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ABSTRACT

This thesis discusses an investigation of film condensation
of steam on the outside surface of an inclined cylinder. The ob-
jectives of the investigation were (1) to obtain heat-transfer co-
efficients for steam condensing on an inclined cylinder, (2) to det-
ermine the effect of the angle of inclination of the cylinder on
the condensing coefficient, and (3) to verify values of the coef-
ficient obtained from an accompaﬁying theoretical development.

Experiments were conducted for steam condensing on a 12.45
in. length of the outside surface of a 3/4 in. diameter by 0.065
in. thick wall, water-cooled, copper tube.

Condensing coefficients were obtained for inclinations to
the horizontal from O° to0.90° at 15° intervals. It was found that
these coefficients decreased in value as the angle of inclination
increased from 0° to 90°. vAt the same time good agreement was ob-
tained between the measured and theoretical coefficients. No
single equation could be found which would correlate the results
for all the inclinations tested, but general equations were ob-
tained which apply for each of two zones. One zone included in-
clinations from 0° to 30°, the other inclinations from 45° to 90°.
The zone from 30° to 45° requires more investigation before it can

be satisfactorily correlated.
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HEAT-TRANSFER COEFFICIENTS FOR FILM CONDENSATION

OF STEAM ON AN INCLINED CYLINDER
HISTORICAL BACKGROUND

Heat-transfer coefficients for condensing vapours have been
investigated by many experimenters over the last fifty years.

Most of this work has been concentrated upon condensation on hori-
zontal or vertical‘tubes.

In 1916, Nusselt derived the equation

= 0. 725(,og,\K3//uDAt)1/‘* N D T
for the average heat-transfer coefflclent for film condensation on
a horizontal tube, and the corresponding equation

- = 0. 914.3(/ogAK3//uLAt)l/1‘* N
for a vertical tube. His assumptlons and hlS theory of film con-
densation will be presented later.

The results of Othmer (12) in 1929 for condensation on a
horizontal tube are of intereét in the present investigations. He
determined heat-transfer coefficients for steam condensing on a
3 in. diameter horizontal tube, 3.9 ft. long. His values ranged
from 1700 to 5000 Btu/hr ft° F for mean temperature differences
between the steam and the tube surface of 19 to 2 F, respectively.
The ratio of the actual to the theoretical coefficients ranged

from 0.7 to 1l.2.

lReference (11), equation (13-12), p. 338.
2Reference (lli, equation (lB-lg), p. 331.
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Baker, Kazmark and Stroebe (2) investigated condensation on
a 2 in. diameter vertical condenser tube 20 ft. long. Condensing
coefficients from 700 to 1500 Btu/hr ft2 F were obtained corres-
ponding to mean temperature differences from 34 to 3 F. The aver-
age ratio of the actual coefficient to the theoretical was 1.Z2.

McAdams (10), on page 263, presents further information on
the condensing éoefficients of various vapours on horizontal and
vertical tubes.

Tepe and Mueller (17) presented the first results for
vapours condensing in an inélined pipe. Organic vapours were con-
densed inside a single water—cooled copper tube 7/8 in. diameter
and 3 ft. long. _They'concluded that the condensing coefficients
for benzene and methanol varied only slightly with the angle of
inclination, but increased with increasing vapour velocities at
all inclinations.

The next investigation of condensing coefficients on in-
clined cylinders was performed by Hassan and Jakob (9) who derived
a theoretical relation. By condensing steam on the ihside surface
of a 1 1/2 in. diameter by 8 1/8 in. long copper tube, actual
coefficients 28 to 100 per cent higher than the theoretical were
obtained. It was found that the deviation from the theory in-
creased with the inclination of the tube and the temperature dif-
ference between the tube surface and the steam. These deviations
were attributed to ripples in the flowing condensate film.

The present investigation was begun to verify this theory
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for vapours condensing outside an inclined tube, and to add to the

amount of information available.



THEORY

As noted above, Hassan and Jakob developed the original
theory for heat-transfer coefficienté on inclined cylinders from
Nusselt's basic concept of film condensation - the heat energy
liberatéd by the condensing vapour is conducted through the film
to the cooler surface. Their development depends upon the follow-
ing ten assumptions, and an additional assumption 11, which is im-
plicit in their work but was not stated as such.

1. The vapour is pure, dry, and saturated.

2. The condensate-film flow is laminar.

3. The vapour at the vapour-liquid interface is stagnant,
and the shear stress is negligible at this interface.

4. The wall temperature is uniform.

5. The liquid-solid and liquid-vapour interfaces are smooth.

6. The curvature of the surface is large enough that the
effect of capillary forces may be neglected.

7. The liquid temperature at the liquid-vapour interface is
that of the saturated vapour.

8. The velocity distribution at any point on the cylinder
surface is the same as that in a fully developed isothermal
film flowing on a plane tangent to the surface at that point.
Under such conditions the effect of acceleration in the film
is neglected. Also, the effect of the curvature of the surface
on the velocity distribution in the film is neglected.

9. The convective heat transfer along the condensate film
is neglected. Thus considering the part of the condensate
film in Figure 1, it is assumed that q3 = q. Consequently,
q] = Qp.- Further, from the previous aSsumption, q is equal
to the latent heat liberated by the condensing vapour.

10. The physical properties of the condensate are constant.
11l. The temperature distribution through the condensate film
is linear.

Consider a droplet of condensate at any point P on the sur-
face of an inclined cylinder. 1In accordance with the above assump-
tions equilibium is established between the force of gravity and

the viscous force acting on the droplet. The droplet moves, momen-
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tarily, along the line of intersection of the plane tangent to the
cylinder at the point P and the vertical plane normal to the tan-
gent plane.

In Figure 2 a cylinder of radius r is inclined at an angle
o to the horizontzl. Using coordinate axes as shown and letting
a, b and ¢ be unit vectors in the x, y and z-directions, respec-
tively, then the unit normal vectors to the cylinder surface and
the horizontal plane are, respectiQely,

n,=bsing +ccosg ........(3)
and |

ny =-asinx +ccos X ... ... (&)
where ¢ is the angular position from top element of the tube.

Let © be the angle between tﬁe momentary droplet path at
the point P and the horizontal plane. This is the angle between
the plane tangent to the cylinder at the.point P and the horizon-
tal plane and is, therefore, equal to the angle between the two
unit normal vectors n, and n, . Hence,

cOS © =cosX COS P .+ o v v o o s o o (5)
In Figure 3 the angle Y between the momentary droplet path at P
and a cross section of the cylinder is the angle between the yz-
plane and the line of intersection of the tangent plane at P and
the plane of n, and ny . Now, the yz-plane and the plane of n,
and n, are both normal to the tangent plane, thus, ¥ is equal to

the angle between the x-axis and the unit normal vector n; to the

plane of n, and n,. As n4 is parallel to the intersection of the



tangent and the horizontal planes, it is given by

n; = (a cosx sin ¢ - b sin o cos ¢

2 2 1/2

+ ¢ 8in &« sin ¢ )/{sin“X + cos“« sin2:¢ ) . (6)

The angle % can then be obtained from
1/2
/ . . * * . (7)

Consider a small element on the surface of the cylinder as

cos ¥ = sin ¢ (tano + sin ¢ )

shown in Figure 4. Condensate of thickness Y enters the element
with a meén velocity Vo making an angle ¥ with the planes of con-
stant x. Using assumptions 5, 7, 9, 10 and 11, the rate of heat
transferred by conduction through the film equals the product of
the latent heat of condensation of the vapour and the increase in
mass of the element. Therefore,
(Kr/Y) At dx dg = ,ok[ (v Y cos ¢ dx)dg
| + (v Yr sin yd¢ )dx] (8)
From assumption 8 Nusselt's expression for the mean velocity of
an isothermal liquid film‘on an inclined plate can be used. Then
=p0¢g Y? sin © /3/u ’ (9)'1
Employing equations (5), (7) and (9), equation (8) reduces to
3ur KAt//OZgK = Y* cos o cos¢ + 3Y3 cos o¢ sin ;5 ¢
+3Y3rsin<><%2C S & (e
Letting yA =-~‘/<>2g)\Yl+ cos</3ur Kot ... . . . . (11)
and letting the reduced distance X be defined as

X=x/rtan X . v v ¢ ¢« o &« « « . (12)

lReference (3), equation (XVb-31), p. XV-8.



equation (10) simplifies to
(9Z/3X) + (3Z/38) singd = (4/3)(1 - Z cos ). . . (13)
Two boundary conditions apply. First, the condensate has
zero thickness at the uppermost edge, and therefore
Z=0at X=0 .. ..0..... (1)
The second boundary condition is based on the symmetry of the con-
densate film and its smoothness at ¢ = 0 and 77, therefore
32/2¢=0at ¢ =0and 77 . . . . . . . (15)

Differential equation (13) was solved numerically by Hassan
and Jakob. Their calculations were only carried out to X = 3.2,
as the conditions at this cross section are, for practical pur-
poses, very near to those at X = oo,

With the values of Z obtained from eqﬁation (13), local
values of the heat-transfer coefficient h can be calculated. Con-
sider the heat transferred through a small element of the conden-
sate film with surface area dA. Two laws apply:

Fourier's Law
| Q=KdAat/T . o o v v v v ... (16)%
and Newton's Law
| Q=hdAAt . ..t e e ... . (17
Equating equations (16) and (17) gives
h=KY ...........(18)

2Reference (11) equation (2-1) p. 7.
3Reference (11) equation (l-h) P. 5.



If the value of Y from equation (1ll) is substituted in

equation (18), then

= (/ca’ZgAK3 coso(/B/urAt Z)l/lP e o« o o (19)
which is the equation for the local values of the heat-transfer
coefficient h.

The mean heat-transfer coefficient h, for an infinitesimal
ring of.condensate on the cylinder surface a reduced distance X
from the starting end, can be osﬁained from

hm=_TT’—[h(x,¢) A v v v v v v v .. (20)

Hassan and Jakob used Simpson's two-thirds rule to eval-
uate this integral. Figure 5 shows ﬁheir results. The values of
h, form a smooth curve which varies from o0 at X = 0 to a constant
value of 0.801+5(,02gAK3 cos:x/B/ur At)l/l+ at X = o0,

For X = 3.2 the mean heat-transfer coefficient h, is with-
in 2 pef cent of the value at X = o0, As a result the part of
the tube up to X = 3.2 may be considered as a starting length.

The mean heat-transfer coefficient h4 for the entire sur-
face of an inclined cylinder is dependent upon the reduced length
of the cylinder given by

X, =L/rtaneX. « « o o o o o « o » (21)

This mean heat-transfer coefficient can be derived from

the expression
= (1/X )///h (X) e e e e e e e . (22)
A numerical solution for equation (22) is given in Appendix I.

The results are plotted in Figure 6. Again a smooth curve is
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formed from X, = O to oo with the same boundary values as for h..
For a cylinder with X = 50 the mean heat-transfer coefficient is
within 2 per cent of that for an infinitely long cylinder.

In Figure 7 the variation of the mean heat-transfer coef-
ficient on the entire surface of geometrically similar cylinders
versus the angle of inclination is presented. From this figure
it is seen that for any’size of cylinder there is an inclination
for which the coefficient is a maximum. The dashed line repres-
ents the variation of this optimum inclination with the length to
radius ratio of the cylinder. For the present apparatus the opti-
mum inclination is 0°. »

The results of equation (22) are used to calculate the mean
heat-transfer coefficient for the present apparatus at inclinations
below 90 ° to the horizontal.

Nusselt's equation

= 0.3 (e AR uLan) A L 2k
is used for the vertical position.

Values of the actual heat-transfer coefficient are calcu-
lated from the equation

Q=h,Adt . . .. ... 0. (24)
The heat-transfer rate q is based on the heat gained by the water

and is calculated from

q =W cpAtw o o o o e LI ) . e o . (25)

YReference (11), equation (13-1g), p. 331.



APPARATUS

A photograph of the apparatus and instrumeﬁts is shown in
Figure 8. The general arrangement of the apparatus is shown in
Figure 9. Steam from the U.B.C. power house is supplied to pres-
sure regulator 5 at 150 psig. Moisture is drawn off from the
separator 4 and discarded. The pressure regulator maintains a
constant pressure in the apparatus. The steam enters the appa-
ratus through two baffled manifolds 6. The condensate from the
apparatus passes through the hotwell 7 and into the condensate
collector 8. A constant head tank 9 maintains a steady water flow
through rotameter 10 and condenser tube 3. The cooling water is
discarded after it leaves the condenser tube.

At the start of a run all valves are opened allowing water
and steam to enter the apparatus. The test is begun when steady-
state conditions are reached.

Figure 10 shows the condenser tube and its steam chamber.
The condenser tube 3 is a 3/4 in. 0.D. by 0.065 in. wall copper
tube 22 3/8 in. long. Teflon o-rings 11 hold the tube in place
and seal the space between the tube and the top and bottom end
plates 1 and 2, respectively. 4 12 in. length of 6 in. I.D. pyrex
pipe 12 completes the steam chamber. Rubber o-rings 13 seal the
space between the end plates and the pyrex pipe. Four 1/4 in.
diameter steel tie rods 14 inside of spacers 15 are used to hold
the apparatus together. JSteam enters the apparatus through the

baffled manifolds 4. Thermocouples for measuring the steam tem-
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perature enter through the attachments 16. The steam condensate
leaves through the opening 17 in the bottom of end plate 2. The
whole assembly, which is mounted on wooden supports as shown in
Figure 8, can be rotated about the axis of end plate 2. The angle
of inclination of the apparatus to the horizontal, & , can be
varied from 0° to 90° at 5° intervals.

Several points had to be considered when the apparatus was
designed, namely:

1. Contamination of the tube surface must be prevented.

2. The condensing surface must be visible.

3. Steam velocities in the chamber must be small.

L. End effects must be minimized.

5. The condenser tube must rotate inside the steam chamber.

The most important consideration in designing the apparatus
was the need to maintain film condensation on the condenser tube.
Drew, Nagle and Smith (5) investigated the conditions for drop-
wise condensation and arrived at the conclusions that the type of
condensation depends upon the purity of the steam, and the clean-
liness and finish of the condensing surface. Film condensation
will result if fhe steam and the surface are clean, regardless of
surface finish. Drop-wise condensation will occur if the conden-
sing surface is in some way contaminated, either from the steam
or some other source. Substances such as oils, fatty acids, mer-
captans and rubber will readily contaminate the condensing surface.

Dropwise condensation will form more readily on smooth than rough
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surfaces. Photographs of film and drop-wise condensation are
shown in Figures il and 12, respectively.

Before assembling the present apparatus all the parts were
thoroughly cleaned with ammonia soap to remove any oil or dirt.
Wherever rubber had to be used, the passage that the steam had to
follow to reach the rubber was made as small and constricted as
possible.

Before choosing a condenser tube material, experiments
were conducted to determine the type of_condensation formed on
various metal pipes by‘the steam available from the U.B.C. power
house. In these experiments it was found that film condensation
occurred-on clean aluminum and stainless steel pipes, but not on
clean copper or brass pipes.v These same findings were obtained
by Drew, Nagle and Smith when using steam from a power house.
Based on these facts and the previous conclusions of Drew, Nagle
and Smith, it is assumed that the steam available from the U.B.C.
power house contains some contaminants.

These results also indicate that an aluminum or stainless
steel pipe should be used as the condenser tube. Unfortunately,
neither of these materials can be readily instrumented with ther-
mocouples for measuring the surface temperature of the tube, since
these thermocouples must be soldered in grooves in the tube wall.
Consequently, it was necessary to find a method to obtain film
condensation on a copper or brass tube.

A bimetallic pipe made from an instrumented copper tube,
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metal sprayed with aluminum, gave the required film condensation.
This tube maintained film condensation for periods up to'forty—
eight hours; but had two undesirable features. First, an oxide
was }ormed at the interface between the copper and the aluminum,
when the pipe was heated during the metal spraying process. Sec-
ond, a heavy oxide formed on the aluminum surface during each
experiment. As a result, two unknown oxide resistances entered
into the values of the heat-transfer coefficient measured using
this pipe.v

The best method found for inducing and maintaining film
condensation on a copper pipe was the use of a wetting agent.l
Prior to each test the condenser tube was cleaned with steel wool
and ammonia soap to remove any oxide formed, or contaminants
deposited on the tube during or since the previous test. The
condenser tube was then wiped with the wetting agent and assem-
bled in the apparatus. With one application of wetting agent at
the start of each test, film condensation was maintained for at
leasﬁ ten hours.

As it was necessary to view the type of condensation formed
on the condenser tube, the steam chamber was made from a pyrex
pipe. To reduce the steam velocities in the chamber the largest

diameter pipe readily obtainable was used. Pipé instead of tubing

was used, as fairly high pressures were expected (ﬁp to 20 psig).

lThe wetting agent used was Kodak Photo-Flo



14

The type of steam inlet greatly influenced the velocity in
the chamber and also the symmetry of the circumferential surface
temperature distributions of the condenser tube. Allowing the
steam to issue into the chamber from the open end of a pipe pro-
duced unfavourable steam velocities and skewed surface temperature
distributions. A single straight manifold made from a length of
1/4 in. diameter copper tubing with 1l equally spaced holes along
its length was then used to direct the steam perpendicularly
against the pyrex pipe wall. A second such manifold diametrically
opposite the first gave a further improvement. Finally the baf-
fles shown in Figure 13 were added. This was thé best arrangement,
but as can be éeen in Figures 16 to 19 the circum{erenﬁial temper-
ature distributions are not perfectly symmetrical.

It was found that the position of the baffles, the number
and placement of the holes, the steam pressure, and the angle B
between the axis of the holes in the manifold and a diameter of
the pyrex pipe all have a strong influence on the steam distri-
bution in the apparatus and the temperature distribution over the
pipe surface. The skewness of the temperature distributions in-
creased with increasing angle B and increasing steam pressure.

Sealing the space betweén the end plates and the condenser
tube poses the problems of (1) avoiding contamination of the tube
surface, (2) providing for feédy rotation of the tube, and (3)
minimizing heat conduction between the end plates and the tﬁbé.

Rubber o-rings and teflon o-rings were tried for this job. Rub-
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ber was discarded as it contaminated the tube surface. Tefloh
did not contaminate the tube surface and was an excellent self
lubricated bearing. Thus contamination of the tube surface was
overcome and at the same time the tube could be readily rotated.
Any heat conduction taking place between the end plates and the
condenser tube had to pass through the teflon o-rings, which are
good insulators having a thermal conductivity of 0.015 Btu/hr ft F.
During the experiments it was found that little or no heat was
conducted from the end plates to the condenser tube, but that heat

was being conducted outside the apparatus along the copper pipe.



INSTRUMENTATION

The apparatus is equipped with the necessary instruments
for measuring temperature, pressure and flow rate. The inlet and
exit temperatures of the cooling water to the apparatus are meas-
ured with a bimetallic dial thermometer with 1 F subdivisions and
a mercury in glass thermometer with 0.5 F subdiﬁisions, respec-
tively. These thermometers, which are calibrated to within
* 0.2 F, are placed in turbulent regions of the water stream in
order ﬁo avoid incorrect temperature readings due to stratifi-
cation of the water flow inte different temperature zones. Four
copper-constantan thermocouples connected in parallel and placed
in random positions inside the steam chamber measure the steam
temperature. These thermocouples, and the five thermocouples which
measure the tube-wall temperature, are connected to a six point
Bristol millivolt recorder. The recorder and the thermocouples
were calibrated against certified thermometers to an accuracy of
0.5 F. The steam pressure is measured with a mercury manometer
with 0.1 in. subdivisions. The water flow rate is measured with
a rotameter calibrated to an accuracy of * 0.02 1lb/min.

Calculations based on the accuracy of the above calibra-
tions and on experimental vaiues give a maximum error due to
calibrations of * 5 per cent in the measured heat-transfer coef-
ficient.

For heat balances only, the apparatus is insulated and the

condensate level is maintained constant in the hot well. The con-
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densate is weighed with a scale accurate to * 0.5 oz. Its temper-
ature is measured with an uncalibrated bimetallic dial thermometer
with 2 F subdivisions. The resulting error in using an uncali-
brated thermometer will be small compared with the 2 to 3 per cent
agreement obtained in the heat balances.

Measuring the surface temperature of a condenser tube is a
difficult task. The major difficulty is in obtaining the measure-
ment without disturbing the actual surface temperature, the heat-
transfer rate, or the surface conditions of the pipe. The meas-
uring instrument generally changes the conditions at the point of
measurement.

In most installations, thermocouples are embedded in grooves
in the Surface. ‘Patton and Feagon (14) milled a longitudinal
groove from the junction of ﬁhe thefmoéouple to the outside of the
apparatus along the surface of a condenser tube. The junction of
a thermocouple was soldered in a chordal hole drilled from the
milled slot. The remaiﬁder of the thermocouple leads were threaded
through a small brass tube which was soldered in the milled groove.

- Colburn and Hougen (4) used a 2 in. long narrow slot in an
isothermal zone with a thefmocouple soldered in the middle of the
slot. The leads from the couple were laid in opposite directions
along the slot and cemented in with glycerol-litharge which suppos-
edly provides excellent thermal contact but poor electrical contact.

McAdams (11) has reviewed most of the literature on measure-
ment of surface“temperatures and suggests on page 199 the following

methods of installing thermocouples in walls as satisfactory:
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1. A groove is cut in that part of the outer surface later

to be located in a substantially isothermal zone, the bare
junction is placed in direct contact with the metal wall of
the tube, the electrically insulated leads are installed in
the grooves so that at least 1 in. of each lead is in the
groove, and the grooves are filled with suitable material. If
surface conditions are important, as in boiling or condensing,

it is advisable to plate the assembly with a suitable coating
of metal.

2. The junction is threaded through a chordal hole, each
lead is submerged in a circumferential groove for at least
1l in., and the groove is filled as described above. This
method does not disturb the surface of the metal near the junc-
tion. A modification of this method involves placing the junc-
tion in a hole drilled at an angle to the axis of the tube.

In the present apparatus the tube-surface temperature is
measure& with five thermocouples buried at known locations in the
tube wall (see Figure lh), By rotating the tube five circumfer-
ential temﬁeratﬁre distributions are obtained. With these temper-
ature distributions the average tube-surface temperature was deter-
mined. Leeds and Northrop; 30 gauge, enamelled, copper-constantan
thermocoﬁple wire, insulated with Fibreglas, was used. The thermo-
couple leads were laid in milled grooves in the tube wall for a
distance of 1 3/16 in. before entering the water stream through a
hole at one end of the groove (see Figure 15). The leads followed
the water stream until they were ouﬁside the steam chamber; then
they were brought through the tube wall. A length of 14 gauge
copper wire was placed on top of the thermocouple leads in the
groove and soldered in place. The solder and copper wire were
‘filed flush with the surface of the tube, and thus alteration of

surface finish of the tube was minimized.

The thermocbuple junction was formed by the solder which
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flowed in between the thermocouple leads. This method of forming
the junction was used in order to prevent the possibility of air
pockets forming near the junction and thus affecting the temper-
ature reading of the thermocouple. In previous installations by
the author, junctions had been made by twisting and soldering the
leads together before soldefing them into the slot. With this
method air pockets had formed in the space between the leads and
the junction, as the Jjunction and immediately surrounding insu-
lation prevented the solder from flowing between the leads.

The law of intermediate metals for thermocouples states
that, "the algebraic sum of the thermoelectromotive forces in a
circuié composed of any number of dissimilar metals is zero, if
all of the circuit is at a uniform temperature."l ‘Therefore,
the method used‘fqr making the thermocouple junétiohs should
introduce negligible error provided the temperature difference
between the point of contact of the copper and solder, and the
point of contact of the constantan and solder is small (i.e. the
slope of the temperature curve is small). From FiguresrlG'and 17
it is seen that the only locations where thére afe substantial
changes of temperature are at @ = 135° and ¢ = 225°,

At first it was suspected that soldering the thermocouple
leads into the groove might destroy the Fibreglas insulation.
This was not the case. In fact the insuiation stood up very well

and still retained an infinite electrical resistance.

lgeference (1), p. 181.
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The greatest error which might result from the present in-
stallation is the reduction in the thermocouple temperature due
to heat conduction from the junction to the water stream. McAdams
(11), on page 264, gives error curves for various types and gauges
6f bare thermocouple wires attached to the heat-transfer surface
of a counter flow heat exchanger handling hot and cold air at
1000 F and 100 F, respectively. No literature could be found
which‘dealt with the above error for insulated thermocouple leads.

To reduce the effect of heat conduction the leads were in-
sulated and buried in grooves for 1 3/16 in. The thermocouple
wire used was covered with two layers of Fibreglas insulation, one
layer over each lead and then a common layer over both leads. The
common layer was removed from the leads in the slot for reasons of
space requirements, but the two layers of insulation were retained
where the leads passed through the water stream.

McAdams' recommendation that the thermocouple leads be bur-
ied in an isotﬁermal zone is impossible to obtain in the present
apparatus as the isotherms on the pipe surface vary with the angle
of inclination of the pipe and the rate of heat transfer. Conse-
quently, straight longitudinal grooves, which are the easiest to
make and instrument, were used. Also the leads were buried in the
grooves so that they enter a higher temperature region before en-
tering the cold water stream, thus tending to further reduce the
conduction error.

Another problem encountered resulted from variations in the
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heat-transfer rate as the condenser tube was rotated. The theory
predicts that on a horizontal tube the greater percentage of the
heat is transferred on the upper half of the tube. 1In a previous
installation the thermocouples were placed in a line'down the
length of a tube, and significant variations in the heat-transfer
- rate were found as the tube was rotated. These variations are due
to the resistance to heat transfer created'by the solder and insu-
lation in the thermocouple grooves. The heatftransfer rate will
decrease as the thermocouples are moved from the bottom of the
pipe to the top of the pipe. These variations will also decrease
with increasing angle of inclination of the apparatus. For a ver-
tical pipe no variation of the heat-transfer raté should‘result as
the tube is rotated. These variations in the heat-transfer rate
were reduced in the present apparatus by locating the thermocouples
90° apart circumferentially as shown in Figure 14.

As well as causing variations in the heat-transfer rate the

thermocouple installations will also reduce the rate of heat-
transfer., To keep this reduction in the heat-transfer rate to a
minimum, the smallest grooves that could be readily instrumented
were used. These grooves stiil satisfied McAdams' recommendation
that at least 1 in. of each thermocouple lead be in the groove.
In the present installation, a 2.8 per cent reduction in the heat-
transfer rate will result if there is no heat transfer through the
thermocouple grooves. Experiments were conducted to determine the
exact reduction in the heat-transfer rate; the results will be

presented later.



RESULTS

The Tube-Surface Temperature Distribution

Figure 16 shows the cifcumferential temperature distribu-
tions at five thermocouple locations‘along the condenser tube for
a zero angle of inclination. Figures 17 and 18 give the corres-
ponding distributions at 45° and 90° inclinations. All figures
are for essentially the same mean temperature difference (about
37 F). The graphs for 0° and 45 ° are quite similar. Both exhi-
bitvé decrease in the local surface temperature as the angle of
rotation, ¢ , from the top of the tube increases from 0° to 180°.
This decrease is due to the increase in the thickness of the con-
densate film on the tube with an increase in the angle of rotation.

These figures also show that the symmetry which might be
expected about the 0-180° axis is not attained exactly. In the
vertical position the temperature of the tube surface is iower
than for the previoué inclinations. Some degree of angular sym-
metfy of the temperatures is shown. This symmetry is upset, as
shown: in Figure 19, when the mean temperature difference is in-
creased. The skewness is caused by the higher steam velocities
which in turn are caused by the increased steam pressure and heat-
transfer fate, which accompany an increase in the mean temperature
difference. Note also that the tube-surface temperature is in-
creased when the mean temperature difference is increased.

Figure 20 shows the average circumferential temperatures

for the>preceding results. Here again, the effects of varying the
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angle of inclination and the mean temperature difference are evi-

dent.

The Heat-Transfer Coefficients

Actual and theoreticalVheat-transfer coefficients were cal-
culated for each test run. A sample calculation of the coeffi-
cients is given in Appendix I, and a list of results is given in
Table IV, Appendix I. _

Figure 21 is a plot of the actual heat-transfer coefficient
againsththe mean temperature difference between the steam and the
tube surface, for various angles of inclination. At each incli-
nation a straight line relation was obtained between the coeffi-
cient and the mean temperature difference using the method of
averages described in Appendix I. The computed curves are shown
as solid lines and the experimehtal'points are grouped around
them with a maximum scatter of * 3.5 per cent. The equations for
the various curves are listed in Table V, Appendix II.

Two solid lines are shown for the vertical tﬁBe. The lower
line was obtained from the experimental data of the initial test
runs. After the test program was completed for all the angles of
inclination, the initial runs were repeated, five weeks later, to
test for aging and other effects. The curves dbtained for these
latter runs averaged 2.7 per cent higher than the initial curves.

The negative slopes of the results agree with Figure 6,
which shows that the heat-transfer coefficient is invérsely pro-

portional to the fourth root of the mean temperature difference.
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This assumes that the other variables are constant. For the pre-
sent experiments this is not true, but the changes in the mean
temperature difference will have a much larger influence than those
of the other variables.

The straight line relations between the heat-transfer coef-
ficient and the mean temperature difference were used to develop
general equations correlating the experimental results (see Appen-
dix I for sample calculation). These equations are

ha = (0.304 & + 10.2)(28.9 - At,) + 2000
for inclinations from 0° to 30° and for 45° to 90°

h, = (0.286 x - 26.3)(4t - 70.3) + 1340
No general equatibn could be deveiéped for the'region from 30° to
45°, as sufficient data were not available. Straight lihe relations
developed from these general equations are shown as dashed curves
in Figure 21 and are listed in Table V, Appendix II. The maximum
scaﬁter of the experimental poihts about these curves is * 5 per
cent. |

Ratios of the actual to theoretical coefficient for given
inclinations are plotted in Figure 22 against the mean temperature
difference. For inclinationé from 0° to 60° the ratio is rela-
tively,constaﬁt between 0.93 and 0.98; for 75° the ratio averages
1.01 and for 90°, 1.09. As before, straight line equations for
each inclination were calculated and are plqtted as solid lines
(see Table V, Appendix II). The maximum scatter of the experi-

ﬁental points about theée lines is * 3.5 per cent. The closing
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results are 2.4 per cent higher than the initial results.
The results of Figure 22 for inclinations from 0° to 30°

can be correlated by the equation

Ba/hr = (0.177 % - 1.32)(32.2 - At)107 + 0.964
and for inclinations between 45° and 90° by
ha/br = (0.128 = + 1.32)( At - 14.3)107 + 0.972

The equations of the dashed curves in Figure 22 were obtained from
the above general equations and are listed in Table V, Appendix
II. The experimental points are grouped around these lines with

a scatter of * 7 per cent.

The usefulness of these results is limited by the fact that
the surface temperature of the condenser tube must be known, be-
fore they can be applied to another geometrically similar tube.
This temperature is generaliy not measured in industrial appli-
cations. Therefore, in order to make the results more useful,
they have been replotted against the readily obtainable overall
temperature difference.

In Figure 23 and 24, respectively, values of the actual
coefficiené and values of the ratio of the actual to theoretical
coefficient are plotted against the overall temperature difference
between the steam temperature and the arithmetic average of the
inlet and exit water temperatures. The curves obtained using this
new abscissa have the same general characteristics as those of
Figures 21 and 22.

Straight line equations for the results of each inclination
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are listed in Table VI, Appendix II. The following general equa-
tions correlating the results appi& between 0° and 30°

hy = (0.184 ¢ + 5,94)(153.1 - A T) + 1950
and ' h

h,/hr = (0.10b X - 0.767)(153.0 - A T)10™> + 0.966

Between 45° and 90° (
hy = (0.169 ¢ - 15.6)(AT - 213.0) + 1330
and o

ha/hy = (0,075 ot - 4.47) (AT - 117.0)107 + 0,982

The maximum scatter of tﬁe experimentél points about the
curves in Figures 23 and 24 is %6 per cent.

Anoﬁher comparison which can be made between the actual and
theoretical coefficients is shown in Figure 25. Here, the dimen-
sionless number h (%/Arzktéc)g.kKB)l/h is plotted against the in-
clination. A theoretical curve and an average experimental curve
are shown. Each exhibits a maximum at an inclination of 0° and an
increasing negative slope with increasing inclination. From 0° to
74L° the experimentai curve is lower than the theoretical with a
maximum difference of 5 per cent. Above 74° the experimental

curve exceeds the theoretical with a maximum difference of 8 per

cent at 90°.

The Heat-Transfer Rates
_ Figufé'26 presents the heat-transfer rate data for test
pipe VIi, the pipe which was used to obtain all the preceding data.

A question arose as to the validity of these reéults, since the
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five tube-wall thermocouples were embedded in 2 in. long grooves
in the tube surface and soldered in place. The transfer of heat
through solder, thermocouples and insulation can not be the same
as that through the undisturbed copper. Therefore, test pipe X
was made. This pipe is identical to test pipe VII except that the
tube-wall thermocouples are soldered in small radial holes in the
tube wall instead of in grooves. These holes are in the same rel-
ative positions as those in test pipe VII. As the thermocouples
in the wall of test pipe X will have negligible effect on the heat-
transfer rate, it should be possible to determine the decrease in
the rate of heat transfer through test pipe VII because of the
solder, thermocouples and insulation. »

Figure 27 presents the results obtained from test pipe X.
As?expeoted the heat-transfer rates for test pipe X are higher than
those of test pipe VII. The minimum, average and maximum per cent
increases in the heat-transfer rate are 2,6, 9.1 and 14.7, respec-
tively. |

In Appendix I an analysis based on the assumption of no
heat transfer through the grooves in test pipe VII, predicts that
the heat-transfer rate for test pipe X should be 2.8 per cent
greater than that of test pipe VII. This is considerably less than
the average experimental value. —It is possible test pipe VII has
a larger scale resistance on the inside surface than test pipe X,

" thus lowering the heat-transfer rate.

Straight line equations for the experimental results were
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calculated using the method of averages. These equations are

plotted in Figures 26 and 27 and are listed in Table VII,

Appendix II: The maximum scatter of the experimental péints

about these stfaight lines is *¥ 7.0 per cent.



DISCUSSION OF RESULTS

In this section a general discussion of the results and

the assﬁmptions of the theory will be presented.

The Average Tube-Surface Temperature

A major item to be considered in the results is the aver-
age tube-surface temperature. This temperature was obtained with
five thermocouples buried at known locations in the tube (see
Figure 14). It will be noticed from Figure 14, that the thermo-
couples will only enable the calculation of the average surface
temperature for a 9 in. length within the total 12.45 in. test
length of the apparatus. Thus, the surface temperature distri-
butions of the 2 in. length of tube between end plate 1 and
thermocouple A and of the 1.5 in. length between thermocouple E
and end plate 2 are unknown. Originally, in an attempt to elim-
inate end effects, it was planned to determine the heat-transfer
coefficients for the above 9 in. length. To do this, it was
necessary to measure the cooling water temperatures at thermo-
couples A and E. Thermocouples for measuring these temperatures
were mounted in the water stream, but they gave unsatisfactory
results. Instead, the inlet and exit water temperatures were
used in thé calculations. Consequently, the results include the
end effects.

The influence of the end effects is shown in Figures 28

and 29. Here, curves of the average circumferential surface
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temperatures for the horizontal and vertical positions are pre-
sented. The end effects, which are characterized by the sudden
drops in the curves near the end plates, are the result of heat
being conducted outside the apparatus along the condenser tube
before entering the water stream. From Figures 28 and 29 it is
possible to determine the change in the results due to end effects
and due to using an average surface temperature for the 9 in.
length. If there were no end effects, the temperature curves
would extend to the end plates as shown by the dashed lines. The
average surface temperature would then be larger than the true
average for the entire tube; the mean temperature difference would
decrease and also the heat-transfer rate, as can be seen from the
graph of the heat—transfer rate versus the mean temperature dif-
ference in Figure 30. Calculations based on Figures 28, 29, and
30 indicate that the coefficient using the 9 in. average surface
temperature is about 1.5 per cent lower than that obtained when
the average surface temperature for no end effects is used. The
coefficient for the true average temperature is about 3 per cent
lower than that for no end effects (see Appendix I). Thus, the
9 in. average surface temperature is closer to thé'theoretical
than is the true average surface température.

In Figure 28 the average circumferential temperature dis-
tributién for the horizontal position exhibits a dip in the re-
gion read by thermocouple D. This dip does not appear in Figure'

29, but did appear in most'of the previous results for tesﬁ pipe
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VII.. For the initial runs, which were conducted at 90°, no dip
was apparent, but as the experiments were continued at different
inclinations a dip began to appear and to grow with time and the
angle of inclination up to 75° The closing results at 90° also
exhibited a dip, but not as pronounced as at thé other inclina-
tions. This dip is also evident in Figures 16 and 17 for the
circumferential temperature distribuﬁions. In these Figures the
temperature curve of thermocouple E occasionally exceéds that of
thermocouples C and D. In Figure 20, the curves of the average
circumferential temperature for the yesults of Figures 16 and 17
clearly illustrate the dip. No definite explanétion can be given
by the author for the cause of this dip.

' Two methods of averaging were utilized when calculating
the average tube-surface temperature. An arithmetic average was
used to obtain the average circumferential temperature at each
thermocouple location. These averages were plotted against the
thermocouple locations along the pipe as in Figure 20. Then the
average tube-surface temperature was obtained by planimeter from
the resulting graphs. An arithmetic average, which is much sim-
pler to perform, was originally employed for the second average,
but because of the previously mentioned dip in the temperature
curves this method introduced a systemaﬁic error of 1 to 2 per
cent in the actual heat-transfer coefficient. Negligible error
resulted from using an arithmetic average for the circumferen-

tial temperature distributions.
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Fluctuations of * 0.3 F were frequently observed in the
thermocduple readings. Maximum values of * 1 F were reached at
higher heat-transfer rates.

Since the junctions of the tube-wall thermocouples are
0.030 in. beneath the surface, the average tube-wall temperature
was corrected to read the surface temperature. The applied cor-
rection was obtained from the following equation:

q = KAAT/Ar
where AT is the correction
Ar = 0,030 in.

K is the thermal conductivity of the material above the
junction. It is impossible to determine the exact. thermal con-
ductivity of the material above the junction, as this material
is a combination of solder and copper. In the calculations the
thermal conductivity of copper (220 Btu/hr ft F) was used. The
true thermal conductivity will be less than this, thus the correc-
tion applied was low, making the mean temperature difference
higher and the heat-transfer coefficient lower than the actual

values.

The Heat-Transfer Coefficients

J Av-In‘general the heat-transfer coefficients are consistent,
agree closely with the theory and are readily correlated. Re-
producibility of the results was good. ¥Tor a given inclination
it was possible to reproduce a previous day's results to within

* 2.5 per cent. After five weeks of testing the maximum differ-



33
ence between the closing and the initial results was only 5 per
cent.

The straight line equations developed from the experimental
points and also from the general correlations satisfy the experi-
mental results. However, the general equations for correlating
the results give little information for inclinations between 30°
and 45°., Figure 31 shows the graph of the intercepts versus the
slopes of the straight line equations of the heat-transfer coef-
ficient with respect to the mean temperature difference. TFor
inclinations from 0° to 30° and from 45° to 90° the points form
two straight lines which have an intersection between 15° and 30°.
The plot of the slqpes of these straight lines versus the pipe
inclination, also in Figure 31, indicates an intersection at an
inclination of 27°. A similar situation exists throughout the
entire test proéram. Consequently, it has been necessary to
divide the field into two test zones - low pipe incliﬁations up. to
about 30° and high inclinations above say 45°. General correla-
tions have been obtained for each zone in addition to the indivi-
dual relations for each pipe inclination. Further experimental
points are required before the intervening fegion can be satis-
factorily correlated.

The agreement between the actual and theoretical coeffi-
cients is very good, as was seen in Figures 22, 24, and 25. For
inclinations up to 6C° the ratio of ﬁhe actual to the theoretical

coefficient is relatively constant at approximately 0.95; for 75°
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and 90° the average values are 1.0l and 1.09, respectively. It is
suspected that the increase in the ratio with increase in the in-
clination above 60°, is due to an increase in the intensity of the
ripples in the condensate-film flow. The behaviour of these rip-
ples and their effect on the heat-transfer coefficient will be
considered in the discussion of the theoretical assumptions.

Comparison of these experimental heat-transfer coefficients
with those of other investigations is difficult, as the coeffi-
cient is dependent upon the length and diameter of the tube and
the mean temperature difference. Data for conditions similar to
those of the present experiments are non-existent. In a later
section comparisons will be made between the ratios 6f actual to
theoretical coefficients for the present experiments and those of
other investigators. |

A comparison of the effect of the angle of inclination on
the heat-transfer coefficient can be made between the present re-
sults and those of Tepe and Mueller (15). They found that the
angle of inclination had only a slight effect on the coefficient,
whereas the present results indicate that the aﬁgle of inclination

has a large effect.

The Theoretical Assumptions

| ' Thé ﬁheoretical development for the heat-transfer coeffi-
cient for an inclined cylinder was based on séveral assumptions.
In this section each assumption will be analyzed and its effect

6n the coefficient will be discussed.
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Assumption 1. The vapour is pure, dry, and saturated. In

the present work, it is probable that a small amount of air was
present in the steam. Othmer (12) conducted experiments on the
effect of the concentration of air on the measured heat-transfer
coefficient and found that as the concentration increased, the
measured coefficient decreased, as shown in Figure 32. DBoelter
and others (3), on page XV-2, explain the effect of the air as
follows: -

When the mixture of a single condensable vapour in a non-
condensable gas is in contact with a wall at a temperature
below the dew point, some condensation occurs, and a film
of liquid is formed on the cooling surface. A film of non-
condensable gas and vapour collects next to the condensate
layer, the concentration of vapour in the gas film being
lower than in the main body of the mixture. Due to the
difference in partial pressure of the vapour in the main
body of the mixture and at the interface between the conden-
sate layer and the gas film, the vapour diffuses from the
main body through the gas film to liquify at the interface.
The rate of condensation is thus governed by the laws of
diffusion of wvapour through a film of non-condensable gas.

Examination of the present experimental data indicated pos-
sible air concentrations of 1.35 per cent (see Appendix I for cal-
culations). From Figure 32 the above air concentration WOuld re-
duce the heat-transfer coefficient for a horizontal cylinder by
about 45 per cent.

The presence of air in the steam would explain the low
values of the ratio of actual to theoretical coefficient obtained
in the experiments, compared with those of other investigations.
For condensation of steam on horizontal cylinders, McAdams (10),

6n page 263, lists ratios of 0.7 to 2.2 for corresponding méan”
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temperature differences from 2 F to 66 F. In the present inves-
tigation, ratios of 0.96 to 0.98 were obtained for corresponding
mean temperature differences of 27 F to 43 F. Also on page 263,
McAdams lists, for condensation on ﬁertical cylindefs, average
ratios of 1.5 to 1.7 for.mean temperature differences from 5 F
to 48 F. The present results were 1.05 to 1.12 for mean tempér-
ature differences of 33 F to 49 F.

Correcting the present results for the effect of the air
will raise the ratios to average values of 1.94 and 2.18 for the
horizontal and vertical positions, respectively. These values
are not too reliable as the method of measuring the concentration
of air in the steam was not very accurate.

One further observation can be made. As can be seen ffbm
Figure 32, a small change in the concentration of the air will
éause a large change in the heat-transfer coefficient, but as
reproducibility of the results was good the concentration of the
air must have been constant.

Temperature and pressure measurements taken during the
experiments indicate that for low heat-transfer rates the steam
was possibly wet, and that for high heat-transfer rates the steam
was superheated. Preliminary tests of the steam quality gave a
minimum value of 97 per cent. It is shown in Appendix I that for
this steam, the theoretical heat-transfer coefficient wbuld be
approximately 0.8 per cent high.

At this point it should be stated that the theoretical
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derivation also assumes no subcooling of the condensate. Sub-
cooling was obtained in all the experiments. It is shown in
Appendix I that the amount of subcooling occurring during low
heat-transfer rate runs would make the theoretical coefficient
approximately 0.4 per cent low. Thus, the combined effect of
neglecting the possibility of wet steam and of subcooling the
condensate makes the theoretical coefficient approximately O.4
per cent high for the low heat-transfer rate runs.

At the high heat-transfer rates, both superheating and
subcooling were evident. For the worst case the theoretical
coefficient is 0.6 per cent low, as can be seen from the calcu-

lations in Appendix I.

Assumption 2. The condensate-film flow is laminar. The

validity of this assumption depends upon the Reynolds number of
the flow. The maximum Reynolds number, 284, obtained during the
experiments occurred at the bottom of a vertical tube. As the
critical Reynolds number is about 2000 the condensate-film flow
was in the laminar region, even though ripples were observed in
the flow. PFurther discussion of these ripples will follow in

the consideration of Assumption 5.

Assumption 3. The vapour at the vapour-liquid interface

is stagnant and the shear stress is negligible at this inter-
face. Even though a large diameter pyrex pipe was used as the

steam chamber, the skewness of some of the surface temperature
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distributions, especially at high heat-transfer rates, and the
influence of the steam inlet on the same temperature distri-
butions suggest that the vapour at the vapour-liquid interface
was not stagnant.

McAdams (11), on page 336, states that for downward flow
of condensing vépoﬁr at high velocity inside a tube, the measured
heaﬁ-transfer coefficient may be as much as ten times the theo-
retical value. For upward flow of vapour in a vertical tube, the
condensate film thickness is increased and thus the measured
coefficient will be lower than the theoretical value. As neither
the magnitude nor direction of the steam velocity is known in the
present work, it is impossible to predict the effect of the same
on the measured coefficient. However, every effort was made to
minimize this effect by employing two baffled manifolds, as shown
in Figure 13, to distribute the steam uniformly, and to reduce

its velocity.

Assumption 4. The wall temperature is uniform. In prac-
tice the wall temperature varies both circumferentially and |
longitudinally. To obtain some knowledge of the effect of assum-
ing an isothermal tube, consider another paper by Kamal-Eldin
Hassan (8) in which theoretical results for non-isothermal sur-
faces afergiven.

For condensation on an inclined flat plate with temper-
ature vériation along its length only, the theory predicts that

the heat-transfer coefficient is equal to that of a similar plate
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with a uniform temperature equal to the integrated mean temper-
ature of the non-isothermal plate.

Also, for an infinitely long inclined cylinder with only
circumferential temperature variation, the heat-transfer coeffi-
cient is practically the same as that for a similar isothermal
cylinder at the integrated mean temperature of the non-isothermal
cylinder.

Qualitatively extending Hassan's results to the tube with
both circumferential and longitudinal'temperature variation, the
heat-transfer coefficient for*the non-isothermal tube should be
substantially the same as that for an isothermal tube at the mean

temperature of the non-isothermal tube.

Assumption 5. The liquid-solid and liquid-vappur inter-

faces are smooth. The first part of this assumption was attained
by using a smooth condenser tube. The second part was not attain-
ed as ripples were apparent in the condensate-~film flow.

The character of the liquid-vapour interface depended upon
the inclination of the tube, the position on the tube surface
and the heat-transfer rate. For a horizontal tube the conden-
sate-film flow was smooth (seé Figure 11). At an inélination of
15°, ripples were apparent‘in the condenéate—film flow on the
under surface of the tube, but not in the flow on the top sur-
face. As the inclination of the tube was increased to 75° the
same behaviour occurred, except that the ripples increased in

intensity with the angle of inclination. At 75° ripples began



40
to appear in the condensate-film flow on the top surface of the
tube. For a vertical tube, ripples were apparent in the entire
film fléw, as expected. At a given inclination, increasing the
heat~-transfer rate increased the intensity of the ripples.

Grimely (7) observed ripples in a liquid-film flow at a
Reynolds number“of 25, but says that the motion of the flow was
quite regular in nature for Reynolds numbers up to 1000. On
increasing the flow rate further a transition region appeared
after which a more agitated flow suggesting turbulence occurred.

In the present experiments ripples were observed within
a few ihches of the top end of a vertical tube. Here, the _
Reynolds number would be close to the lowest Reynolds number at
which Grimely first observed ripples to occur.

Further wo;k on ripples in liquid-film flows is presented
by Duklér and Bergelin (65 who developed new equations relating
the liquid-film thickness'in concurrent, gas-liquid flow to the
flow rates, physical properties of the fluids and to the energy
loss. These equations agree with Nusselt's film thickness equa-
tion for Reynolds numbers up to 1000, whiéh is given by the new
equations as the critical Reynolds number. Experimental results
are shown which confirm the equations and verify the observations
of other investigators that in spite of ripples in the condensate

film, the Nusselt equation predicts accurate values of the mean

film thickness in the viscous region.

As a result of the work of Grimely, Dukler and Bergelin,
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it is quite certain that the condensate-film flow in the present
experiments was laminar in spite of the ripples. Just the same
the ripples will have an effect on the measured heét-transfer
coefficient. The effect should be to increase the coefficient
due to the increased surface area available for heat transfer.

Hassan and Jakob (9) cite calculations which predict that
for a Reynolds number of 785 the heat-transfer coefficient of a
rippling film will be nearly 50 per cent larger than that of an
equivalent smooth film. In the present experiments a maximum
Reynolds number of 284 was obtained, thus indicating that the
effect shouid be considerably less than the above.

Experimental ratios of the actual to the theoretical coef-
ficient are rélatively constant for inclinations from 0° to 60°,
tending to indicate that the effect of ripples was constant for
these inclinations. Yet, there were no ripples in the conden-
sate-film flow for the horizontal position, thus, it would appear
that the ripples had negligible effect for inclinations up to
60°. From 60° to 90° the ratio gradually increased up to 1l per
cent. MFor the vertical position, at which the ripples are the
most intense, theiripresence increased the measured'coefficient

by no more than 11 per cent.

Assumption 6. The curvature of the surface is large enough

that the effect of capillary forces may be neglected. This

assumption need only be made for condensation on the inside sur-

face of a tube and not for condensation on the outside surface,
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as in the present investigation.

Assumption 7. The liquid temperature at the liquid-
vapour intefface ié that of the saturated vapour. In the calcu-
létions it was assumed that the liquid at the liquid-vapour inter-
face achieved the temperature of the vapour, whether saturated
or superheated. With this assumption the heat-transfer coeffi-
cient between the steam and the condensate is included in that

between the steam and the tube surface.

Assumptions 8 and 9. Acceleration and convection effects

are negligible. Two papers by Sparrow and Gregg dealing with
laminar film condensation on a horizontal cylinder (15) and on
a vertical plane (16) are pertinent. Acceleration forées and
energy convection tefms are included in the developments, which
are based on the techniques of boundary layer theory.

In reference (15) Sparrow and Gregg state that energy
convection adds to the heat transfer by conduction, while iner-
tia forces decrease the heat transfer. For high Prandtl number
fluids, where the viscous forces override the inertia forces,
the effects of energy convection win out and the heat transfer
is higher than for the low Prandtl number fluids. In low
Prandtl number fluids, energy convection is small and the effects
of inertia forces win out. The effects of inertia forces are
negligible for a fluid with a Prandtl number over 100.

In the present results, neglecting inertia forces and
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energy convection terms for the vertical and horizontal cases
reduces the theoretical coefficient by 1 and 2 per cent, respec-
tively. It is reasonable to assume that the effect will be of

the same 6rder of magnitude for an inclined cylinder.

Assumption 10. The physical properties of the condensate

are constant. This is a customary assumption to permit the use
of arithmetic averaging. It is not unreasonabie as the curves
of the physical properties with respect to temperature are
nearly linear for the temperature ranges obtained in the experi-

ments.

Assumption l1ll. The temperature distribution through the

condensate film is a straight line. This assumption has been
checked against the work of Sparrow and Gregg (lé). For the
conditions of this test program their curves show’that the tem-
perature distribution through the condensate film is linear, when
the pipe is vertical. They gave no data for the temperature dis-
tribution through the condensate layer on a horizontal cylinder.
In the foregoing analysis of the assumptions only two of
them infroduce the possibility of large discrepancies between
the actual and theoretical heat-transfer coefficients. The dis-
crepancies resulting from the remaining assumptions are within
the % 5 per cent accuracy with which the coefficients can be
measured. The two doubtful assumptions assume air-free steam

and no ripples in the flowing condensate film. The presence of
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air in the steam will greatly reduce the heat-transfer coeffi-
cient, whereas ripples in the condensate-film flow will increase
the coefficient. Although these effects are large, they are
relatively uncertain in the present experiments, and as a result

it is necessary to use care when applying these results.



CONCLUSIONS

The following conclusions apply only in the regions tested.

1. The actual heaﬁ-transfer coefficient and the ratio of the
actual coefficient to the theoretical are dependent upon the tube
inclination and the mean temperature difference between the steam
and the tube surface. No single equation correlating the entire
region of inclinations could be obtained, but general equations
correlating these variables apply for each of two zones. For in-
clinations from 0° to 30°

hy = (0.304 « + 10.2)(28.9 - Atm) + 2000
and N ”
hy/hy = (0.1770¢ - 1.32)(32.2 - At,)107> + 0.964
and for inclinaﬁions from 45° t6’90°
hy = (0.286X - 26.3)(At, - 70.3) + 1340
and ' ’ |
hy/he = (0.128 ¢ + 1.32)(At_ - 14.3)107° + 0.972
Further data is-required before the region between 30° and 45°
can be satiéfactorily correlated. When values of the inclination
were substituted into the general equations, the resulting linear
relations were in agreement with the experimental values to with-
in ¥ 7 per cent. As the experiments were conducted for mean
temperature differences from 27 F to 49 F, the general equations
can only be applied with certainty within this range.
More useful correlations can be developed using the over-

all temperature difference between the steam and the coolant
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instead of the mean temperature difference between the steam and
the tube surface. As before, general correlations employing this
new variable apply in each of two zones. For inclinations from
0° to 30°

ha = (0.184 ¢ + 5,94)(153.1 - AT) + 1950
and -
ha/hy = (0.104 & - 0.767)(153.0 - AT)10™3 + 0.966
and for inclinations from 45° to'90° »
hp = (0.169X - 15.6)(AT - 213.0) + 1330
and ” o ‘
ha/hr = (0.075 X = 4.47)(AT - 117.0)107> + 0.982
Linear equationé developed fromﬂﬁhese generai equations were in
agreement with the experimental values to within % 6 per cent.
These relations apply with certainty only within the region tes-
ted (i.e. for overall temperature differences between 142 F and
172 F).

2. As previously stated the tube inclinations, the mean temp-
erature difference and the overall temperature difference all
have a marked effect on the heat-transfer coefficient. Increas-
" ing these variables decreases the coefficient. For inclinations
up to about 45° the effects of changing either temperature dif-
ference are greater than that of changing the inclination. Above
45° the reverse is true.

3. The slopes of the straight line relations for the heat-

~transfer coefficient with respect to the mean temperature differ-
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ence, and with respect to the overall temperature difference, are
all negative. The minimum and maximum negative slopes occur for
inclinations of 90° and 30°, respectively. From 90° to 30° the
slopes become increasingly negative. Below 30° the slopes become
smaller again,

L. The angle of inclination, the mean temperature difference
and the overall temperature difference all have a slight effect
on the ratio of the actual to the theoretical coefficient. For
inclinations from 0° to 60°, the average ratio of the actual"to
theoretical coefficient is relatively constant at 0.95. From
60° to 90° the average ratio increases from 0.97 at 60°, to 1.01
at 75° and then to 1.09 at 90°. As can be seen from the above,
the agreement between the actual and theoretical coefficients is
good.

5. Only two of the theoretical assumptions will greatly affect
the agreement between the actual and theoretical coeffiéients.
Thesé are: that the steam is pure and that the liquid-vapour
interface is smooth. The presence of air in the steam and, the
presence of ripples in the condensafe-film flow will produce a
discrepancy between the observed and the theoretical values. As
previously stated, the concentration of air present could lower
the actual coefficient by as much as 45 per cent, while ripples
in the condensate-film flow will increase the coefficient. The
exact magnitude of the increase in the coefficient due to rip-

ples is not known, but it should be less than 50 per cent for
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the present experiments (9).

6. Film condensation of slightly contaminated steam on brass
or copber pipes can be haintained for periods of at least ten
hours if (a) the surface of the pipe is clean, and (b) the sur-
face of tﬁe'pipe is treated with an appropriate wetﬁiﬁg agent.
Film condensation of slightly contaminated steam will form on
clean aluminum or stainless steel pipes without the use of a
wetting agent.

7. The magnitude and direction of the steam velocity in the
steam chamber has a large effect on the symmetry of the circum-
ferential temperature distributions on the tube surface. Increa-
sing the steam velocity increases the skewness of the température
distributions. The magnitude and direction of the steam velocity

is strongly dependent on the type of steam inlet and its location.



RECOMMENDATIONS

The present investigation has added a small amount of in-
formation to the data available on heat-transfer coefficients
for condensing steam on inclined tubes. There is still much that -
can be done, and should be done, in order that more comprehensive
experimental data may be available. Therefore, the following
recommendations are presented in the hope that they may aid

future investigations.

Film Condensation

Maintaining film condensation on the condenser tube is a
fairly difficult task. As was previously stated, pure steam and
a clean condenser surface are almost a must for film condensa-
tion. In the present experiments film condensation of slightly
contaminated steam was promoted and maintained for periods of
at least ten hours on a clean copper tube treated with a wetting
agent. In future work a small boiler using distilled water is
recommended. In this way pure steam would be available, so long

as the apparatﬁs itself did not contain any contaminants.

Tube-Wall Thermocouple Installation

The present tube;wall thermocouple installation is not
the best available. At a late date in the experiments, know-
ledge was gained of an improved thermocouple installation using

coaxial thermocouple wires 1, Copper-constantan coaxial thermo-

1pistributors, Philips of Canada Ltd.
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couple wires consist of a constantan wire covered with a ceramic
or inert metal oxide insulation, which is in turn covered with
a copper sheath. Outside diameters down to 0.5 millimeters are
available. These wires are very durable and can be readily
formed.

The recommended method of installation is to solder the
thermocouple wire in a groove extending from the thermocouple
junction to the outside of the apparatus. For a small wire §ol-
dered flush with the surface, the difference between the surface
temperature and that read by the thermocouple would possibly be
small enough to neglect. Several of the problems in the present
installation would be solved. There would be no possibility of
air pockets near the thermocouple junction or of insulation
breakdown of the thermocouple leads, heat conduction effects
would be negligible and the resistance to heat-transfer through

the thermocouple grooves would be small.

Steam Velocity

The steam velocity has a variable effect on the heat-trans-
fer coefficient, depending upon its direction with respect to
that of the condensate-film flow. In addition, the rate of heat
transfer, and the sizes of the steam chamber and steam inlet all
influence the steam velocity. Reducing the heat-transfer rate,
increasing the size of the steam chamber and increasing the cross
sectional area of the steam inlet all reduce the steam velocity.

Therefore, in future work the instrumentation should be accurate
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enough for measuring low heat-transfer rates and the steam cham-

ber and inlet should be as large as possible.

End Effects

The influence of end effects, which was shown in a pre-
vious section, éould be reduced with a longer tube. Another
method would be to measure the heat-transfer coefficient over a
length of the condenser tube that is not affected by end effects.
Here, difficulties of instrumentation are encountered.

By using tubes of various lengths it might be possible to
obtain a more accurate determination of the influence of end |
effects. For a very long tube these effects will be negligible,
while for é short tube they will be significant. By comparing
the ratios of the actual to theoretical coefficient for both
tubes some knowledge of the influence of end effects might re-
sult. This method is dependent on maintaining similar conditions
for both tubes, a requirement which might be quite difficult to

provide.

Air

The presence of air in the steam, as per previous dis-
cussion, can greatly affect the measured heat-transfer coeffi-
cient. Therefore, it is imperative that steps be taken to obtain
air-free steam or that some accurate means of measuring the air
concentration be devised. In this respect Othmer (12) is very

helpful. He used distilled water and a small boiler fo obtain
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air-free steam. In another paper (13) a description of his air

manometer for measuring the concentration of the air is described.

Range of Values

In the present work the range of values of the heat-trans-
fer coefficient was restricted by the limited range of mean tem-~
perature differences that could be attained. The major variable
controlling the available mean temperature difference is the
steam pressure. The range of steam pressures that could be ob-
tained was from O to 6 psig. Pressures below atmospheric would
have required more complicated apparatus than was available. The
temperatures of steam above 6 psig. could not be measured accu-
rately with the instruments available. In future experiments due

consideration should be given to these limitations.



APPENDIX T
SAMPLE CALCULATIONS

Calculation of the Average Heat-Transfer Coefficient for the

Entire Surface of an Inclined Cylinder.

This coefficient was calculated using numerical techniques
on the values in Table I. In this table the values of the dimen-
sionless mean circumferential heat-transfer coefficient for an
infinitesimal ring of condensate are listed for corresponding re-
duced distances from the top end of an inclined cylinder. The
reduced distance of any ring of condensate is given by the equa-
tion

X = x/r tan
and the reduced length of the entire cylinder is given by
X, = L/r tan e
For a cylinder with a reducedAlength X_, the area under the curve
of the dimensionless average circumferential coefficients (see
Figure 5) was determined from the values listed in Table Iwby
integrating between limits X = 0 and X = X ,

Table I gives no data on values of X between O and 0.05 so
this portion of the area is indeterminate from the table. Kamal-
Eldin Hassan evaluated this area by the following method:

At each cross section there is an angle @ = ¢'such that

hy(X) = h(X,8). It was noted that #'=TT/2 as X - 0. The

change in. #" is slow, in fact, for X =0, #'= 110 . Further,
from the tablel, it may be noted that for small values of X,

lTable 1 in Reference (9).



TABLE I

THE DIMENSIONLESS AVERAGE CIRCUMFERENTIAL
HEAT-TRANSFER COEFFICIENT FOR DIFFERENT REDUCED
DISTANCES FROM THE UPPERMOST END OF A CYLINDER

Coefficient
h (3urat/og Ak cosox )
n M TAL/pE

Reduced Distance

X = x/r tan <

1.9694
1.6559
1.4965
1.3932
1.2603
1.1762
1.0668
1.0002
0.9533
0.9195
0.8953
0.8753
0.8597
0.3481
0.8390
0.8319
0.8262
0.8218
0.8182
0.8154
0.8045
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we have 32/58 QQSZ/BX.Z Thus for small values of X and for
@ =Tr/2, equation (15)% in the paper reduces to
- dZ/dX = L/3
Hence, using the boundary condition Z = 0 at X = O, the value
of Z at # =T7/2, for very smal} values of X would be
Z = LX/3
Consequently, for these conditions, the value of h, can be
obtained from ,
(B/UI‘At//OgAKB coso()l/}"’hm(X) = Zl/lf = (3/“()1/4
Thus ‘the area up to X = 0.05 1s equal to

.08

(3/4%)1/b4x = 0.1315

()
Areas starting at X = 0,05 were evaluated from the trape-
zoidal rule and Simpson's two thirds rule. Once the area under
the curve is determined‘it is a simple matter to divide this area
by the reduced length X to obtain the dimensionless number
hT(B/xrAt//ozg AK3 coso()l/h. By substituting appropriate values
into this expression the»integrated average heat-transfer coeffi-
cient, hy, for the entire surface of an inclined tube can be cal-

culated.

Calculation of the Actual Heat-Transfer Coefficient

The actual heat-transfer éoefficient will bé calculated for
the data of Run 28 at an inclination of 15° (see Table II). The
equation used in calculating the coefficient is N

q=hhAt, .« . o000 (24)

where the heat-transfer rate g is given by

W

q L A 22,

®p

2Equation (13), p. 17 in the present work.



TABLE II

DATA FOR RUN 28 AT AN
INCLINATION OF 15°

Inlet Exit
Water Water Steam Steam Wall Thermocouple Readings
Angle Temp. Temp. Pressure Temp. Recorder Divisions
Degrees ‘ F F in. Hg Div. A B . C D E
135% 50.0 76.2 18.05 6.20 99.2 58.2 60.6 55.6 L6.7 52.3
90 50.0 76.2 18.00 6.25 99.3 63.6 59.8 53.3 40.8 58,3
L5 49.9 76.1 18.05 6.20 99.5 67.2 58,8 47.5 49.3 60.3
0 L9.8 76.0 18.05 6.20 99.4 68.2 57.8 39.9 5,.8 60.4
315 49.8 75.9 18,10 6.15 99.5 67.8 53.1 48.4 5S6.3 57.8
270 4L9.8 76.0 18.05 6.20 99.4 63.7 46.7 54L.8 57.0 53.7
225 49.8 76.2 18.00 6.25 99.3 57.8 53.6 57.2 55.7 48,2
180 49.8 76.2 18,05 6.20 99.3 51.3 59.5 57.1 52.3 41.8
135%x% 49.8 76.2 18,05 6.20 99.4 58.3 60.5 55.9 46.7 52.4
Average 49.9 76.1 18,05 6.20 99.4 62.3 56.2 51.7 51.6 54.1

Water Flow Rate 10.0 lb/min.
Barometric Pressure 29.90 in. Hg

Cold Junction Temperature 136.3 F

¥ Initial test run

%% Final test run

9s
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The water temperature rise At, equals the temperature difference
between the inlet and exit water temperatures t; and t,, respec-
tively. Then

A (26}

i e

Average exit water temperature reading = 76.1 F
Calibration correction = -0.1

Average exit water temperature = 76;0 F
Average inlet water temperature reading = 49.9 F
Calibration correction = _0.0

Average inlet water temperature = &2;2 F
Water temperature rise | = 26;1 F
Water flow rate reading = 10.0 1lb/min
Calibration correction = -0.11

Water flow rate = 9.89 lb/min

Specific heat of water at (ti + te)/2 = 63 F is 1.0 Btu/lb F
Substituting in equation (éS) gives |

g =9.89 x 1.0 x 26.1 x 60 = 15450 Btu/hr
. Average steam thermocouple reading = 99.4 recorder divisions
Calibration correction = -1.2

Corrected reading = 98.2 recorder divisions

One recorder division = 0.025 m.v.

Therefore corrected reading = 2.455 m.v.
Cold junction temperature = 136.3F = 2.377 m.v.
Steam temperature tg = L.832 m.v. = 233.2 F

Finding the average tube-wall temperature requires the use
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of two averaging techniques. First an arithmetic average of the
readings of each thermocoupile is performed. Then, this a#erage
reading is plotted against the thermocouple location. Then, a
polar planimeter is used to determine the average tube-wall ther-
mocouple reading from this graph. For this particular example

the average is 54.4 recorder divisions.

Average tube-wall thermocouple reading = 5L .4 recorder div.

Calibration correction (see Figure 33) = i;;g _

Corrected average “ N ‘ = 53.2‘recorder div.
= 1.330 m.v.

Cold junction temperature = 136;3 F = 2.377 m.v.

Average tube-wall thermocouple temperatuﬁa= 3;767 m.v.
= 189.8 F

As this temperature is measured at a point 0.630 in. be-
neath the tube surface, a further correction must be made in order
to obtain the average tube surface temperature. This correction
is obtained from the equation

q = kasT

where K is the thermal conducti#ity of copper = 220 Btu/hr ft F

A is the surface area of the tube = 0.204 ££2 » |

Ar is the depth of the thermocouple junction beneath the

tube surface = 0,030 in.
and AT is the correction in degrees F.
In this particular case &

AT = 15450 x 0.030/220 x 0.204 x 12 = 0.86 F
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Therefore the average tube surface temperature is
t, = 189.8 + 0.9 = 190.7 F
The mean temperature difference is then
Aty =t -t = 233.2 - 190.7 = 42.5 F
Substituting in equation (24) gives ﬁ
h, = 15450/0.204 x 42.5 = 1780 Btu/hr ft° F

The corrected data used in calculating the actﬁal heat-

transfer coefficients for all the test runs is listed in Table

III. A 1list of results is given in Table IV.

Calculation of the Theoretical Heat-Transfer Coefficient

The theoretical heat-transfer coefficient was calculated
from the general equation
+ = X(L,r,o) /oAgKBCOSot/B/urAt )1/4 . .. (27)
where X is obtained from Flgure 6.
Calculations will again be made for the data in Table'II,
at an inclination of 15°. From Figure 6 the value of X is 0.809.
Thus equation (27) becomes -
hy = 0. 809/0 xg Beosot/3urat )b L., (28)
The physical propertleS/O, K and/u.of the condensate are evalua-
ted at the condensate film temperature te
te = (tg + t,)/2 = (233.2 + 190.7)/2 = 212.0 F
Then r 59,8 lb/ft3 | ' |

K 0.395 Btu/hr ft F
M =0.193 x 1072 1p/ft sec

The latent heat of condensation, A, is evaluated at the steam



TABLE IIIX
AVERAGE CORRECTED DATA

Incli- Inlet Exit Water Average Wall Thermocouple Mean Cold

Run* nation Water Water Flow Steam Steam Readings** Surface Junction
Temp. Temp. Rate Press. Temp. Recorder Divisions Temp. Temp.

Deg. F F  1lb/min psia F A B C D E F F

1 90 52.1 8l1.6 5.98 15.3 213.6 47.1 40.9 37.5 36.5 32.3 173.6 135.0
2 90 51.6 87.3 5.98 21,1 230.8 56.8 49.8 45.3 43.5 39.3 181.9 135.0
3 90 52.1 57.0 5,98 15.3 213.6 48.9 45.5 42.8 40.5 37.1 178.0 135.0
4 90 51.4, 84,.8 5.98 21.1 230.5 58.3 54.6 51.7 47.8 43.9 186.5 135.0
> 90 52.3 78.7 5.98 15.4 212.1 48.1 43.8 40.9 39.7 36.2 176.7 135.0
6 90 51.3 85.5 5.98 21.1 231.6 59.0 53.5 50.4 47.7 45.1 186.0 135.0
7 45 S54.5 85.7 5.98 15.3 213.8 53.3 51.4 48.7 A47.5 47.2 184.5 135.0
8 45 52.9 87.3 5.98 16.8 220.8 57.5 55.3 52.1 50.8 50.3 188.1 135.0
9 L5 52.1 89.9 5.98 18,7 227.9 60.4 57.8 54.0 52.2 51.9 190.0 135.0
10 45 5.6 86.7 5.98 15.3 213.6 53.7 51.0 48.0 42.9 42.6 182.6 135.0
11 45 55,0 89.8 5,98 17.0 221.,0 57.3 57.0 51.1 46.3 45.6 186.5 135.0
12 b5 53.3 90.6 5.98 18,9 228.6 62,0 59.5 55.0 50.3 49.8 190.2 135.0
13 45 51.8 91.1 5.98 20.7 231.8 64.8 62.5 57.7 52.4 52.8 193.0 135.0
14 L5 52,3 9,.6 5.98 23.4 238.3 62.0 59.1 S54.4 48.8 L49.3 196.4 142,2
15 L5 51.3 81.4 7.98 29,7 232.2 6l1.7 58.0 53.1 49.8 51.4 190.9 135.9
16 0 52,1 84,.9 5.98 14,9 212.6 53.2 50.1 48.2 45.0 45.5 184.4 135.9
17 0 52,2 92,9 5.98 20,7 232.3 65.2 61.6 59.2 54.4 54.5 194.9 135.9

* Runs are arranged in chronological order

#% Calibration corrections from Figure 33 were later applied to the averages of

these readings.

09



TABLE III (continued)

Incli- 1Inlet Exit Water Average Wall Thermocouple Mean Cold

Run nation Water Water Flow Steam Steam Readings Surface Junction
Temp. Temp. Rate Press. Temp. Recorder Divisions Temp. Temp.

Deg. F F  1b/min psia F A B c D E F F
18 0] 52.2 87.8 5.98 17.2 220.0 58.1 54.6 51.9 45.5 47.3 187.4 135.9
19 0 52.4 90,2 5.98 18.8 226.0 62.0 58.3 55.5 49.4 50.4 191,00  135.9
20 0 51.2 84,0 7.98 21,2 233.6 64.2 59.6 56.4 51.3 52.6 192.7 135.9
21 0 51.7 8.4 5.98 15.7 214.7 54.7 51.5 A49.4 4L5.0 46.2 185.5 136.0
22 0 52.0 89.5 4.97 15.2 213.1 54.7 52.2 L49.9 45.9 46.9 185.5 136.1
23 0 51.0 78.5 9.89 21,1 233.9 62.7 56.9 52.5 52.7 52.9 191.4 136.1
24 15 52.1 84.3 5.98 15.1 212.6 53.2 51.2 48.1 44.9 46.1 18,4.8 136.1
25 15 52.4 92,0 5.98 21.3 233.2 67.0 63.1 59.0 54.7 56.4 196.1 136.5
26 15 50.2 8.1 5,98 15.7 217.1 56.2 53.2 50.4 47.1 A49.2 187.0 136.2
27 15 50.6 87.8 5.98 18.8 227.1 62.4 58.9 55.6 51.9 53.4 192,2 136.3
28 15 49.9 76.0 9.89 20.5 233.2 62.3 56.2 51.7 51.6 S4.1 190.7 136.3
29 15 50.1 81.0 7.98 21.0 233.6 64.0 59.2 55.7 53.1 55.4 193.0 136.2
30 15 50.3 86.0 5.98 17.2 221.1 58.9 55.8 52.6 49.6 51.2 189.3 136.1
31 15 50.0 90.2 5.98 20.3 232.3 66.3 62.0 58.6 54.9 55.4 195.0 136.1
32 30 50,2 81.6 5.98 15.0 212.7 53.5 51.7 49.0 45.7 48.2 185.2 136.0
33 30 50.7 88.7 5.98 20.7 232.3 65.8 63.1 59.1 55.2 57.9 195.7 136.0
34 30 50.5 75.6 9.89 20.3 231.4 61.6 56.7 51.7 51.8 54.2 190.4 136,0
35 30 49.8 80.2 7.98 20.6 232.,3 63.2 59.1 55.1 53.2 56.4 192.8 136.0
36 30 50,6 85.6 5,98 17.4 220.9 58.5 56.1 52.9 49.8 52.8 189.5 136.0
37 30 49.9 86,2 5.98 18.1 225.5 60.9 58.4 55.0 51.9 55.0 191.7 136.0
38 L5 50.7 83.4 5.98 16,1 217.1 55.5 53.0 49.3 46.9 49.5 186.4 136.0
39 L5 51.5 88.7 5.98 20,9 231.6 64.4 61.3 57.0 53.5 56.9 194.0 136.1
40 45 L9.7 80.4 5.98 15,0 212.7 52.0 49.3 46.6 43.9 46.7 183.3 136.1

19



TABLE III (continued)

Incli- 1Inlet Exit Water Average Wall Thermocouple Mean Cold
Run nation Water Water Flow Steam Steam 8 Readings P Surface Junction
Temp. Temp. Rate Press. Temp. Recorder Divisions Temp. Temp.
Deg. F F  1b/min psia F A B c D E
41 60  49.8 88.3 5.98 20.3 231.5 61.6 57.7 52.8 44L.9 46.8 188.6 136.1
L2 60 49.9 8l1.6 5.98 14.9 211.7 30.1 46.2 43.2 36.8 38.5 178.9 136.2
43 60  49.9 85.8 5.98 18.1 224.2 57.8 53.9 49.4 L42.3 L4.5 185.5 @ 136.2
L 60 50.7 87.4 4.97 15.4 21lh.2 53.7 50.4 47.2 40.3 43.0 182.5 136.0
45 60 50.4 8,.1 5.98 16.9 219.8 56.0 53.1 48.5 42.7 47.3 185.0 136.0
4L,6 60 50.1 80.0 7.98 21.0 232.3 61.8 57.2 50.9 46.5 50.6 188.7 136.0
47 60 49.7 8.5 5.98 17.9 223.3 57.8 55.0 49.7 4k.2 47.5 186.4 136.0
48 60 49.2  73.9 9.89 20.3 231.4 58.9 53.8 L4b6.4 L44.5 48B.4 185.8 136.0
49 60 50,0 81.2 5.98 15.1 212.6 51.7 48.3 44.3 39.9 42.9 180.7 136.0
50 75 49.5- 8l.7 5.98 17.5 220.7 55.5 51.8 46.4 41.3 44.7 183.4 136.0
51 75 50,0 86.2 5.98 21.0 231.8 62.5 58.8 52.4 46.7 50.8 189.6 136.0
52 75 50.1 79.6 5.98 15.0 212.2 50.5 46.2 41.9 38.0 40.9 178.9 136.0
53 75 50.8 80.8 5.98 15.8 215.7 52.5 48.6 43.4 38.9 41.9 180.6 = 136.
54 75 51.2  84.7 4.97 15.1 212.5 52.1 48.5 43.9 38.7 41.8 180.4 136.0
55 75 49.5 73.2 9.89 21,0 233.1 59.3 53.2 45.6 43.7 47.5 184.9 136.0
56 75 50.1 83.4 5.98 18.8 224.3 58.0 54.3 48.0 42.9 47.1 185.4 136.0
57 75 50.1 86.0 5.98 20.8 231.2 62.4 58.5 51.9 46.2 51.2 189.2 136.0
58 75 50,0 78.2 7.98 20.7 231.4 60.0 55.3 48.3 Lb4.4 49.3 186.8 136.0
59 90 51.7 82,3 5,98 17.8 222,3 56.8 50.2 47.0 41.9 42.0 183.2 136.0
60 90 51.4 78.1 5.98 4.8 211.3 49.3 43.4 40.5 36,2 35.6 176.6 136.0
61 90 51.3 84.9 5.98 21.2 231.6 63.0 55.6 51.9 45.4 L6.4, 187.9 136.0
62 90 51.3 77.5 7.98 20.6 230.2 62.5 51.6 46.9 43.2 42.8 184.6 136.0
63 90 51.0 82.4 4.97 14.9 211.5 50.1 45.0 42.1 37.3 37.9 178.2 136.0




TABLE "IV

COMPARISON OF ACTUAL AND THEORETICAL

HEAT-TRANSFER COEFFICIENTS

: Heat Mean Overall Actusl Theoreticsl
Run Inclination Transfer Temperature Temperature Coefficient Coefficient A
Rate Difference Difference ha 5 hr 5 h+
Degrees Btu/hr F F Btu/hr ft< F  Btu/hr ft° F

1 90 10600 40.0 146.7 1300 1215 1.071
2 90 12700 4L8.9 161.5 1280 1178 1.087
3 90 3650 35.6 14,8.0 1330 1260 1.056
I 90 11980 44 .0 162.1 1335 1208 1.105
> 90 9720 35.4 146.2 1345 1263 1.066
6 90 12270 4L5.6 163.2 1315 1194 1.100
7 L5 11190 29.3 143.7 1870 1930 0.969
8 45 12340 32.7 150.7 1850 1895 0.976
9 45 13350 37.9 156.9 1750 1850 0.945
10 45 11530 31.0 142.9 1825 1920 0.951
11 45 12490 34.5 14,8.6 1775 1870 0.949
12 45 13380 38.4 156.6 1705 1830 0.933
13 L5 14100 38.8 160.3 1780 1830 0.972
14 45 15170 4L1.9 164 .8 1775 1800 0.985
15 45 14440 41.7 165.8 1700 1795 0.948
16 0 11770 28.2. 44,1 2045 2090 0.978
17 0 14600 37.4 159.7 1915 1970 0.972
18 0 12780 32.6 150.0 1920 2035 0.944
19 0] 13570 35.0 154.7 1900 1980 0.959
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TABLE IV (continued)

Heat Mean Overall Actual Theoretical h
Run Inclination Transfer Temperature Temperature - Coefficient Coefficient —A
Rate Difference Difference ha 5 hy hr
Degrees Btu/hr F F Btu/hr ft° F  Btu/hr ft

20 0 15710 49.9 166.0 1880 1925 0.977
21 0 11740 29.2 146.6 1970 2070 0.952
22 0 11200 27.0 142.3 2035 2110 0.965
23 0] 16300 L2.5 169.1 1880 1915 0.982
24 15 11570 27.8 WUh.4 2040 2095 0.974
25 15 14200 37.1 161.0 1875 1975 0.949
26 15 12130 30.1 150.1 1975 2055 0.961
27 15 13350 34.9 157.9 1875 2005 0.935
28 15 15450 42.5 170.2 1780 1905 0.935
29 15 14800 40.6 168.0 1785 1930 0.925
30 15 12800 31.8 152.9 1970 2035 0.967
31 15 14400 37.3 162.2 1890 1970 0.960
32 30 11300 27.5 146.8 2010 2055 0.978
33 30 13650 36.6 162.6 1830 1935 0.945
34 30 14900 41,0 168.3 1780 1885 0.944
35 30 14580 39.5 167.3 1810 1900 0.953
36 30 12550 31.4 152.8 1960 2000 0.980
37 30 13050 33.8 157.5 1890 1975 0.964
38 L5 11730 30.7 150.0 1870 1929 0.974
39 45 13350 37.6 161.5 1740 1850 0.943
40 45 11000 29.4 147.6 1830 1929 0.95¢4
41 60 13800 L2.9 162.4 1575 1660 0.949

9



TABLE IV {continued)

Heat Mean Overall Actual - Theoretical
Run Inclination Transfer  Temperature Temperature Coefficient Coefficient

Rate Difference Difference ha hy
Degrees Btu/hr F F Btu/hr ft< F  Btu/hr ft2 F
L2 60 11380 32.8 145.9 1700 1750 0.971
43 60 12900 38.7 156.3 1630 1695 0.962
LL 60 10950 31.7 145.1 1690 1765 0.958
45 60 12100 34.8 152.6 1705 1735 0.983
46 60 14300 L3.6 167.2 1605 1650 0.972
L7 60 12500 36.9 156.2 1660 1710 0.971
L8 60 14650 L5.6 169.8 1575 1630 0.967
49 60 11200 31.9 147.0 1720 1770 0.973
50 75 11550 37.3 155.1 1515 1505 1.006
51 75 13000 L2.2 163.7 1510 475 1.024
52 75 10450 33.3 147.5 1540 1540 1.000
53 75 10770 35.1 149.9 1505 1505 1.000
54 75 10000 32.1 144 .6 1530 1550 0.987
55 75 14100 48,2 171.7 1435 1425 1.005
56 75 11950 38.9 157.5 1505 1495 1,007
57 75 12900 42.0 163.1 1505 1470 1.024
58 75 13500 L .6 167.3 14 80 1450 1.021
59 90 11000 39.1 155.3 1375 1240 1.109
60 90 9570 34.7 146.5 1350 1265 1.068
61 G0 12050 4L3.7 163.5 1350 1215 1.111
62 90 12550 45.6 165.8 1350 1200 1.125
63 90 9410 33.3 144 .8 1385 1280 1.082




pressure read by the mercury manometer.
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This pressure is actu-

ally the sum of the partial pressures of the steam and any air

present in the steam.

Reference to steam tables showed that any

error resulting from using this pressure instead of the partial

pressure of the steam is infinitesimal.

Steam pressure
Barometric pressure

Steam pressure

= 18.05 - 6.20

Therefore A = 959 Btu/lb

11.85
29.90
L1.75

Substitution in equation (28) gives

in. Hg gauge

in. Hg absolute

h, = 1910 Btu/hr ft2 F

Calculation of the Straight Line equation for the Actual Heat-

Transfer Coefficient with respect to the Mean Témperature

Difference

These equations were calculated using the method of aver-

ages.

In the following sample calculation the equation for an

inclination of 15° will be developed using the appropriate values

in Table IV,

hAzmAtm-'-boo- . e e s @ .

The desired form of the equation is

. (29)

Using the method of averages the data taken at an inclination of

159 are arranged in the following form:

2040 = 27.8m + b
1975 = 30.1m + b
1875 = 34.9m + b
1970 = 31.8m + b
7860 = 12%.6m TLb .

e & e & o * e e o



67

1875 = 37.lm + b
1780 = 42.5m + D
1785 = 40.6m + b
1890 = 37.3m + b
7330 = 157.5m + 4b . . . . . . . . . (31)
Subtraction yields
530 = -32.9 m
m= -16.1

Substituting m in equation (30) gives
7860 = -2010 + 4b
b = 2470
Substitution in equation (29) gives the straight line equation

hy=-16.1 At_ + 2470

The Method Used to Calculate the General Equations Correlating

the Results

The straight line equations for the variation of the actual
coefficient with respect to the mean temperature difference (see
Table V, Appendix II) are of the form

ha=m Aty +b. . c e e e e e (32)
If the intercepts and slopes of these equations are plotted és ‘
in Figure 31, then two straight lines of the form
b=am+ ¢ .. ¢ ¢ oo+« (33)
result for the intervals 0° £ ot £ 30° and 45° 2 & £90°,
The values of a and ¢ can be determined by the method of aver-
ages, and thus b is known as a function of m.
In the next step the slopes of equation (32) are plotted

against the angles of inclination as also shown in Figure 31.
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Then two equations of the form
m=do + g . ¢ ¢ ¢ o« o o« o (34)
can be obtained for the same intervals as before. Thus m is
kﬁown as a functidn of .
Equations (33) and (34) are used to eliminate m and b in
equation (32), yielding '
hy = (dx +glla+ At ) +c (35)
where a, ¢, d and g are all knoWn constants. Substituting the
appropriate value for « in equation (35) yields a straight line
equation for the variation of h, with At at that particular

pipe inclination.

Calculation of the Reduction in Heat Transfer due to the Thermal

Resistance of the Solder and Thefmocoﬁple Leads in the Tube Wall

The thermal resistance of the soldef and thérmocbuples in
the tube wall is higher than that of copper. As a result the
heat-transfer rate through the thermocouple grooves will be lower
than that through the rest of the tube. In the following analy-
sis it will be assumed that no heat is transferred through the
grooves. This is the worst possible case. In actual practice
there will be some heat transferred.

The following is the equation for one dimensional heat
conduction through a cylindrical shell

q = K%nﬁ%%

where q = heat-transfer rate

]

K = thermal conductivity
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A = average heat-transfer area
- Au = tube thickness
AB = temperature drop across tube thickness
For a tube with no thermocouples
" A = 26.9 in.?
For the tube with thermocouples and assuming no heat transfer
through the grooves
Ap = 26;9 - surface area of grooves
= 26.9 - 0.75 = 26.15 in.?
Assuming that K, A/S and A u are the same for both tubes

then the per cent reduction in the heat-transfer rate is

0.75 x 100/26,9 = 2.8 per cent

Calculation of the Heaf-Transfer Coefficients for Different ‘

Average Tube-Surfacé Temperatures

Figure 28 is a plot of the average circumferential temper-
ature vérsus the distance along the tube in a horizontal position.
The average surface temperature over any portion of the tube is
found by integrating the curve over the appropriate length. Cal-
culations were made for the following cases:

1. The average tube-surface temperature over the 9 in. length
tpy = 187.5 F

2. The average tube-surface température for no end effects
tyz = 188.8 F

3. The average tube-surface température for the entire tube

tm3 = 186,.8 F
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Since the observed steam temperature was 214.2 F, the mean
temperature differences for the above conditions are:
Aty = 26,7 F
Atgy = 25.4 F
Atm3 =27.4 F
Consider the temperature disﬁributions in Figure 28 for
cases 2 and 3. In case 3 the temperature difference between the
steam and the tube surface is much larger near the end plates.
Therefore more heat will be transferred in these regions and as
a result the average heat-transfer rate will be larger. Heat-
transfer rates obtained from Figure 30 using the above mean tem-
perature differences are listéd below:
q; = 11030 Btu/hr
qp = 10640 Btu/hr
11030 Btu/hr

]

43
Note that q; = q3.‘ This is as expeéted since heat-transfer con-
ditions are identical; they differ only in that Aty is calcu-
lated over a different length. However, 9 = 9, because in this
case the heat-transfer conditioné have changed.
Calculating the heat-traﬁsfer coefficients for the above

conditions from the equation

q=nhA Astm
2

gives h 2020 Btu/hr ft° F

2

a3
(]

, = 2050 Btu/hr £t° F

1970 Btu/hr ft° F

=
]
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are -1.5

The per cent differences of hl and h3 with respect to h2

and -4.0, respectively.
Similarly, for a vertical tube (see Figure 29), the per

cent differences for h; and h3 with reépectvto h ana O and -2.2,

2
respectively.

Calculation of the Effect of the Presence of Air in the Steam

The presence of air in the steam is detected by a discrep-
ancy between the observed temperature and the saturation temper-
ature corresponding to the observed pressure. The presence of
air reduces the partial pressure of the water vapour and its cor-
responding saturation temperature. Therefore, the observed tem-
perature is too low for saturation at the observed pressure, Which

is really the sum of the partial pressures of the steam and the

air.

For a particular case the following data were obtained:
ObserQed steam temperature = 211.7 F
Saturation pressure at this temperature = lh.6 ﬁsia
Observed steam pressure = 14.8 psia
Saturation temperature at this pressure = 212.4 F

Then the partial pressure of the air is 14.8 - 14.6‘= 0.2 psia
or 0.2 x 100/14.8 = 1.35 per cent of the total pressure. From
Othmer's graph in Figure 32, for a steam temperature of 212 F
and thé observed méan temperature difference of 34.7 F, the heat-

transfer coefficients for O and 1l.42 per cent air are approxi-
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mately 1300 and 650 Btu/hr ftz F, respectively. Therefore, for
a l1l.35 per cent concentration of air the heat-transfer coeffi-

cient may be reduced by about 45 per cent.

Calculation of the Effect of Neglecting the Possibility of

Moisture in the Steam

Tests have shown that the steam quality could be as low
as 97 per cent. The effect of this will be found for the follow-
ing data for condensation on a vertical tube. The equation for
the heat-transfer coefficient is

hy = 0.943(0'g AK3/u L at)L/k

For saturated steam at 211.5 F, X = 970.6 Btu/1lb while
for 97 éer cent quality steam, A ==;97 X 970.6 = 947.0 Btu/1b.
Thus by assuming saturated steam the theoretical heat-transfer

6oefficient will be

(970.61/4 - 9h7.01/h)100/9h7.01/h = 0.8 per cent high.

Calculation of the Effect of Subcooling the Condensate

A calculation of the effect of subcooling of the conden-
sate on the heat-transfer coefficient will be performed on a
typical set of data for condensation on a #ertical tube. The
theoretical equation for the average coefficient for condensa-
tion on a vertical tube is

| hr = 0.943(0°g AK>/uL at)1/k
This equation assumes that ﬁo subéooliﬁg of the condensate occurs.

If subcooling occurs more heat will be given up by the steam than
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that indicated by the latent heat of condensation, A . For sub-
cooling A should be replaced with X + C, where C is the heat
given up by the subcooled condensate. The per cent error in the
theoretical coefficient due to neglecting subcooling is then

[)xl ‘(X+C) ]IOO/(X+C)
For saturated steam at 211.5 F, = 970.6 Btu/lb
At a meen surface tempefature of 178;20 F

C=c,At = 1.0(211.5 - 178.2)/2 = 16.6 Btu/lb

Then X+ C = 987.2 Btu/lb
and the per cent error is

(970.6Y% _ 987.2Y%)100/987.2Y/% = _0.1 per cent

Calculation of the Effect of Subcooling and Superheating '

A calculatlon of the effect of subcooling of the conden-
sate and superheating of the supply steam on the heat-transfer
coefficient will be performed on a typical set of data for con-
densation on a horizontal tube. The theoretical equation for the
average heat-transfer coefficient for condensation on a horizon-
tal tube is

= o. 725(/0g>~K3//uD At)L/k
This equation assumes that the steam is saturated and that the
condensate is not subcooled. If subcooling occurs and if the
steam is superheated, more heaﬁ will be given up by the steam
when it condenses than that indicated by the latent heat of con-

densation. Therefore, the latent heat of condensation, A, in
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the above equation should be replaced with A + H + C, where H
is the heat given up by the superheat in the steam and C is the
heat given up by the subcooled condensate.

For the particular case in question:

Obser&ed steam temperature 233.9 F
Observed steam pressure = 21.1 ﬁsia

Latent heat of condensation corresponding to this pressure

= 958 Btu/lb
Saturation temperature at observed pressure = 230.8 F
Observed mean tube-surface temperature = 191.9 F
Then H = ¢, At = 0.5(233.9 - 230.8) = 1.6 Btu/lb ”
G =c, At =1.0(230.8 - 191.9)/2 = 19.5 Btu/Ib
Thus A+ H+ C = =979 Btu/lb

and the per cent error is

(958M% _ gyo1/ky jgrg/h = _o.55



APPENDIX II
STRAIGHT LINE RELATIONS

The following tables present the straight line relations
developed from the results. 1In the first row of each table the
general form of the relation is given. The source of each re-
lation is listed in the second row. ’The words "Original Data®
mean that the relation was developed from the ekperimental |
points using the method of averages. The words "General Cor-
relation” indicate that the relation was developéd by substi-
tuting aépropriate values of the inclination into the general
equations correlating the equations under "Original Data."

The following abbreviations are used in thé tables: | “
I.R. = initial test runms.
F.R. = final test runs after five weeks of testing.>

Avg. = average of initial and final test runs.



TABLE V

RELATIONS FOR THE HEAT-TRANSFER COEFFICIENT
AND THE MEAN TEMPERATURE DIFFERENCE
BETWEEN THE STEAM AND THE TUBE SURFACE

hy =mAt, +b hy/hy =mAt + b
Incli- Original General Original General
nation _ Data Correlation Data Correlation
m b m b m xlO3 b m xl.O3 b
0 -10.2 2290 -10.2 2290 1.32 0.921 1.32 0.921
15 -16.1 2470 -14.8 24,20 -2.07 1.024 1.34 1,007
30 -18.0 2510 -19.3 2560 -3.28 1.075 ~3.99 1.092
45 -11.8 2210 -13.5 2280 -0.965 0.992 -1.85 0.999
60 -10.9 2060 -9.18 1983 -0.804 0.997 0.07 0.971
75 -‘f ° llb 1666 "lf ° 91 1682 2 ° 07 0. 927; l . 98 00 91"[4
90 I.R. -1.64 1386 3,82 0,921
90 F.R. -1.14 1407 3.86 0,944

90 Avg.  -1.34 1396 -0.60 1379 3.8 0.932  3.91  0.916

9L



TABLE VI

RELATIONS FOR THE HEAT-TRANSFER COEFFICIENT
AND THE OVERALL TEMPERATURE DIFFERENCE

h, =mAT + b h,/hy = mAT + b
Original General Original General
Data Correlation Data Correlation
m b m b m x 103 b m x 103 b
-5.94 2860 -5.94 2860 0.767 0.448 0.767  0.247
-9.43 3390 -8.69 3280 -1.210 1.143 -0.795 1.088
-10.7 3580 ~11.5 3700 -1.950 1.271 -2.360 1.294
-6.99 2870 -7.99 3030 -0.571 1.046 -1,100 1.111
-6.‘&6 2660 -5014'6 21#90 "Oo‘i?é 100["1 0.200 0.980
-2.34 1872 ~-2.93 1953 1.168 0.824 1.150 0.847
-00981 1‘}69 2;29 00726
-0.948 1510 2,28 0.745
-0,964 1490 ~-0.39 1411 2,28 0.735 2,28 0.715

LL
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TABLE VII

RELATIONS FOR THE HEAT-TRANSFER RATE AND
THE OVERALL TEMPERATURE DIFFERENCE

q=mAT + b

Incli- Originsl Data for Original Data for
nation Test Pipe VII Test Pipe X
m b m b
0 190.7 -15950 173.0 -12470
15 160.2 -11760 156.0 ~10000
30 151.5 -10790 163.5 -11230
45 166.5 -12800 166.6 -11700
60 151.2 -10920 156.4 -10580
75 155.6 -12560 148.5 ~10200
90 145.8 ~11480 148.5 -10970

NOTE: Test pipe VII was used to obtain values of the
heat-transfer coefficient. Test pipe X is similar to test
pipe VII except that it has no tube-wall thermocouples.



a,b,c

o ‘o

APPENDIX III
NOMENCLATURE
area, ££°
unit vectors in x, y, z-directions
specific heat, Btu/lb
diameter of tube, ft
acceleration of gravity, ft/hr?
local heat-transfer coefficient, Btu/hr ft2 F
actual heat-transfer coefficient for entire surface of

2 p

a tube, Btu/hr ft
mean heat-transfer cdefficient for a ring of infinitesi-
mal width on tube surface, Btu/hr £t° F
theoretical heat~transfer coefficient for entire surface
of a tube, Btu/hr ft° F
thermal conductivity, Btu/hr ft F
length of tube, ft
unit normal vector to tube surface
unit normal vector to hérizontal plane
unit no?mal vector to plane of nc and nh
heat-transfer rate, Btu/hr
radius of tube, ft
exit water temperature, F
condensate film temperatﬁre, (tg + tm)/z, F

inlet water temperature, F

mean tube-surface temperature, F
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t = steam temperature, F

At = temperature difference between the steam and an iso-
thermal tube, F

At = témperature difference between the steam and the mean
surface temperature of a non-isothermal tube, tg - tm, F

AT = temperature difference between the steam and the water,
tg - (t; +t,)/2, F |

At = temperéture rise of the water, te - ti’ F

v, = mean velocity at any cross section of coﬁdensate film

ft/hr
w = water flow rate, 1lb/hr

X = reduced distance from top end of tube, x/r tanot

X, = reduced length of tube, L/r tan«

X,y,z = coordinate axes, shown in Figure 2
Y = thickness of condensate fiim, ft
Z= goicosx T*/3uK rAt
& = angle of inclination of tube with horizontal
e

= angle between a plane tangent to a tube and the hori-
zontal plane

= latent heat of condensation, Btu/1b

= Kinematic viscosity, lb/hr ft

density, lb/ft3

= angular position from top element of tube

- i&.\b F Y,
]

= angle between a momentary droplet path and a cross

section of the tube
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"FIGURE 3

MOMENTARY DROPLET PATH
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FIGURE 8

RUMENTS

THE APPARATUS AND INST
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THE GENERAL ARRANGEMENT OF THE APPARATUS
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FIGURE 10

THE STEAM CHAMBER

KEY
1. Top End Plate 12. DPyrex Pipe
2. Bottom End Plate 13. Rubber O-Ring
3. Condenser Tube 14. Tie Rod
4, Baffled Steam Manifold 15. Spacer
11. Teflon O-Ring 16. Thermocouple Attachments

17. Condensate Qutlet



FIGURE 11

FILM CONDENSATION ON A
HORIZONTAL TUBE

FIGURE 12

DROP-WISE CONDENSATION ON
A HORIZONTAL TUBE
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TUBE-WALL THERMOCOUPLE JUNCTION LOCATIONS
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FIGURE 16

CIRCUMFERENTIAL TEMPERATURE DISTRIBUTIONS
ALONG A HORIZONTAL TUEB
(RUN 17, At = 37.4F)
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FIGURE 17

CIRCUMFERENTIAL TEMPERATURE DISTRIBUTIORS
ALOKG A TUBE INCLIRED AT 45°
(RUN 39, &t = 37.6F)
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Thermocouple _ A

FIGURE 18

CIRCUMPERENTIAL TEMPERATURE DISTRIBUTIONS
ALONG A VERTICAL TUBE
(RUN 5, ot = 35.4F)
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CIRCUMFERENTIAL TEMPERATURE DISTRIBUTIONS
ALONG A VERTICAL TUBE
(RUN 6, Atm = 45,6F)
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FIGURE 32
THE EFFECT OF THE CONCENTRATION OF AIR ON THE y
HEAT-TRANSFER COEFFICIENT FOR A HORIZONTAL TUBE -

[SELECTED DATA FROM REFERENCE (12)]



¥ 1 .
- 1 ! ! |
3 ] ; “
e A | EV PN . —t - I G _
13
-t - _-— - -4 - - — -
N SRR U B il
e IR B B - M e
- \,.-,".IT-.\..., 1 JJ fLITr«. pom— ..T.T.J-.ro‘ — ).x).lTA.TJITt [
i e e B R e o R S e S e = - _.1_ s
R i R R S TR T O S 4
KPSt AT I o SRS SN S I ._L_J. wl._f 1 ; i o
araation o eatecih s dia Sedhetul il sl o uanEnhniE i e B S
i e e TS
AN R ! i L I AT AN NS IR NS DA
ST S A N N I I DA A I
il [ RN Pl RN kRN Vi
N A R A L O }
T N R RN N RN RN RN T
e ! ERENEunaSE NEENA N M
it ; F R r M.
T RN 1 RN BRI ]
! 1 i i L IR IS ] i
d = = 7 P e = T
i : i ! i ! T ] : !
] i i RN [ RN ) I} i
] N ! RS BN T o i .
| B R Y ! =N} ; el L i ﬂl
! 11 i : i i 3 T Crd et
i \ 2] ; By T ! ,
1 \ el NN e “ T
T : S g o " _ i
! ; m* b ! m.@ ; & ! RN : i
T T VIR : T i . ! I ;
T i \CL 1 T o o T R -
j ! 1 i } T, 1O N 1 M = [=] L | | ¥ |
L H T ”ﬂ”-.l. | # £ Ly ) e
; i \ ) iy e, =T J n
¢ i e {1 | . Fl
v 1\ <c4L‘ﬂ ﬁ w v ! m
i i o & < ; ;
™3 Bo = Y
T L : BN Jhom g 1 " B
L - BESEN BRI 3. r
\ : - ) ! j i i
& 1 : > I N
T ) 1T i Tt
! i [ BS
T \ N B RN ~ _
1 [ i N i B
i A i - ] C ; MR AT !
i X i ot 1, ; ! N ! IR
1 i i RRR IR RN AL | ! Ly |
M ; ; IR RSN N A A B IR A R it
1 P T A AN RN I A AN T A R
o ~“_ IRV +g~ T W [ SN ,.Liujﬁll_ .A_ﬁr. NIRRT L .
P b i N RN X i il } il IR BLAE S 4
- SN AV A 0 AL R R A SN AN AL N A [
“F. ! [ i i vy ¥ H H .l_
_ 1 1 ! ; i
- i : : : -
i : RN 1 i X |
T . 7t t | H [ j
C . i [ suoIsTaAT JopI0D N | i
) i “ R wﬂ_ﬂmvuw.lm~ N.L”..iv.@...hDG. )
i N R () G115 & TN |
RN AR iy 13 Ll !
T T ' [ Ty i
RN BRI } R I
- T T ] T
. T B .
_ ¢ : 1T :
e o I SRR B ALy S
- e xf.xs.lnj..l_ - .tluwi
SUPUP SER G AR S . .VLT:I.II:.
Jr,._.qull.l;_.s VU (ORI N A .
e e R
T
R e R s atar SRETES ST




