCEDURE

The test equipment was thoroughly degreased upon completion of the
construction phase of the investigation. To do this, 9 foot long, 5/8 inch
diameter, plain copper tubes were inserted into the condenser through the
O-rings in the condenser tube sheets. Each tube sheet had two O-rings. The
inlet water heater was placed into position and the tubes pushed into the header
through the tube holes containing single O-rings. The tubes were pushed into ...
the header approximately 6 inches. The outlet water header was then placed
into position and the tubes pulled back into the outlet water header, leaving
approximately 3/4 to 1 inch of tube extending into the headers at both ends.

A 55 gallon barrel of trichlorethylene was added to the reboiler and the steam
line to the reboiler was opened. Cooling water was allowed to flow through

the tubes. Trichloroethylene was boiled in the reboiler, condensed on the
copper tubes and returned to the reboiler. Since the trichlorethylene tempera-
ture was higher than the ambient temperature, some condensation occurred
throughout the entire system. This insured a thorough cleaning throughout.
The used trichlorethylene was transferred to an erript‘y barrel and a clean bar-
rel of trichlorethylene added for a final cleaning. Upon completion of cleaning,
the copper tubes were removed. The orifice assemblies were attached to the
test tubes with soft solder in the case of copper tubes and with epoxy resin in
the case of titanium tubes. The tubes were wiped with trichlorethylene and
placed into the condenser and headers as previously described. Vacuum putty
was placed around each tube in the condenser to reduce the amount of air leak-
age into the system. The thermocouple circuit was wired up and the manometer
tubing installed. A 24 point thermocouple selector switch was used. Fiber
glass insulation was placed around the tubes to minimize heat loss.

!

During normal operation, the reboiler was 1/2 to 2/3 filled with dis-
tilled water through the water make-up tank. Once the reboiler was filled to
the desired level, steam and water to the steam jet ejector were turned on and
adjusted to give the maximum evacuation rate. The ejector was allowed to
operate for approximately 30 - 45 minutes to thoroughly evacuate non-condensible
gases from the condenser-reboiler system. The pressure in the condenser
rapidly approached the vapor pressure of the water in the reboiler during this
period. With the ejector still pulling a vacuum on the system, the condenser
pressure controller was set at the desired pressure setting. The automatically
controlled steam valve in the reboiler steam line then opened allowing the water
in the reboiler to be heated until the vapor pressure of the water equalled the set
point pressure. The system was operated under these conditions for approxi-
mately 20 - 30 minutes. This further assisted in degas sing the water and evacu-
ating the system. The cooling water controller was next set to the desired total
water flow rate and the inlet water temperature controller set at the desired

16



inlet water temperature. The steam jet ejector manifold pressure controller
was set at a pressure somewhat below the condenser pressure. This mini-
mized the air bleed and permitted maximum removal of non-condensibles
during the period when data were taken. There was always a small amount of
air leakage into the system. Prior to taking data, the saturated steam tempera-
ture was calculated and compared to the steam temperature measured with a
thermocouple. If the two temperatures agreed within 1/2°F, the system was
considered ready for taking data. If the temperature calculated from the pres-
sure was greater than 1/2 °F above the measured temperature, an excessive
amount of air still remained in the system and evacuation was continued until
satisfactory agreement was obtained. ‘

Heat transfer data were taken when the automatic controllers had
stabilized all the control variables at the desired set points. The method of
taking data depended upon its eventual use. If Wilson plot data were to be taken
on the top tube only, the following readings were taken in order: inlet water
thermocouple, exit water thermocouple, water flow rate manometer reading,
condenser steam thermocouple, and condenser pressure manometer. A total of
10 sets of data were taken for each set point and the readings averaged. If heat
transfer data were to be taken on all 9 tubes in the vertical row, the following
readings were taken in order: inlet water thermocouple, exit water thermocouple
for tube 1, condenser steam thermocouple, exit water thermocouple for tube 2,
exit water thermocouple for tube 3, inlet water thermocouple, condenser steam
thermocouple, exit water thermocouple for tube 4, exit water thermocouple for
tube 5, exit water thermocouple for tube 6, inlet water thermocouple, condenser
steam thermocouple, exit water thermocouple for tube 7, exit water thermocouple
for tube 8, exit water thermocouple for tube 9, inlet water thermocouple, and
condenser steam thermocouple. The pressure drop across the orifice for each
tube was measured with a manometer approximately at the same time as the exit
water temperature was being measured for the same tube. The condenser pres-
sure relative to atmospheric measure was measured with a mercury manometer
2 or 3 times during the run. Barometer readings were made before and after
the runs. The inlet water and condenser steam temperatures were plotted as a
function of time in order that the exact values of those temperatures existing when
the exit water temperatures were measured could be determined. This procedure
was necessary to obtain the most accurate temperature differences between inlet
and outlet water temperatures and the most accurate logarithmic temperature
differences. The water temperature rise was used with the water flow rate to
determine the heat duty. Usually three complete sets of data were taken for each
set condition. During the course of a run which lasted about 5 - 10 minutes, the
inlet water temperature varied approximately + 0.2 °F and the condenser steam
temperature varied by approximately + 0.3 °F .

Whenever the water level in the reboiler dropped below 1/4 of the reboiler
diameter, make-up water was added from the make-up water tank. The water

17



was heated with steam and at least partially de-gassed before allowing it to
flow into the reboiler. A small amount of water was always retained in the
make-~-up tank in order to maintain a vacuum seal.

18



WILSON PLOT PROCEDURE AND RESULTS

The main purpose of this investigation was to measure the condensing
coefficient for steam on various horizontal tubes at different operating conditions.
Direct measurement of the condensing coefficient is a difficult undertaking. To
do this, it is necessary to accurately measyre the outside wall temperature at
several locations. Since only a finite number of measurements can be made, only
local coefficients are determined.

An alternative procedure is to calculate the condensing coefficient from

the overall heat transfer coefficient. The overall heat transfer coefficient is
calculated from

U = —— (6)

where
U0 = overall heat transfer coefficient, Btu/hr.-sq.-ft.- °F
Q = total heat transfer, Btu/hr.
Ay = total external heat transfer area, sq.ft.
AT, . = logarithm temperature difference °F

The heat duty, Q, is obtained experimentally from

Q = W Cp (tout B tin) (7)

where
w = water flow rate-1b. /hr.
c = specific heat of water - Btu/lb. - °F
p o
tout = outlet water temperature, °F
t. = inlet water temperature, °F
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The condensing coefficient can be obtained by rearranging the expression for
the overall coefficient in terms of the individual resistances. This gives

1 1 Ao
h = T "An ~'m (8)
m ) ii :
where
hpp = mean condensing coefficient, Btu/hr.-sq.ft.-°F
Aj = total internal heat transfer surface, sq.ft.
i = inside heat transfer coefficient
r., = metal resistance, hr.-sq.ft.{outside area) °F/Btu

The metal resistance, r ., is easily calculated from the thermal conductivity
of the metal and the tube dimensions. Empirical expressions are available

for the calculation of h; but they are not sufficiently good for accurate heat
transfer work. This is attributable to entrance and exit effécts, and other sys-
tem idiosyncracies. A satisfactory equation as regards to form is the Sieder-
Tate Equation, Equation (9).

h,D D.G C M v
K tLow k B

where
D; =1 tube inside diameter, ft.’
k = water thermal conductivity at bulk water temperature,

Btu/hr.-sq.ft.- °F/ft.

C; = inside heat transfer coefficient constant, dimensionless
G = mass flow rate, lb. /hr.-sq.ft.
") = water viscosity at bulk water temperature, lb. /ft.-hr.
M = water viscosity at average wall temperature, 1b. /ft.-hr.

The constant, Ci’ must be obtained experimentally.
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A familiar method for determining individual coefficients from the
overall coefficient is known as the Wilson Plot technique . 8) The general
scheme is to hold either the inside or outside coefficient constant while
varying the other coefficient. The variation of the overall coefficient is,
thereby, due to the varying heat transfer coefficient alone. If the expres-~
sion for the overall heat transfer coefficient is written as

1 1 A0
T " 'm T 5 T an o)
. o m ii
and the condensing coefficient is assumed to be constant, then Equation (10)
takes on the form
y = mx + b (11)
where
y Uo m
1
b = —
hm
N
G
A
_ o
x - 0.8 1/3 0.14
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By plotting

A
1 r versus °
Uo m 0.8 1/3 0.14

the slope of the resulting straight line through the data equals l/Ci and the
intercept equals 1/h, . The intercept value corresponds to an infinite inside
heat transfer coefficient.

Experimentally, it is very difficult to hold h,,, constant since as the
inside heat transfer coefficient changes, the wall temperature changes, and
consequently, the temperature drop across the condensing film will also change.

A modification of the Wilson plot technique can be made to eliminate this prob-
lem.

Equation (10) is first written in terms of the complete expressions for h

and h.
1
1 1 A D.
1, = 4 o ! (12)
U m . 1/4 . 0.8 1/3 0.14
° K> 0% g D: G ’
cli=_f_ 8~ A C k |2= Sp M M
|¢DAtf ~101 v k My

i

where C is the experimentally determined constant to replace the value of
0,725 in Equation (1).

In the expression for hm, the variables

1/4
3]
M Atf
will vary with changes in the inside heat transfer coefficient. Multiplying
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Equation (12) by ¢hisigroup, Equation (13) is obtained.

1/4

32
1/4 A D. P
o 1| M At

— - T =
Uo i At:f A D. G c

1/4 0.8 1/3
“|D S Er ! e B e

The group,

can be held sufficiently constant so that Equation (13) has the form
y = mx + b

which is necessary in the Wilson plot technique.

If

1/4

2
[1 r}{lg‘) ]
- m )
-Uo M‘Mf
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is plotted versus

for each data point and a straight line placed through the data in a least
square sense, the intercept of the line with the ordinate is

1

1/4

o[5]

and the slope of the line is 1/C.. To obtain the correct values of the function
to be plotted requires an iterative procedure. The first step is to assume a
value for the inside heat transfer coefficient, C,. From the water flow rate
and temperatures, the Reynolds number and the water physical properties can
be obtained. If

0.14

is initially taken equal to 1.0, an approximate value of hi can be calculated
from

0.8 1/3 0.14
SRR T i el "
i D. iy k W
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The inside tube wall temperature is next calculated using Equation (15).

£ o= ot 4 =2 (15)

where

average inside wall temperature, °F
average bulk water temperature, °F

L]

wi
wa

The wall temperature, t,,;, is used to evaluate p and a more correct value of
h; obtained from Equation (14). Equation (15) is again evaluated to determine
if the previous inside wall temperature is sufficiently accurate. If it is not,
then the procedure is continued until satisfactory agreement is obtained.

Once h; is calculated for the assumed value of C;, the condensing coefficient
can be calculated from Equation (8). The temperature drop across the con-
densing film, Atf, is then calculated from

Uo ATm
Atf = (16)
m
and the film temperature, tf, from
tf = tSV -3 Atf (3)

where

average condensing film temperature, °F
temperature of saturated vapor, °F

sV
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The group

is a function of t,. With the value of that quantity known, the two functions
required for the £Wilson plot can be evaluated and plotted. A line is placed
through the data in a least mean sense and the slope of the line evaluated.
The reciprocal of the slope is the constant C;. If the calculated value of C;
differs significantly from the assumed value, the calculated value is taken
and the whole procedure repeated until there is sufficient agreement be-
tween the assumed and calculated values of Ci.

The average condensing coefficient constant for all the data can be
calculated from the intercept value

u g\
intercept { D ]

The actual values of the condensing coefficient and the individual values of
C are obtained in the process of determining Ci,

A program was prepared for the University of Michigan IBM 7090
digital computer and all the Wilson plot data were processed using that pro-
gram. The input data to the program were the water flow rate, inlet and out-
let water temperatures, steam temperature, tube dimensions, thermal
conductivity of the tube metal and an initial estimate for the inside heat trans-
fer coefficient constant, C,. The necessary physical properties of steam and
water were written into the program. The program took the value of C;, went
through the process outlined and obtained the values of the two functions neces-
sary for the modified Wilson plot. A least square subroutine was then used
to compute the slope of the best straight line through the processed data and
the intercept. The reciprocal of the slope is C;. The assumed value of C;
was compared to the calculated value and if it differed by more than 0.1 per
cent, the calculated value was used and the process repeated until the assumed
and calculated values agreed within 0.1 per cent.
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Four sets of Wilson plot data were processed. All the data were
taken with a steam pressure of 2 inches of mercury absolute pressure and
an inlet water temperature of 75°F. The tube dimensions appear in Table I
and the heat transfer data appear in Appendix A. Two sets of data were on a
copper tube and two sets were on a titanium tube. In each set the heat trans-
fer data were taken on the top tube in the center vertical row. The first sets
of data for the copper and titanium tubes were taken with 25 tubes located in
the condenser. The second sets of data were taken with only the 9 tubes in
the center vertical row present. Rubber stoppers were used to plug the tube
sheet holes not used in the latter runs.

The Wilson plot results for the four sets of data are presented graphi-
cally in Figures 8-11. The calculated values of the inside heat transfer con-
stant, C;, and the condensing coefficient constant, C, obtained from the
intercept are given in Table II. As can be seen in Table II, the condensing
constants in the second sets were higher than in the first. This is attributable
to a reduction in the amount of non-condensibles present in the condenser by a
factor of 2. Accurate leak rate curves were obtained for the system. Measure-
ments of ejector evacuation rates were also made but they were not very accu-
rate because of the rapid changes in the system pressure. It is estimated that
the amounts of non-condensibles present in the first and second sets were less
than 0.50 and 0.25 per cent by volume, respectively.

The average value of the inside heat transfer coefficient constants
appearing in Table II is 0.02468 with maximum deviations of -2.5 per cent
and + 3.5 per cent. Most, if not all, the deviation from the average can be
attributed to experimental error since straight lines placed through the data
in Figures 8-11 with slopes equal to 1/0.02468 appear as reasonable as the
least square lines. To determine if the calculated values of the condensing
coefficient constant would be reasonable if the inside heat transfer coefficient
constant were to be taken as 0.02468, the Wilson plot data were reanalyzed.
The results of the analysis are given in Figure 12 with the calculated values of
the condensing coefficient plotted versus the amount of condensate produced on
the tube in pounds per hour. The amount of condensate produced per hour is
directly related to the tube-side water velocity. Exclusive of experimental
errors, a trend in the condensing coefficient with the condensate loading can
result from an error in the inside heat transfer coefficient due to the wrong
coefficient or from an increase in the condensate turbulent level. Any trend
due to variations in condensate turbulence is likely to be small. Since there
is no obvious trend in the data of each set, the average value for C, adequately
represents the data. '

The computer program and a set of typical output data are given in
Appendix B.
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TABLE I

Tube Dimensions and Characteristics

Copper Titanium
Top Average Top Average
Tube for Tube for
Middle Middle
Row Row
Tube type plain plain plain plain
Tube outside diameter, in. 0.6252 0.6252 0.5287 0.6271
Tube inside diameter, in. 0.5550 0.5550 0.5592 0.5581
Tube wall thickness, in, 0.0351 0.0351 0.0347 0.0345
Tube length, in. 72.156 72.156 72.156 72.156
Thermal conducz:tivity,
BTU/hr.-ft.”- °F /ft. 196 196 10 10
TABLE 1I

Computed Values of the Inside Heat Transfer Coefficient Constant
and the Condensing Coefficient Constant for Copper and Titanium Tubes

Set Ci Deviation Condensing
from Constant
L . Average
Ist Copper 0.02475 +0.3 0.7275
lst Titanium 0.02436 -1.3 1.1183
2nd Copper 0.02406 -2.5 0.9709
2nd Titanium 0.02555 +3.5 1.3223
Average 0.02468
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MULTIPLE TUBE DATA PROCESSING AND RESULTS

Two sets of heat transfer data were taken on the nine tubes in the
center vertical row. The two side rows were excluded. The first set of
data were taken on copper tubes and the second set on titanium tubes. The
data appear in Appendix C.

The purpose of taking multiple tube data was to obtain the correction
factor, C,, for Equation (5), as a function of the number of tubes in a ver-
tical row. A computer program was written for the IBM 7090 digital com-
puter to process the data. The computer program consisted of three sections.
In the first section the input data including the average value of the inside heat
transfer coefficient were read into the computer and preliminary calculations
made. These operations included the calculation for each tube of the heat
duty, logarithmic temperature difference, overall heat transfer coefficient,
water velocity, bulk water physical properties, inside heat transfer coefficients,
and condensing coefficient by the method described in Equation (8). From the
condensing coefficient and physical properties of the condensate film, the con-
densing coefficient constant for Equation (1) was calculated. The average inlet
water temperature, water velocity, and steam temperature for all nine tubes
were also calculated. A print out of the results completed the first section.

In the second section of the program, the average inlet water tempera-
ture, water velocity, steam temperature, and condensing coefficient constants
for each tube were used to predict for each tube what the heat duty, exit water
temperature, logarithmic temperature difference, overall heat transfer coef-
ficient, inside heat transfer coefficient and condensing coefficient would have
been had the inlet water temperature, water velocity and steam temperature
been equal to the average values. These calculations put all the tubes on a con-
sistent basis. A print out of the results completed the second section.

The condensing coefficient correction factor was calculated in the third
section of the computer program. The correction factor is by definition that
factor which makes Equation (5) an equality and is calculated from Equation (18).

h

_ m
Cn - : 1/4 (18)

3 2
0,725[-15——"——&-5
np.DAtf
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In Equation (18), the mean condensing coefficient, h,,, is the mean condensing
coefficient for the top n tubes calculated from the experimental data. The
correction factor for the top tube was calculated using the values of the heat
duty and exit water temperature calculated in the previous section. The overall
heat transfer coefficient, logarithmic temperature difference and inside heat
transfer coefficients were then calculated and the mean condensing coefficient
computed from Equation (8).

(8)

Equation (16) was used to calculate the temperature drop across the condensing
film.

at, = =2 (16)

and Equation (3) used to calculate the film temperature.
1
t, =t - = At (3)

Once the film temperature is known, the quantity withn =1
1/4
3 2
kip g\
L1725 | ————=—
0 {1 p D Atf’ ]

can be calculated and Cn computed from Equation (18) for the top tube.
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To determine C, for the top two tubes in the vertical row, the heat
duties calculated in the second section for the top two rows were added to
give the total heat transferred. Using mean values of the water density and
heat capacity for the top two tubes, the average exit water temperature for
the top two tubes was calculated. The logarithmic temperature difference,
overall heat transfer coefficient and inside heat transfer coefficient were
next calculated and the mean condensing coefficient calculated from Equation
(8), the temperature drop across the condensing film calculated from Equa-
tion (16) and the film temperature calculated from Equation (3). The quantity

1/4

k3 2
0.725 | X P 8}
2pD Atf

was computed and the correction factor for two tubes in a vertical row cal-
culated from Equation (18).

The correction factors for 3, 4...9 tubes in a vertical row were cal-
culated by adding the heat duties for the top n tubes and following the pro-
cedure previously outlined. Tables III and IV give the values of the
condensing coefficient correction factors for a vertical row of 1 to 9 copper
and titanium tubes respectively. The results were obtained from experi-
mental data taken at a steam pressure of approximately 2 inches of mercury
absolute and an inlet water temperature of 75°F. Average values of Cn for
each water velocity are given in Tables V and VI for copper and titanium
tubes, respectively. The results are also presented in Figures 13 and 14.
Average values of C for all the data as a function of the number of tubes in
a vertical row are given in Table V for copper tubes and in Table VI for
titanium tubes. These results are shown in Figure 15.

The computer program and typical calculated results can be found
in Appendix D.
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Figure 13. Condensing Coefficient Correction Factors for Condensation
of Steam at 2 Inches of Mercury Absolute Pressure on 1 to 9
Copper Tubes in a Vertical Row
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Titanium Tubes in a Vertical Row
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DISCUSSION OF RESULTS

The results of this investigation are given in Tables III - VI and
Figures 13 - 15. As can be seen in Figure 15, the condensing coefficient
correction factors, C,, are higher for titanium tubes than for copper tubes.
The maximum value of C, for titanium tubes occurs for the top tube where
C, is 46 per cent higher than the value for the top copper tube. The dif-
ference in C,, diminishes to a more or a less constant value of approximately
8 per cent greater with 6 to 9 tubes in a vertical row. Inundation drastically
reduces the effectiveness of titanium tubes with essentially all the improve-
ment being a result of the increase on the top tube.

In Figures 12, 13 and 14, there appears to be a consistent trend in
which for a given number of tubes in a vertical row C, varies with the tube-
side water velocity (or condensate loading as both are directly related). For
low and high velocities the correction factor is higher than for intermediate
velocities. This might be attributable in part to an error in the average heat
transfer coefficient and in part to varying degrees of turbulence in the con-
densate film depending upon the tube condensate flow rate. These two factors
are closely coupled since it is tentatively assumed that the condensate turbu-
lence effect is constant over the entire range of condensing conditions when
taking Wilson plot data. The maximum deviations from the mean values in
Figures 13 and 14 are 5.3 and 6.3 per cent, respectively.

Visual observation of low pressure steam condensing on the nine
titanium tubes in vertical row revealed that as could best be seen, only film-
wise condensation was occurring. Visual observation of the top tube was
limited and it could be possible that partial dropwise condensation was occur-
ring on this tube. The generally lower wettability of the titanium tube surface
increases the condensing coefficient but not to the point where dropwise con-
densation will persist for multiple tube arrangements.
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CONCLUSIONS AND RECOMMENDATIONS

The slightly higher average condensing coefficients obtainable for
titanium tubes (8-10 percent) are compensatedto a certain extent by the low
thermal conductivity of the metal (approximately 10 Btu/hr.-sq.ft.- °F/ft.)
when compared to copper or admiralty condenser tubes. Full advantage of
titanium tubes can be realized when compared to the lower thermal con-
ductivity alloy condenser tubes such as cupro-nickel and stainless steel.
The greater allowable design stresses permissible with titanium tubes com-
pared to those for the cupro-nickel alloys makes it possible to use consider-
ably thinner tube walls which makes titanium tubes attractive for both
improved condensing coefficients and reduced weight. The errosion and
corrosion characteristics of titanium further add to the benefits of titanium
tubes.

To determine if a significant advantage can be realized when using
titanium tubes in steam condensing, an actual condenser should be designed
with the results presented here and a comparison made to existing conven-
tional condensers. )

42



LITERATURE CITED

Jakob, M., Heat Transmission, Vol. 1, John Wiley and Sons, N.Y.,
N.Y., 1949.

Katz, D. L., Young, E. H., and Balekjian, G., Pet. Ref., Vol. 33,
No. 11, pp. 175-178, 1954.

Katz, D. L. .and Geist, J. M., Trans. ASME, 70, No. 11, pp. 907-
914, 1948. '

Short, B. E. and Brown, H. E., Institution of Mechanical Engineers
and ASME Proceedings of the General Discussion on Heat Transfer,
Section I, London, pp. 27-31, 1951.

Young, F. L. and Wohlenberg, W. J., Trans. ASME, Vol. 64, No. 11,
pp. 787-794, 1942.

McAdams, W. H, Heat Transmission, McGraw-Hill, 3rd Edition, 1954.

Watson, R. G. H., Brunt, J. J. and Birt, D. G. P., ""Dropwise Con-
densation of Steam!'', International Developments in Heat Transfer,
Part II, ASME, N.Y., N.Y., 1961.

Wilson, E. E., Trans. ASME, Vol. 37, pp. 47-82, 1915.

43



APPENDIX A. TUBESIDE WILSON PLOT DATA FOR
.COPPER AND TITANIUM TUBES
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TABLE VII

Wilson Plot Data for the Top Copper Tube in the
Center Vertical Row, First Set

RUN NO. W WATER T WATER IN T WATER OUT T STEAM
LB/HR F F F
178730 8295 75.850 79.160 100.870
178732 9350 75.760 - 78.890 100.820
178733 5000 75.620 80.470 100.890
178734 7400 75.600 79.350 100.860
178735 9320 76.030 79.120 100.960
178736 8290 16,220 79.600 100.850
192161C 2930 74.810 81.210 100.000
1921638 3890 14.830 80.460 100.440
1921648 4840 75.070 80.160 100.760
1921658 5810 75.120 79.640 100.830
1921664 1781 74.920 83.070 100.590
192187 6935 75.050 79.000 100.960
192188 8200 14.420 78.020 101.030
192189 9320 74.880 78.000 101.080
192190 8150 75.160 78.630 101.080
194191 7000 14.770 78.650 101.060
192192 5955 74.820 79.220 101.160
192193 4980 74.920 19.820 101.070
192194 3770 75.020 80.810 101.060
192195 2890 74.940 8l.610 101.020
192196 5880 74.820 79.220 101.080
192198 6100 75.660 79.880 100.930
192199 7115 75.800 79.550 101.010
TABLE VIII

Wilson Plot Data for the Top Copper Tube in the
Center Vertical Row, Second Set

RUN NO. W WATER T WATER IN T WATER OUT T STEAM
LB/HR F F F
197020A 2345 75.180 83.250 101.310
1970208 2240 75.200 83.350 101.170
197020C 2260 T4.960 83.100 101.240
197021A 3505 75.020 81.710 101.140
1970218 3446 ) 75.090 81.820 101.430
197021C 3421 75.320 82.020 101.320
197022A 4480 14.870 80.710 101.100
1970228 4490 75.170 80.990 101.530
197022C 4490 75.090 80.930 101.180
197023A 6315 T4.930 79.780 101.250
1970238 6300 75.000 79.900 101.190
197023C 6305 754240 80.010 101.160
197024A 7850 74.810 79.140 100.920
1970248 7850 74.960 79.310 101.350
197024C 7850 74.990 79.320 101.150
197025A 9800 75.010 78.690 101.080
1970258 9800 75.000 78.810 101.500
197025C 9800 74.960 18.740 101.410
197026A 6500 74.840 79.670 100.800
1970268 6540 T4.660 79.360 100.780
197026C 6595 74.530 79.250 100.870
197027A 7735 74.730 79.070 100.720
1970278 1735 T4.780 79.120 101.000
197027C 7735 74.840 79.180 100.920
197028A 9840 74.990 78.700 100.850
1970288 9840 75.040 78.760 100.910
197028C 9825 75.040 78.750 100.880

45



TABLE IX

Wilson Plot Data for the Top Titanium Tube in the
Center Vertical Row, First Set

RUN NO. W WATER T WATER IN T WATER OUT T STEAM
LB/HR F F F
‘178737 4200 75.220 80.150 100.520
178738 5340 75.060 79.330 100.710
178739 6375 74.990 78.870 100.810
178740 7480 75.130 78.540 100.720
178741 8770 74.990 78.090 100.830
178742 9920 74.940 77.780 100.870
178743 3070 74.830 80.820 100.860
178744 2220 T4.840 81.870 100.910
178745 4022 75.440 80.600 101.380
178746 5290 75.110 79.530 101.240
178747 6320 75.000 78.930 101.270
178748 7550 75.000 18.470 101.220
178749 8710 74.900 78.100 101.260
192241 9980 75.070 77.960 101.330
192242 4220 74.920 80.020 101.330
192243 3082 74.770 80.750 101.270
192244 2240 74.850 81.960 101.420
TABLE X

Wilson Plot Data for the Top Titanium Tube in the
Center Vertical Row, Second Set

“

RUN NO. . ___W WATER T WATER IN T WATER OUT T STEAM

LB/HR F F F

1970394 2690 75.230 81.880 101.150
_ 1970398 2656 74.980 81.840 101.240
197039C 2634 74,760 81.660 101.310
197040A 3818 74.950 80.560 101.200
1970408 3761 74.860 80.630 101.250
197040C 3763 74.930 80.650 101.320
197041A 5387 75.170 79.680 100.950
1970418 .5368__ 75.310 79.890 100.990
197041C 5368 75.280 79.760 100.890
1970428 6508 75.210 79.200 101.150
197042¢C 6525 75.250 79.230 100.970
_ 1970434 8420 74,680 78.180 100.940
1970438 8458 74,680 78.200 101.110
_197044A 10110 74.860 77.970 101.110
1970448 10112 75.000 78.080 101.080

. 197044C 10112 74.990 78.100 100.960
1970454 2774 74.920 81.750 101.220
_ 1970458 2174 T4.870 81.730 101.200
197046A 3124 74.990 81.240 100. 780
1970468 3098 74.830 81.180 101.100
1970474 3855 75.300 80.820 101.160
1970478 3844 T4.840 80.580 101.120
197047¢C 3873 74.730 80.410 101.180
197048A 5340 T74.930 79.490 100.780
1970488 5360 75.060 79.670 100.930
197048C 5359 75.320 79.800 100.940
1970494 6550 75.200 79.320 101.020
1970498 6540 . 75.350 79.380 101.050
197049C 6540 75.240 79.280 101.060
1970504 . 8460 75.110 78.520 101.070
1970508 8500 75.000 78.380 100.720
197051A 10110 14,740 77.780 101.060
1970518 10105 74.820 77.870 101.000
197051C 10130 74.900 77.970 101.120
1970524 6605 75.010 78.920 100.840
1970528 6605 75.250 79.230 100.950
197052¢C 6590 75.200 79.240 100.990
197053A 8530 75.070 78,530 101.040
1970538 8530 75.360 78.720 101.050
197053C 8480 74.900 78.360 101.120
197054A 10130 74.620 77.780 101.060
1970548 10100 74.780 77.880 101.060
197054C 10100 74.760 77.830 101.030
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APPENDIX B. MODIFIED WILSON PLOT COMPUTER PROGRAM
AND A SET OF TYPICAL OUTPUT
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SCOMPILE MAD» EXECUTEs DUMP » PUNCH OBJECT

START

ALPHA

BETA
RET2

RET1

GAMNA

POl

PO3

PO4

POS

TABLE XI

Modified Wilson Plot Computer Program Written in the
Michigan Algorithm Decoder Language

C-wP 001

R WILSON PLOT PRCGRAM

INTEGER 1s RUNNOs» METAL1s METAL2s Cs RUNS

DIMENSION WTUBE(50)s TTUBEI(50)s TTUSEO(5C)s VAPCRT(50)%
TAVG(5C)s CPT(5C)s LAT(50)s Q(50)s LMTD(5C)s VISCI5G)s
DEN(50) s KT(50)s PR(5C)y RE(50)s VEL(50)s TWALLA(50)s
VISCW(50)s TWALL(5C) s TWALLO(SO0)s DELTF(50)s FILMT(50)s
KCOND(5C) s DCOND(50)s VCURD(59)s PHYGRI5Q)s FUNCTA(D0)
FUNCTB(5C)s RUNNO(S5C)s 5(2)s HIL5C)s HCONGIS0)s UOLHQ)y
AlB)s DIBYs FI(B)s FIB)s GIB)s HIS)s KIB)s L(8)y CONS(50)
RUN(50)

PRINT FORMAT TITLE

PRINT COMMENT 383

SUMLAT = 0.0

READ FORMAT DATAs RUNZs ID» ODy TLs TKy CI

READ FORMAT DATA2s METALLs METAL2

PRINT FORMAT OUT1ls ODs 1D» Tis TK» METALLs METAL2

THROUGH ALPHAs FOR I = 1» 1s I 4Ge RUNS

REAC FORMAT DATALly RUNLI)s RUNNCII)s wTUBE(I)s TTUBEL(I)
1 TTLP GUl)ys VAPORTLI)

N

TL/1240

Te1416%0D%TL

3.1416%10D%TL

(OD=1D)/(TK#240)

d (0D-1D)/ELUG(OC/ID)

AMET = 3.1416%DMTL

AFLOW = 3,1416%ID*ID/440

PRINT FORMAT CUT2y AGT» AITs AFLGWs RMy C1

THROUGH ©8FTAs FOR I = 1s ls | 4Ge RUNS

TAVGII) = (TTURETCI) + TTUBEC(1)1/24C

CPTUI) = A(C) + A(2IRTAVGIL) + A(2)¥TAVG(1)WPa2 +

1 AL3)RTAVGUI)4Pe3 + A(L)IRTAVO(T)eFat + ALH)®¥TAVG(I)4PeS
VISCUI) = EXPol DIC) + TULI/TAVGLIY + DI2)V/TAVG(I) WP
1 D(3)/TAVG(I)ePe3 + D(4)/TAVGI1)ePat + D(5)/TAVG(]) s
DEN(T) = F(O) + FULI*TAVGUI) + FU2)%TAVG(I)aPa2 +

1 FU3)%TAVG(1)4Pa3 + FIGIH#TAVCII)oPat + F(5)¥TAVG(])ePab

KTUI) = G(C) + GULI*TAVGLI) + GL2)I%TAVG(I)ePe2 »

1 GU3)¥TAVGIT)ePe3 + GU4IRTAVG(I)aPel + GIS)HTAVG(])aPaS
LATODY = E(0) 4 E(L)#VAPORT(I) + Z(2)%*VAPURTY1)eFuZ +

1 E(3)*VAPORT(1)eF43 + E(4)*VAPORT(I)4Pub + E(5)%VAPORT(I)ePeb
SUMLAT = SUMLAT + LAT(I)

QUIY = WTUBE(T)#CPTUIYR(TTUREO(T) = TTULTI(I))

LMTID(TY = (TTUREC(L) = TTUREI(1) 1/ (ELOGe ((VAPORT(I) -

1 TTUBET(1)1/(VAPORT(I) = TTURFG(1))))

UOLT) = Q(I)/(ADTHLETR(T))

PRII) = CPTULI*VIECLLY/KTILL)

RE(D) = IC#WTUBE(1)/ (AFLOWRVISCLI))

VELUI) = WTUBE(T1)/(AFLOW*DFN(])%36004C)

AVGLAT = SUMLAT/RUNS

THRCUGH GAMMAs FCR I = 1s 1l» I oGe RUNS

TWALLALL) = TAVG(T)

VISCW(I) = EXPe(DIO) + DCL)/TWALLALL) + D(2)/TWALLACL) oF
1 D(3)/TWALLA(1)ePe3 + D(4)/TWALLACL)aP o4 +U(5)/TUALLALL)4P45)
HICD) = CI#KTUT)¥RFI" )1 4PeQeB*PRI1)4PeCa322233% (VISC(])/

1 VISCW(I)1)ePeCult/ID

TWALLLT) TAVGUT) + QUIN/ZCATIT*RICT))
WHENEVER o ARSW(TWALLACL) = TWALL(I)) «Ge 0e3
TWALLACL) = TwALL(D)

TRANSFER TS RETQ

END OF CONDITIONAL

TWALLO(T) = TWALL(I) + Wll)#RM/AMLT

HCOND(T) = 148/(14C/7U00T) =ASTHRE/AMET = AGT/Z(ATT®HI(1)))
DELTF(I) = UCCT)*LMTT (1) /HCCND (1)

FILMT (D)
KCOND(T)

VAPORT(I) = DELTFII)/Ze0)

HIQ) b A1) *FILMT L) 4 A(2)#FILMT(1)ePe2 +
TOL aPe? + HIG)HFILYT (L) aPeb + A(S)*FILKT(1)4Po3

DCOND(T) KIS1 + SCLVEFILNTIL) + K(2)%FILMT(1) aPeZ +

TUI1aPe3 + K(LIFFILMT(T)aPeb + KIS)REILMT(1)oPo5b

VCCNR () EXPe € LUC) + LULI/FILMTCL) + LU2)/FILMT(L)4Pe2 +

T LOI/FILMTOI)oPe3 + LIG)I/FILMTCI) 4Pub + LU5)/FILMT(1)ePe5)

PHYOK(T) = (KCOND (1) ¥KCOND (1) #XCTHRO LT #DCURD (1) #DCOND (T )/

1 (VCONDUT)*DFLTF (1)) ) ePelaz?

CONSEI) = HOCND(T)*(CD/(LATII)#4417#1C404PeB8))aPe0e25/

1 PHYGR(I)

FUNCTACL) = (140/0001) = AOTHRM/AMET)*PHYGR ()

FUNCTBIT) = AOT#PHYGRUII*CI/Z(AIT*RI(]))

EXECUTE LSTSGe (FUNCTES FUNCTAy RUNSy Eo 1)

CONDC = 1S/ (RIC)#(4a1TR10eCaP o B¥AVELAT/O0) oPeCe25)

CIC = 140/8(1)

PRINT FORMAT HEAD1

THROUGH PCly FOR [ = 1s la I 4Ga RUNS

PRINT FORMAT. RESLT1sRUNCI)yRUNNCIT) s UBr () TIUcE LTy

1 TTUBEC(1)y TAVC(L)s CPTUL)y DENCL)s VISCCI) -

PRINT FORMLT HEAD?

THROUGH P02y FOR [ 1o 1y | 4Ge RUNS

PRINT FORMAT RESLT UNCTY s RUNNOCL) sKTCL) sPRUT) o TWALLIT) o

1 vISCWI)y VELCL) s RE(I)y HICI)

PRINT FORYAT HEAD3

THROUGH PC2y FOR [ = 1y 1s | oGa RUNS

PRINTFORMATRFSLT 2 4RUI UNCD) sRUNNO (T ) 9 VAPURT (1) sLAT (1) s TWALLO(T )y

1 DELTF(L)y FILMT(I)s KCOND(I)s DCOND(I)

PRINT FORMAT HEADG

THROUGH PO4s FOR [ = 1s 1s 1 4Ga RUNS

PRINT FORMAT RESLT4s RUNCI)s RUNNO(I) VCUND(H: PHYOR(I1) s

1 CONS(I)y FUNCTA(I)s FUNCTH(IT)

PRINT FORMAT HEALS

THROUGH P05y FOR I = 1y 1s I 4Ga RUNS
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C=0C+1

TRANSFFR TO RFT2

END OF CONDITIONAL

VECTOR VALUES TITLE = 3 11¢n) Wl
IPLOT AMALYSIS FUR Iublb=oluf HEAI ITRANSFER ‘COEFF ICIENI CO
2TION .CONSTANT *$

Lo
RKE

48

RM
SUMLAT
TAVG
™

T
TTUREL
TTURFQ
THALLA
TaALL
T#ALLO
BB}
VAPURT
VCORD
VEL
visce
VISCw
1 TUKF

VECIOR VALULS DATA = 5 110y 5F10e4  #>
VECTOR VALUES CATAL .= b l4s Cébs F10e0» 3FL0e3  *%
VECTCR VALUES DATE2 =  2C6- #% I -
VECTOR VALUES Uil = & 32ri IUBE CUISIDE DIAMEIER - INCHES

1 Sty FlCes  / ’ S S
1310 TUBE INSIDE DIAMET:iR = INCHE 531 Fl0e4 7

1226 TURE LENGTis = LHCHES 540 F1Ca4 o

167k Toill THURMAL CORDUCTIVITY = oTG/HR=FT=F s21s F10 /
Ll2n Tuks ¥ 1AL 543y 266 *3 ;

VECTUR YALUFE: Uul2 = 5 43h LURE Sul5IDE HEAT TRANSFER AREA -

1sur 1780 19y Flues  / .
1azn TosE INSICE nEAL IRANSELR AREA = SUFT/FI 220y FI04G /
127k TunF FLOW AREA = 5GHT S40s F1347 /
1330 METAL RESISTANCE = 6Tu/HR=5UFT=F
COEFFLCIERT CONSTANT 5254 F1045 __* .
= o TH-AFTER 12y 18H ITERATIONS; cr =
ING CONSTART = 3
12042
T Tusk VUT
T-VISCOSTIY
3

529y Fl3e7 ’/'

W TUBE ~
TP

ALb/UR BIU/
aLis-! LE/CUFT
VECTOR VALUES RESLTL = » *s
VECTUR VALULS HFADZ = B 120K2 RUN NO TR

PR T WwALL IN  Tw=VISCCSITY T-VELOCITY

& Hl 7 120k BIU

F LB/FT=HR F_
BIU/BR=SOF 1=F /%3

VE'TO'? VALUSS RISLT2 = % 19y Cos FlSebs F1543y 2F15e2y
1 2F1543y Fl5.2 *%

VECTCR VALUES AFAU2 = & 1sCr2 RUN NO VAPOR TEMP .

1 LAT uEat T wALL Tl o1 FILM F1

] -« C-DENSITY / 120H :

3 3 BIu/Ls 3

o F 2TU/AR=F T LB/CUFT %5 e

VECTOR 3 13 = 5 19, Coy F1545y F1542y 3F15e3y Fl5a4,

11542 .

VECTCR VALUE: HF SuH2 RUN NG C=VISCOSITY

1 PHYGR < FUNCT A FUNCT 8./

2 YOH LA/F 1=k

3 /%3

VECTOR VELUFS RFSLIG = 5 199 Coy 2F154%s Flou5y 2E1508 #3

VECTOR VAIUSS HT AL : RUN NO HEAT DUTY _

! L¥TD nl H COND 7

BTU/HR F o o8TY/MR=SG

SFI-F EIG/HR=50F 1-F /%%

1Tu/ AR~

RESLTY = & 19y Coy FiSely Floeds 3F1542 *$
A 101248568 01y -Ue66670063E-03y
CT21T412=0Ty LeT2640616E-10s 040EC
02196573 Yo Cenb722T44EC3,

191324607 =(e247645420C8r Qe0EQ
o9 =CaBRCIY Cols Cels Gl

1. Ce0EQ

SUeFT. I

AT TRANIFLR AREAs SQ0FTe

T CAPACLIY OF #ATER

FOK LEAST SGoARL CUBRCUNT INE o .
NEHE COEFFICIENT CONSTANT CALCULATED FRON

A1 TRANSFER

LIDE HEAT TRANSFER COEFFICIENT CONSTANT )
NSING COLiFECIENT CONSTANT CALCULATED FROM INTERCEPT
FEICIENT CONSGTANT TC REPLACE 04725

HATERy uTL/LA=F
Whitlny Lo/CueFT,
JRCPAC l(v\ﬁ.} CUNDENSATE FILMs Fao

TUuts INe CK FTa

(LsON FLOT
TLSON PLTTS
S FUR THIRWAL CONDUCTIVITY GF wATER
NSING CUEFFICIENTs LTU/HRo=SueFTa=F,
INE HEAT TRANSFER COEFF [CIENTs BTU/HR.
CUNSTANTS FOR TAERMAL CONUUCTIVITY OF CONDENSATE
TUBE INSIDE LIAMETERs INe CR FTa
THERYAL CCNDUCTEVITY OF CUNDENSA
CCNSTANTS FOR DINSITY GF CONDENSATE
ThERMAL CONDUCTIVITY GF WATERs BTU/HRe=SQeFTe=Fo/FT.
LATENT HEAT OF STEAM» uTU/Lbe
GGARITHIMIC TEMPERATURE GIFFERENCEs Fao
CONSTANIS FOR VISCOSITY OF CONDENSATF
TUEF OUTSIDF NIAMFTER, INe Ck FTe
PHYS[CAL PROPERTY GRCUP
PRAKNPTL RUMBFR OF WATER
HEAT DUTY, BTU/AR. . .
YNGLDS NUM3ER T
TAL RESISTANCEs ¢ GeF To(OUTSIDE AREA)=F /0Ty
1 OF LATENT HEAT. FCR ALL RuN:
AVERAGE I0E TEMPERATUREs Fo

CITVIIT OF iuBE MEIALs BiU/HRe=5QeFia=Fa/F1a
TUBE LFNGTHs INe OR FTo
INLET WATFR TFMPYRATURE, Fa
CUTLST WATFP T:MPFRATURF s Fa
ESTIMATED VALUE CF INSIDE WALL TCMPERATURE, ko
CALCULATFD VALUE GF INSIGE WALL TEMPFRATUREs Fao
CUTSIDF WALL TEMPFRATURE, Fo
OVERALL MEAT TRANSFUR wUErFICTENT
STEAM VAPOR TEMPFRATUREs Fo
VISCOSITY OF CCR3iNSATEs Lbe/FTe-HRa
WATER VELOCITYy FTo/3ECa
VISCOSITY OF WATiRy LEo/FTa-HR4
VISCOSITY OF WATFR AT WALL TEMPERATUREs Lbe/FTe=HRo
TURCCINE FLOW RAIF, Lie/HRa

FILMs BTU/HRe=5GoFTamFo/FTs

=
E
=
A~
2

STU/HRe=5Quk [ o=F o




1€e1°2
fz1°2
8y1°2
s11°2
s21°2
6€1°2
8y1°2
9s1°2
1s1°2
£€91°¢
691°¢
8y1°2
1L60°2
8¢e1°2
2eT1°2
1e1°2
2z1°2
s21°2
122 a4
9¢e1°2
121°2
oy1°2
Se1°2

YH-14/917
ALISOISIA-1

122°29
02229
622°29
»12°29
812°29
s22°29
622°29
z2€2°29
0€Z°29
9€2°29
8€2°29
622°29
902°29
s22°29
2z22-2e9
zze 29
112°29
812°29
2z22z~e9
22°29
112°29
82229
€22°29

14nJ3/91
A1ISN3Q-1

666°
666°
666°
666°
666°
666°
666°
666°
666°
666°
666°
666°
666°
666°
666°
666°
666°
666°
666°
666°
666°
666°
666°

4-8/n19
dJ-1

SL9°1L
oLrL=11
0co°11
Sl2°8L
s16°LL
oLe*LL
020°12
0TL*9L
S68°9L
0%%°92
022°92
s20°LL
S66°8L
08€°2L
s19°22L
SH9°LL
010°8L
ote~LL
SLs°LL
SLY°Ll
s%0°8L
G2€°LL
s0s°LL

E
9AV-1

00s20°
6%10000°
0089100°
Le28°
6£86°

0000°951
0961°2L

0655 °
0s29°

066°6L
088°6L
02z 6L
o19°18
018°08
0Zs°6L
02z 6L
069°82
0€9°8L
000°82
0¢0°8L
000°62
0L0°€8
0%9°6L
091°08
09%°08
o1Z°18
009°6L
oci el
0s€°6L
oL%*08
068°81
091°6L

E]
ino 38Nt 1

008°SL
099°sL
0Z8°* %L
oY6°HL
020°sL
0zZe*%L
0z28°%L
oLL %L
091°SL
088°%L
02v%°%L
0s0°sL
026°%L
021°st
0L0°sL
0oe8*HyL
018°%2
02¢2°91
0€0°92
009°sL
029°siL
091°sL
0s8°SL

El
NI 3gn1i 1

14/130S
1371408

Ss11L 661261

0019 ge1261
088s 961261
0682 s61261
oLLE 61261
086y €61261
SG6S zé61261
oooL 161261
0sT18 061261
02¢e6 681261
00¢s8 881261
SE69 2181261
1821 V991261l
018s 8591261
0%8% ay91261
068¢ g9€e91261
oe62 J191261
0628 9eL8L1
02¢6 SEL8LT
00%L YeEL8LT
000s €€L8LT
0osee6 Zel8Ll
6628 oeLsLl
¥yH/871

IgnL M ON NNY

ANVAISNOD IN3IIIJI34307 3GISNI
4-130S-¥H/N18 - IONVISIS3Y TVI3INW
140S - v3dv MO1d4 3dn1

= VIYV ¥3IJSNVIL LVIH JCISNI 38nit
— V3¥V ¥3IJ4SNVIL 1v3H 301ISiN0 38n1
IvVi3W 3801

d-14-¥H/NLQ - ALIATLIINGNOD TVWY3HL 3Eni

SIHINI - HION3T 38N1
S3IHINI - ¥313WVIA JCGISNI 38Nt
S3HINI - ¥3134VIQ 301SLIN0 38N1

INVISNOD NOILVIIY¥0D INIIDIJ420D ¥IISNVYL LV3IH I01S-38N1 ¥04 SISATVNV 1074 NOSTIM

1oindwro) 1e3181d 060L WLI Ue yitm pajernore) ndinQg 3o1g uosipm redtdA T,

IIX dTdV.L

49



220°29
220°29
€20°29
866°19
900°29
L10°29
220°29
0€0°29
€€0°29
0%0°29
S€0°29
820°29
886°19
120°29
s10°29
€10°29
800°29
0€0°29
S€0°29
820°29
s10°29
9€0°29
»€0°29

134n3/87
A1ISN30-D

26°9%2¢
1s°9L182
06°0812
02°96s1
01°2961
oL EY%2Z
9€°6082
9L°S81¢E
$0°86S€E
26°886¢
£€°109¢
96°691¢
2271601
91°2912
06°€6€2 .
1s°2102
0$°0191
90°129¢
86°810%
6%°9%¢¢
11°29%2
0€E“€20%
8°199¢

4-130S-¥H/N18
IH

L6SE" 6L2°%6
66S€"° Y0L°%6
665t 609°%6
119¢° 181°96
L09¢€"° 990°96
209¢° 991°s6
66S€"° $99°%6
S6S€° 200°%6
Y6S€E° 821°¢€6
16S€° LLTI"€E6
€6S€° 696°¢€6
96%¢€° 081°%6
s19¢” 299°L6
009¢*° 18L°%6
€09¢° Y1€°s6
09¢€ L6%°56
909€° 688°56
S6S€E° 886°€6
£€6S€° 119°¢€6
96S€"° SST1°%6
€09€°" GEE*S6
€6S5€° 28%°€6
»6S€° €TIL €6
1Jd-¥H/n19 4
b e} WIId 1
0L0°82616 106°81
%L0°5068L 012°91
20G6°99€S5L £29°G61
685°219L€E 189°L
906°1588% 610°01
989 °%01%9 €EZET
o18°22¢92 228°S1
919°18¢€68 86S°81
022°20e%01 ¥69°12
%6i°019811 19L°%2
L125°%20%01 ¥8L°12
9¢€°»6888 92%°81
9%y 18e€2 YELY
S69°L62Y9L 8EH° ST
%69°88%29 198°2%
£69°1420S LE€°01
9€6°0108¢€ 98L°L
1%8°ST%L01 ogo-ze-
298°022021 99L°%2
LELTLLESE £99°61
119°268%9 882°¢1
1217062021 Y98°92
26€£°256901 2%0°22
J3s/14
3y AL1130713A-1
(psnunjuon)

9% €l
2s%°21
2%6°21
99%°8
186°6
808°11
066°21
911*%1
Y0L°%1
108°s1
226°%1
196°€1
968°S
180°21
168°01
188°6
2z2e°8
€2L°€1
169°%1
0T €1
ot11°11
SL9°%1
Y1e°HT

E
W14 10

16°1
68°1
68°1
18°1
€8°1
18°1
68°1
26°1 .
€6°1
96°1
¥6°1
16°1
9L
88°1
98°1
¥8°1
18°1
26°1
€6°1
16°1
98°1
¥6°1
€6°1

YH-14/81
ALISOJISIA-ML

L6%°18
v1%°88
120°88
06£°26
156°06
11168
€01°88
268°98
v€€-98
0%2°58
$90°98
sveE*Lg
SEYH6
129°88
SLL°68
LEY*06
229°16
$80°18
622°98
00%°18
569°68
0T1°98
L15°98

4
in0C 1IvM 1

L0°L8
00°88
99°L8
80°26
09°06
6L.°88
89°L8
9%°98
88°scg
LL %8
65°68
16°98
0L %6
s2°88
8€°68
60°06
2e°16
%9°98
L2°58
96°98
1€£°68
»9°68
80°98

3
NI T9vM 1

IIX dATdVL

19°9¢01
99°9¢01
15°9¢01
19°9€01
65°9€01
86°9¢01
€6°9¢01
65°9€01
L5°9¢€01
1S5°9¢€01
09°9¢01
%9°9¢€01
98°9¢01
2L°9¢€01
91L°9€01
¥6°9€01
02°L€01
TL°9¢€01
%9°9¢01
0L°9€01
89°9€01
2L°9¢€01
0L°9¢01

81/n18
1V3H 1V

S80°9
1L0°9
1%1°9
%€0°9
%90°9
111°9
1I%1°9
891°9
2s1°9
261°9
112°9
%1°9
¥16°5
ot11°9
060°9
180°9
950°9
$90°9
€60°9
201°9
€50°9
S11°9
660°9

dd

0t10°101
0€6°001
080°101
020°101
090°101
0oL0°101
091°101
090°101
080°10T1
080°101
0€0°101
096°001
065°001
0€8°001
09L.°001
0%%°001
000°00T
058°001
096°001
098°001
068°001
028°001
0L8°001

E]

dW31 YOdVA

86%¢ "
:1.2 4 g
y69€*
20s€”
66%¢ "
96%¢€ "
Y69€°
26%¢"°
E6HE°
o6%¢*
88%€°
Y6%€*
90s€”
96%¢
L6%E"
86%€°
00s¢e”
66%¢€°
L6%E"
96%€*
00s€”
S6HvE”
L6%€*

1d4-¥H/N18
A-1

661261
861261
961261
s61261
61261
£€61261
261261
161261
061261
681261
881261
L81261
V991261
8691261
ay91261
g9€e91261
J191261
9¢€L821
SELBLI
YELBLT
€€L8L1
ceLsLl
0€EL821

ON NNY

661261
861261
961261
s61261
%61261
€61261
261261
161261
061261
681261
881261
181261
V991261
8591261
8%91261
8€91261
J191261
9eL8L1
GEL8L1
YeL8LT

€ELBLT

CeELBLT

.. OEL8LY

ON NNY

50



RUN NO

178730
178732
178733
178734
178735
178736
192161C
1921638
1921648
1921658
192166A
192187
192188
192189
192190
192191
192192
192193
192194
192195
192196
192198
192199

RUN NO

178730
178732
178733
178734
178735
178736
192161C
1921638
1921648
1921658
192166A
192187
192188
192189
192190
192191
192192
192193
192194
192195
192196
192198
192199

AFTER 3 ITERATIONS, CI =

TABLE XII

C-VISCOSITY
LB/FT-HR

1.773
1.778
1.742
1.765
1.775
1.768
1.732
1.739
1.743
1.753
1.700
1.764
1.776
1.784
1.773
1.768
1.755
1.745
1.729
1.715
1.756
1.754
1.762

HEAT DUTY
BTU/HR

27425.3
29232.3
24222.3
27718.5
28766.1
27988.2
18730.6
21875.8
24607.6
26231.4
144984
27362.3
29487.0
29045.8
28248.6
27129.5
2617244
24374.3
21803.4
19254.2
25842.8
25712.7
26650.9

PHYGR

1.629
1.617
1.746
1.658
1.617
1.648
1.886
1.799
1.754
1.706
2.063
1.654
1.611
1.586
1.618
1.636
1.675
1.718
1.798
1.879
1.676
1.693
1.657

LMTD
F

23.326
23.460
22.759
23.335
23.351
22.898
21.834
22.679
23.051
23.377
21.336
23.881
24.766
24.607
24,143
24.298
24.073
23.615
23.024
22.581
23.993
23.096
23.285

(Continued)

COND C

« 70443
13757
« 74779
« 14641
« 72465
«74119
«72315
73661
« 77115
76178
+71368
«73060
« 73453
69398
71106
«70338
«72043
+71935
72712
« 72493
« 71349
« 73046
«71523

uo
BTU/HR-SQFT-F

1195.01
1266.46
1081.74
1207.33
1252.09
1242.31

871.92

980.40
1085.00
1140.48

690.66
1164.57
1210.12
1199.73
1189.21
1134.81
1105.03
1049.05

962.51

866.64
1094.76
1131.55
1163.32

«02475 4 CONDENSING

51

FUNCT A

«13372454E-02
«12514292€-02
«15863888E~-02
«13473484E-02
«12662267E-02
«13003189E-02
«21335343E-02
«18061792E-02
+15892956E-02
«14689046E-02
«29545017€E-02
«13939946E-02
«13058577€-02
«12966126E-02
«13349627E-02
«14160007E-02
«14891278E-02
«16109158€E-02
«18395197€-02
«21381909E-02
+15044321E-02
«14692707E-02
+13985849E-02

FUNCT B

«12404400€E-04
«11210015E-04
«19775403E-04
«13819548E-04
«11223358E-04
«12517284E-04
«32663172E~04
«24923576E-04
«20438735E-04
«17224404E-04
«52725068E-04
«14551559E-04
«12475508E-04
«11085710E-04
«12540418E-04
«14323371E-04
«16624985E-04
«19610842E-04
«25489170E-04
«32825061E-04
«16807294E-04
«16411893E-04
«14236031E-04

HI H COND
BTU/HR-SQFT-F  BTU/HR-SQFT-F
3661.84 1947.42
4023.30 202462
2462411 2215.95
3346.49 2100.91
4018.98 1989.34
3671.06 2072.91
1610.50 2315.53
2012.57 2248.91
2393.90 2296.42
2762.16 2205.83
1091.22 2499.20
3169.56 2050.84
3601.33 2008.49
3988.92 1867.67
3598.04 1952.62
3185.76 1953.37
2809.36 2047.81
2443.70 2098.06
1967.10 2218.84
1596.20 2311.67
2780.90 2029.58
2876.51 2098.76
3246.92 2012.09
CONSTANT =  .72746



APPENDIX C. CONDENSING HEAT TRANSFER DATA FOR
CONDENSATION OF STEAM AT 2 INCHES OF MERCURY
ABSOLUTE PRESSURE ON 9 COPPER AND 9 TITANIUM TUBES
IN A VERTICAL ROW
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TABLE XV

Computer Program Written in the Michigan Algorithm Decoder
for the Analysis of Multiple Tube Condensing Data

SCOMPILE NMAD»s EXECUTE» DUMPs PUNCH OBJECT AN 001

R MULTIPLE TUBE ANALYSIS PROGRAM

INTEGER 1y RUNNOAs RUNNUDs TUSENGs METALLs METAL2
DIMENSION WTUBE(50)» TTUEEI(5C)s TTUBEG(SCiy VAPORT(50),

1 TAVGES0)s CPT(50)s CAT(50)s QU50)s LMTO(5C)s VISE(50)s

DEN(50)s KT(50) s PRISUIs KF(53)s VFL(5G)s TWALLA LSS
VISCH(50)s TWALLI5U)y TWALLO(SO)s DELTF(5U) s FILHT
KCINDI50)s DCONDI50) s VCURDISY) s PHYGRISO) s HIi50)

DELTFA(50)s QALSC)s CONSTISI)s UOI5G)s TuBENO(S0] s

CN(50), CONSTAUS50)» RUNNUAISO)s KUNHGS (531, nCOND (500,
ALB)» DBy E(G)y GUB)y ri(E)y KiB)r Lib)s Fla

READ FORMAT DATAs T0» wis TLy TKy CI

T DATAZy METALLy MUTALZ

STIN = €40

THROUGH ALPHAS FCR 1 = 1o 1o [ 4G4 & .
READ FORMAT DATAls RUNNGAs RUNNOBY TUBENC(I)s #TUSE(I),
1 TTUBEL(1)y ITUBEC(L)s VAPORI (1)

PRINT FORMAT TITLF » RUNNGAS RUNNOB

PRINT COMMENT 383

PRINT FORMAT OUTLs 00» 10y TLy TKy METALLy METAL2
] on/iz2e0

1071240

TL/1240
(0D-1D)/(TK*240)
(CO=10)/ELOG (OD/1D)

= 341416%00%TL - -
= 3.1416%1D%TL
AMET = 3,1416%DM*TL B
- AFLOY = 3,1416%ID*1D/44(

PRINT FORMAT OUT2+ AOT» ATy AFLCW» RN . N

THROUGH BETAs FOR 1 = Iy la [ 4Ge §

TAVGUI) = (TTUBEL(D) + TTUEEO(1))/240

LATUT) = £10) + EC1)*VAPORT(L) + E(2)#VAPORT (1)s

1 :Hu/APoRT(n.P 3 + E(4)¥VAPORT(1)ePeb + un*kuknr).p.:

CPTUL) = A(C) + ALL)*TAVGUI) + ALZ)*TAVG(1)ePoc +

1 Atznmvc(ll. 03 + AL4IRTAVGII)oPot + A(S)XTAVG(I)oPe5

VISTUL) = €XPul DIG) + DULI/TAVGUI) + DI2)/TAVGI]) P2 4
1 DU3)/TAVG(1)4Pe3 + G14)/TAVGLT)WPatk + D(5)/TAV

- ©ODEN(I) = F(0) + FCLIRTAVGUL) + F(2)%TAVS(1)4P
1 F(ay*TAvG(I).P.s * FLL)RTAVGIT) oP ot + F(nwmvml).

o KTOL) = G(2) + GULI*TAVGII) + G(Z)#TAVG(IPePus +

1 GUITAVGII)aPL3 + GU4TRTAVGIT) oPut + CI5)RTAVG(1) 4P

GUI) = WIUSECL)*CPT (I #(TTUBED (1) = TTUBEL(D))

LYTD() = (11 D)= TTUBETC) )/ 3RO LYAPURI(]) =

1 TTUBETCI)) Z(vAPORTID) = TTuscu(ly)))

URUTY = G/ (ADT#LRIO (L))

PR WVISICN /KT

RECH) = J0¥ATLE 11/ (AFLOA*VISC D))
VEL(D) = C1)/CAFLOWRDEN(T) #36C040)
L SUMVEL = SUMVEL + VEL(I) o .
0 STIN = STIN + TTUBEL(])

SUMVT = SUMVT + VAPORT(1)
TWALLACT) = TAVG(I)
RIT1 VISCW(I) = £XPe(D(O) + DC1V/TWALLACL) + ¢ 21/ TWALLACL Y aPag +
LL D3V /THALLATII WP a3 + GU4)/TWALLACL) 4P ul +0(5)/T
HICI) = CIXKTOI)RRECL) 0P uGeB*PR (1) oF 200333350 (VI oC (1))
1 VISCWIT})ePaCa2b/ 10
THALLUT) = TAVOUL) + QUIV/(ALT*HICT))
AHENEVER oABS (TWALLALL, = TaALLI1)) eGe Ge3
THALLALT) = TwALL(I)
TRANSFER TO RET1 I
END OF CONDITIONAL '
HCOND(T) = 140/ (140/00 1) ~AOTH#RI/AKET = AST/LALT*HI(T)))
o DELTF(I) = LOLII*LAIDII) /RCOND ()
TWALLOCT) = VAPORT(1) = G(1)/(AOT#ACCKE(1))
FILMTCIY = VAPGRT(1)= GELIF(1)/2.0
KCOND(T) = HIC) + SULV¥FILNTUT) + HOZ)KFILMT(L),p
LB RFILMT(I) oPa3 + HI4)SFILMT (1) aPat + r(5) %0 L
CCONGLEY = KUC) + RULVRFILMTOL) + KU2)%F (LT (1) ePe2 +
PRIBIAEILET(I14P 03 + Rl #FILMT (1) 0P ek + Ri51%FILUT (1) aPe5
VCONDUT) = EXPa € LUC) + LELI/FILMTCD) + LU2)/r ILHT(1)aPuz +
L LEBI/ELLATCI) oPo + LIGI/FILMTUL) oPul + Lis)/FILMT (L) aPab)
PHIGRL) = (KCONBUII#KCOND (1) #KCONG (1) #0CONG (1 1%DCUNDI1L/
1 (VCOND (1) *DELTF (131 )ePu0a2b .
BETA CONSTUL) = HCCND (1) *(00/(4417%104CaPaE*LAT(1))) oPe0e25 /
1 PHYGR(I) :
ATIN = STIN/94C .
AVGVT = SUMVT/94C o
AVGVEL = SUMVEL/940 e
PRINT FORMAT TITLEL
PRINT COMMENT 8%
PRINT FCRVAT HEAD]
THROUGH POly FGR 1 = 1y 1y | 4Ge 9
POL PRINT FORMAT RESLTLs Iy WIUBECL)s i 1UBET(L),
1 TTUBEO(L) s TAVG(L) s CPTCL) s DENCLYs viSCCL)
PRINT FORMAT HEAD2 T
THROUGH P02y FOR | = 1y 1y | 4Ge G
P02 PRINT FORMAT RESLT2s Do KTUL)s PRODYs TWALL(I) S
1 VISCWUL)s VFLUL)y RECTYy HICT)
PRINT FORMAT HEAD3 o
TRROUGH P03y FGR 1 = 1y 1y [ 4Gs 9
PU3 PRINT FORVAT RESLT3, Ls VAPORT(L)s LAT(TYY TWALLGTTYS ™~
1 DELTF(I)y FILNT(I)s KCONDUI)y DCOND(I)
PRINT FORMAT HEAD4
THROUGH P04y FOR I = 1y 1y T 4Go 9
POG PRINT FORMAT RESLT4, Is VCOND(I)y PHYGR(I),
1 OULY s LMTDUT)y GOUTYy HICE)y nCOND(L). e -
THROUGH GAMMAs FOR I = 1y 1y | ,Ga 9
TTULRET(I) = ATIN
VEL(1) = AVGVFL , )
VAPORT(1) = AVGVT
RET4 WTUBELT) = DEN(I)RAVOVEL*36004 0%AFLOK
TTUBEG(T) = GO/ (aTULECLI*CPT (1)) + ATIN
TAVG(TY = (TTUBEI(I) + TTULEO(1))/240
CETUL) = ALC) + ACLIRTAVGUL) + A(2)#TAVG(L)oPez 4
L ALDATAVG(I)aPa3 + ALGIRTAVG (L) WP ol + ALS)RTAVG(L) 0P o5
VISCUI) = EXPa( DI(O) + ULV /TAVELL) + D(2)/TAVG(1)ePa2 +
1 DE3)/TAVGUT)oP o3 + G(4)/TAVG(L) oPot + DI5)/TAVG(T)4Py5T
UENLD) = FUO) & FILITAVOUI) + F(2)%TAVGLL)oPu2 +
L RUBIATAVGUL)aPe3 + £ (4)%TAVG(1)eFut + F(5)5TAVG(TTIPLE
KTEI) = GL0) + GUIIRTAVG(L) + G(2)BTAVG(]) 4P

62

L GU3)RTAVGIL) oPed + GUAIXTAVGIL) aP et + G(5)¥TAVGL1)4Pab
PROT) = CBT()#VISCUIN/KTUT)
RELE) = ID*WTUBE( )/ 1AFLOw*VISC(1)) —
LATUE)Y = E(G) + ECL)*VAPORTUI) + L(A)““/APL/RT(“-P'Z +
1 E(3)#*YAPCRT (1) ePe3 + E(4)%VAPORTIL) oPute + £(H) V. R
LHICUL) = (TTULEGIT) = TTUbEL(1) 1/ (ELIGs ((VAPGKT (1) -
1 ITUBEL(I))/(VAPCRT (1) = TTUSEO(1))))
RET2 VISCU(L) = FXPo(DI0) + DIL)/TWALLACL) + D(2)/TwA
1 D(3)/TWALLATT) oPe3 + D(4)/TRALLACI) oPut_5(5)/ Tw
HIGD) = CIRKTOLY*RECT) 0P aGaB8*PR (1) oPV0433335% (V1SC(
1 VISCW(T) ) aPeCoala/ 1D

TWALLUT) = TAVG(I) + GUI)/Z(AIT*HI(I))
WHENFVFR A=S (TWALLACL) = TwALL(I)) oGe Qo3 -
TWALLALL) = Taiily.;
THRANSFER TO RET2 R —
END OF COMBITICNA
TWALLSHT) = Twh! CL)y=RM/AMET e
LELTFOL) = vapg 1) TWALLC(T)

R=T2 FILMICI) = VAPURT (i)~ ELTF(1)/240 S
KCURDET) = A0} SR ILMICD) w20 %F ILMT (D WPz +

MT(T)ePa. HVEEILMT (L) oRat + m(5) LMT(L)ePed

K(3) 4 KCLVRFILATOL) + K(2)XFILNT (T)4Pe2 +
KODFEILITUI) oFu? o KUAVHE[LATOL ) oP ot + K(S)*FILMT (1) 4P oS
VEONDUE) = EXPe ( LUG) + LULV/FILNTUL) + LU2)IFILMT(I)4Pe2 +
LLU3I/FILKT (i) ePe3 + LIG)I/FILMT i1 Pk + LUS)/FILMT (1) aPeb)
PAYGRUT) = (KCOND (1) *KCURND (1) #<COND (T ) *DCOND (1) ¥DCOND (
1 (VCONDCII*DELTFET1))e04Co25 R
HCUNT L) = CONATOE)*PHYGRIT) % (4417%10eCaPo6*LAT(1)/ CD)
i ePefeis
YOl = 103/ CLeS/hCOU (L) + ADTH*KM/AMET + AOT/(ATT*AT(1) 1)
DELTEACL) = UCUL)%LMTD(T) /HCOND (1) ) .
AMENEVER oARGo(OELTFACL) = DELTF(T))/DELTFACTY &
DELTF(T) = DELTFACD)
TRENSFER TO RET3
FND CONDITIONAL
GALT) = UGLII*LMTL (1) *AOT
#HEREVAR WABSG(QALT) = QUIIF/ZQALT) +Ga 04001
Gl = oA ¢
TRANSFER TO RST4
FNU OF CONDITIONAL
CONTIRUE
BRINT FORMAT TITLE2
PRINT COMMENT $85
PRINT FORVAT HEADY
TARUUGH POSe FCK 1 = 1a 1y 1 oGe §
POS PRINT FORMAT RESLTI Ty wTGoetl)y TT0BEI(1)y
POTTUREQCDY s TAVGET)s CPTUID s DENGT) S VidCLD)
PRINT FORMAT WEAD2
THRUUGH P06y FOR 1 = 14 iy | 4Ge 9 }
PUE PRIRT FORUAT RESLTZs Iy WTCI)s PR(L)S
1 VISKHUI)y VELCT)y Keil)s RICT)
FRINT FURZAT
[HRUUOH PO T,
o PiINT FuRtaT
1UELTECL), FIL
PRINT FORMAT READS
TARULGE POBy FUR 1 = 0y Ls § 4G § e
EST) PRINT FCRWAT RESL T4y © Ts VCONDUI)y PHYGR(T),
1T GUL) s LMTD(T), )o HIGT)s HCOND(T)

V= Gen

0001

ToALLTTT

=1y 1y I 4Ge & . e
3y Ly VAPORT(I)s LAT(I)y TWALLO(I)S
» NLUNDCTYy DCONDIL)

SieN

TRKGUGH UELTAY FGR 1 = 1y 13 [ 4Ge 9

GO = atl=1) + G

SDEN EN + DENCD)

veNCL) = SOEN/I .

SCPT = SCPT + CPT(D)

SCPT/ L

DEN(T)*AVGVEL*36004 S¥AFLOW® |

FOCL) = TTUBELCD) + GUL/ZCRTUBE (1) ¥CPT (1))

TAVGULY = (TTUBETCL) + TTUBFO(1))/240

K1OL) = 610) + GULI*TAVOIL) + GI2)%TAVG(L) ePa2 + .
1 6(3)RTAVGU1) oPe3 + GUGI¥TEVG(T) aP et + G(5)$TAVG( ]

STPENEDY = F06) & FORTAVOUL) + FUZIRTAVG(T ) oPe2_+
LEE3IRTAVGUT)oPe3 + F(a)*TAVG(T)aPat + F(5)%TAVG(1)aPy
VISCUD) = EXPul L10) + LOLI/TAVGIL) + U(2)/TAVGO(1)aPe2 +
1 UEB)/TAVGLI oPe3 + ULa)/TAVGIL) oPet + D05)/TAVG( ) s
CPTUL) = ALC) + ALLIRTAVGUL) + A(2)%TAVG(1)4Pu2 +
LAL3)RTAVGOL) oPe3 + AGIRTAVGT) oPeb + A(5)RTAVG(]).
LATCLY = ¥(0) + F(1)*VAPORT(d) + El2)%VAPURT (1) ePe2

1 LA3)VAPORT (1) 4Pe3 + C(4)#VAPORT(1)4Pub + EAb)*VAPORT(I).P.S
TRALLACTY = TwALL(D)

VISCALT) = EXPolD(U) + POLV/TWALLACL) + D(2)/TWALLA(T ) oPe2 #
LOO/TWALLAT o e % Ula) /TWALLA(L) oPut +D(5)
HECE) = (T8I0 *Re 1) 0Fa0eb*PR (1) 0P 000333335 (

1 VISCUIT))WPa0u14/iD
TWALLUL) = GOLV/(RTUL*ATT=1) + TAVG(])
WALNEVER AR5 OTWALLAUL) = TWALL(I)) Ge Qa3
TWALLACL) = TwALL(I)
TRANSFER TO RETS
END OF CONT I TIORAL
LHTDCL) = (TTUBEG(L) - 1TudLI(ll)/(tLU(;-(lVAP0NT_(Uh
P TTUREL (1)) /IVAPCRT (1) ~ TTUBEO(1)) )
UOLT) = QUIV/(LMTD (L) %AOT*] )
hCGNDET) = 1407 0140/U0(1) =AOT*RM/AMET - AUTHA]T*HI(I)))
VELTT (D) = UOCT) #LATD UL /nCuND ()
FILMTCD) = VAPORT (1)~ UELTF(1)/240
KCONDLL) = HID) + AOLI*FILMTUL) + m(2)#F ILMT (1) ePa2 +
L HIBIREILNT () er a3 + RC4)%ELLMT (7) oPu4 % A(3)%FILMT (17 2P o5
CCONDID) (= K(O) + KCL)rILIICT) + K(Z)#FILMT (1) 4Pa +
LROIEEILUTUI oFes ¢ RUGDHFILHT (1) oPut + R (o) *FTUMTITT RS
VEONDOE) = EXPe € LUG) & LOIZFILMTCL) + L(2)/FILMT(L)aPa2 v
LLEZI/ZEILNTOL) oP03 + LUGI/FILKTCT) oPot + L(S)/F((MTTTY Py
PRYOR(I) = (KCONDUL)¥RLUNG L) AKCOND (1) #DCOND (1) XDCOND( 1)/
L CVCONDCEIRDELTE (1)) ) P a0 25
CNCE) = HOONDULY /(04 T25%PHYCROT) ®(LAT (1) %4s1T%10404P o8/ (OD%
L 1)) ePena25) -
CONSTALL) = CONST(1)/04725
PRINT FORMAT TITLF3
PRINT COMMENT 8% .
PKINT FORMAT HEADL T
THRCUGH PO9y FOR 1 = 1y 1y 1 4Ga 9
PUY PRINT FORMAT RESLTI, Iy WTUBE(I)s TTUBELT
L TTUBEO(L)s TAVG(L)s CPTCL)y DEN(I)y VISC(])
PRINT FORVAT HEAD2 LT
THROUGH P10, FOR 1 = 1, 1, 1 6o 9
POLC PRINT FORMAT RESLT?2 Ts KTCI)s PRUTYs TWALL(I)s
L VISCWIT)s VELUI)s RECI)s HIC(])

DLLTA
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TUBE NG

VN W! S WN

TUBE NC

D E~NO NS WN -~

C-vISCOSITY
LB/FT-KR

1.693
1.738
1.738
1.744
l.744
1.747
1.753
1.752
1.751

w TUBE
LB/HR

9479
18958
28437
31917
47396
56875
66355
75835
85314

PHYGR

2.053
1.751
1.751
1.727
l.724
1.713
1.690
1.694
1.698

TABLE XVI
HEAT DUTY LMTD
BTU/HR F
30878.12 24.359
23148.49 24.783
23144.96 24.783
2226484 24.831
22146.09 24.838
21705.49 24.862
20772.92 24.913
20934.71 24.904
21084.60 24.896

(Continued)

uu HI
BTU/HR-SQFT-F BTU/HR-SQFT-F

1283.962
945.706
945.963
908.327
903.158
884.423
844.318
851.577
858.000

3998.338
3971.712
3972.834
3969.415
3970.018
3967.985
3964.266
3965.664
3965.727

CALCULATED RESULTS ARE FGR AVERAGE CONDITIUNS FOR TOP I TUBE

T TUBE IN
F

75.026
75.026
75.026
75.026
75.026
75.026
715.026
75.026
75.026

T TuBE OUT
F

78.287
77.879
17.742
77.651
77.594
17.548
77.501
17.468
77.444

68

T-AVG

76.656
16.452
16,384
16.338
76.310
16.287
16.263
16.247
76.235

T-CpP
BTU/LB-F

<999
999
999
«999
<999
999
999
«999
«999

T-DENSITY
LB/CUFT

62.233
62.236
62.236
62.237
62.237
624237
62.238
62.238
62.238

H COND
BTU/HR-SQFT-F

5175.129
2128.020
2128.961
1948.293
1924.507
1841.879
1676.827
1705.412
1731.353

T-VISCOSITY
LB/FT-HR

2.157
2.163
2.165
2.166
2.167
2.167
2.168
2.168
2.169
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