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Thie thesis is concerned with the following
subjeets in the field of evaporation:
“he effect of the mnpgle of inclination on the

boiling fils coefficient snd the rate of natursl

cirenlation at various sheam pressures.
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Introduetion and Iiterature Survey

In the majority of the heat transfer problems encountered, heat is being
transferred from one fluid through a solid retaining wall to another fluid.
For such conditions it has been found that the rate of heat transfer q is
directly proportional to the overall difference between the temperature of the
warmer and colder fluids iy, - t, orAT, and to the heat transfer surface A.

g = UAAT (1)
where U is a proportionaljty factor, more commonly known as the overall co-
efficient of heat transfer.

Before the overall coefficient is established, a definite surface area A
mast be chosen. The selection of this area is arbitrary, and may be any one
of three areas, i.e., the area on the cold side, or the area on the hot side
or an average of the two, nce the surface area is chosen the coefficient is
antomatically based on it.

The heat flv. from one fluid medium to another through a retaining wall
is retarded by the presence of thermal resistances; namely, the films present
on the surface areas and the solid medium through which the heat mmast pass.
Calculations of heat flux through these resistances is quite complicated unless
an indirect method is employed, and this involves the computation of film
coefficients. The individual resistances after being computed are correlated
with the overall heat transfer coefficient U.

Uy 1 (2)
Al W Roh

Overall heat transfar coefficient based on Ay
Thickness in feet of retaining wall

Film coefficients

Surface area in square f

Thermal conductivity of ra‘hining wall

Indicates one of the following areass Ay, A2, or Agy

where Uy
L
h

A1, Agvs ;2
Af

#Hrwunn

Substitution into equation 1 gives



q = AT
W SRR | (3)
Wiy T ®ay T Rkg

By assuming that U is to be based on Aj, equation 3 becomes

qQ = AT (1)
;| IA: A
hy ¢ av : 55*2

q -

AAT
11-71 * ﬁ_ : &5 (%)

By use of equation 5, a study of film coefficients may be made.

The matter of treatment of these equations may be found in several texts
on heat transfer study (1» 2),

There are heat transfer data available for both horizontal and vertical
tube evaporation, particularly by Badger and his associates. The literature
on the performance of the inclined tube evaporator is very meager.

Van Marle (3) has published data on the inclined tube evaporator showing
that the overall coefficient for distilled water boiling in a range of 138°
to 143° F. increased from 835 B.t.u. per sq. ft. per hr. per °F, at a 50°
temperature difference to 1140 B.t.u. per sq. ft. per hr. per °F, at a81°
temperature difference. Van Marle presented data on overall coefficients only
and covered a limited range of temperatures of evaporation. The evaporator
operating at a 45° angle of inclination and under vacuum had for its heating
surface seven 3-inch o.d., lli-gauge copper tubes, h feet 10.5 inches long.

Linden and Montillon (%) worked with a small inclined tube evaporator
which had one heating tube of l-inch copper pipe (of about four feet length).
Their evaporator was constructed so that any velocity of fluid cireulation in
a down-take pipe could be measured. They made runs with distilled water
boiling at three different temperatures 180°, 195°, and 210° F., and over a
range of temperature differences varying from 8° to 28° F. for each evapora-

tion temperature.
They found that the coefficients on the liguid side ineroazod with the



temperature difference st any given temperature of evaporation as indicated
in Figure 1. The same effect was observed in the case of the overall coefficients
ag shown in Figure 2.

Linden and Montillon also plotted the logarithmic mean velocity of cir-
culation of liquid plus vapor and found that as the rate of circulation in-
creased so did the film coefficients on the liquid side. This showed that
the liqnidv coefficients bear a definite relation to the velocities of circula~
tion. See Fipgure 3.

The use of the log mean for the calculation and plotting of the velocity
was chosen arbitrarily and was admitted to have no particular significance.

By plotting the liquid film coefficient versus the liguid film temperature
drop (Figure 1), a relationship was found to exist as shown by the following
approximate emations:

0.63247,2+5 (6)
AL 195° B, by = 1.01bAT12'5 (7)
At 210° F., hy = 1.56hAT,2*5 (8)
A relationship was also shown between the 1iquid film coefficients and
the log mean velocities (Figure 3).

At 1800 F., by

At 180° P, By = 97 V0¥ (9)
At 195° F., iy = 120 v,°‘89 (10)
At 210° Poy By = 150 V0% (11)

By eleminating hj from these two sets of equations, a relationship was
forrmlated between the temperature drop aecross the liguid film and the log
mean velocity (V) of the liguid inside the heating tube.

At 180° Fo, ATy = 7.h9 V0356 (12)
At 195° Fu, ATy = 6.76 V0+356 (13)
At 210° Fop ATy = 6,20 V0030 (1)

These equations were designated as empirical equations, correlating only
the data given over the range of temperatures investigated. UFowever, they
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indicated to Linden and ¥ontillon the romsibility of defining hy in terms of
the dipensionless groups emploved feor heal transfer coefficients ns in the

Yorris and Yhitomn expression

;‘m"‘! &

= £ {-ﬁ% fa \du% {15}

#

where Specific heat

Viscosity in centipoises

Thermal conductivity

Inside diameter of pipe in inches
Velocity of liquid in feet per second

Density of liguid in pounds per eubiec foot

~E mam“§ &
i A

Ry ealenlating hd/k an ';uge/g and plotting these values on log log
papar, straight linss resulted. See Figure h. Tsing the reci ocal of the

group ¢4k in equation (15), the followins formila resulted:

hd _ poqe (k) (dV,e)°° o e

It waz found that this equation represented the conditions of opsration
with =n averzge aceuracy a£4iv5ﬁ, where K, e,'an%/¢~we?a taken at the tem-
peravare of evaporation.

No elain wes mede that equation 16 establis bmd_auy definite precise re-
1aﬁionship. It wag significant, however, that their resulis apreed with it
guite well 1nhwcati ng pessibilitics for its usefnlness. .

Some of the problems of ovaporation with ﬁhieh‘ﬁﬁbrecht (5) was canéerned

were:l

1. To measure the rabe of natural cireulation in an inclined tube evap~
orator.

2. To correlate the affeet of limuid nstural eirculstion on heat tragsise

3. To determine the effedt of tewnﬁrﬁ.urﬁ dren on heat transfer for
natural circulation.

lia To find the effect of changing the proportieq of the ligquid mainly
the viscogity; for example by the uss of sugsr solutions 25 conmared
to water,

The aprarstus used wap that of YMichaslsen (6) with various modificationg.

K3

The svaporator was of the inelined type with a heating surface consisting of



e

|E=

Figeew *

Fige b



a four foot copper tube, one inch ingide diame d at 2 L5 anple

3
a
[
&
L
i
TN
°
B
&
&

of inclination.
s stated by fubrechd, the orizinal method of correlating evaporaiion
data was to plot the heat transzler coefficient h :%gainst the Tiguid £4lm
tempersture drop, ATpsym. This method bas its dissdvantages because ii:-here is
difficulty in obtaining 2 satisfactory average value ofAT#535. It has been
shown by Jacob znd Fritz (' 7 thot in t,u, ease of miclear hoiling, the sebive
spot on = flab plau@ at vhich boiling st:xrted,, shifted as time passed. This
eondition is probably slco ke in a lube. Conssoucntly, the boiling zone
shifts and sine th@AT is different in the boiling and the nonboiling zones,
considerable difficulty is experienced in abtaining average values. In this
method of plotting, the effect of any srror InAT is smuared as the measured
value of Q/e is divided by AT and plotted against AT, So if the valne of AT
is low, the value of h will be high and if h is plotted against AT, the error
is much greater..

There have been German investizators aceording to Aubreecht vho correlzted
data by ploiting h against (/e so that theAT is sliminated. Thic amounis to
rlotbing /e x 1/AT against Gfe and massks some of thg_' ervor of weasurement.

The method of correlating data finelly selecotsd by funbrecht was 1o plot
the primary data of /e and AT which would sﬁow the itrue error ;? thoe measurc-
neits.

Aubrechi found when /e versusAT was plotted on lop-loz paper {Figare 5),
thet a break occourred at about the hoat lozd corresponding to & moximum in the
rlot of liguid eireulation versus hant load {(Fipure 6). From this it ean be
seen that the rate of natural cirenlation does have an effect upon heat transfor.
The quantitative effect of Yiguid ¢ireud afn on wag Pound by obtaining the valne
for the exponent n for § necessary to straighten out the curve of log e -
l/%’:}n versus logAT, 4 value of n = 0.3 vas Pins)ly selocted because it gave

2 minimnm spread of points (ose Pigure 7).
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Sugar solutions were used to obtain fluids of various viscosities, but
at the same time the other properties of the liguid were also affected, namely,
the thermal conductivity and the speeific heat. Since each of these variables
cannot be changed independently, a method of determining the relative effect
of each was found through the use of the B!.ttua-ﬂae}tor equation which con~-
tained these factors. Accordingly, the effect of sugar solution was corre-

lated to
1046 (Ouls

Dk
k = Thermal conductivity .
¢ = Specific heat
= Viscosity
The plotting of Q/e x 1/0" versusAT gave parallel lines, the parameter
beinz the concentration of sucrose. The values of O/e x 1/G® at a given
value of AT were designated as Kj it was found that a correlation of K and
.6 ™ 06 -
log.l.‘__‘ihkm impossible, and that a plot of K versus K°°C 4
ma/:beuightlim. However, t&uplotaflflmms.’f.’;‘g‘i_ﬁdidgiwamm
//.

line and from this plot the following correlation for natural cireculation

resulted:
o6g.lt
1/‘ = P(l -a k_.H (17)
/Jc' '

P = Proportionalty constant
From data obtained by varying conditions in the evaporator a value of
0.79 was selected for a giving

VE = P -o.rs:‘:;iﬁﬁ (18)

As shown in Figure 8, Aubreeht's natural circulation data were finally

did not result

correlated by the following equation:
/e x 1/6%%3 (1 - 0.79 kfel) _ 5 15,4725
711'3

with points being within ¢ 20% of the line.
From Pigure 6, it can be seen that the rate of natural eirculation shows
a maximum at a heat load of 30,000 B.t.u./hr. According to Aubrecht, the
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increase of velocity of circulation with increase of Q/e is caused by the
increased vapor 1ift effect, but as the heat load increases, the amount of
vapor passing out the tube increases and causes an increase in the pressure
drop through the tube. This inereased pressure drop, consequently, causes
the liquid circulation to decrease and the curve then shows 2 maximum,

The plot of log Q/e versus logAT for natural eirculation shows a break
at about the same heat load of 30,000 B.t.u./hr., where the liquid circula-
tion shows a maximum,

Aubrecht, while working with natural ecireulation, also compiled data on
forced circulation. A comparison of the two sets of data showed that the
effect of ATpiqy 18 mich greater in matural eirculation than in forced cir-
culation, the heat load Q/e being proportional toAT to the 2.55 power for
natural circulation and to the 1.55 power for forced circulation.

The effect of a solute as sugar on the heat transfer was found to be ex-
pressed by the following function:

/e 1
1l = ‘79 ktbcth

/4(.1

The effect of lower concentrations of sugar was found to be mch greater
than that for higher concentrations; that is, an increase of concentration at

low concentrations would camse a mich greater decrease in Q/e or h than a pro-
portionate increase of concentration at a high concentration. It was found
that the effect of the solute was due mainly to the change of viscosity because
it was changed by a factor of three while the thermal conductivity and specific
heat changed only by 25%.

Obert(B), working on an evaporator similar to that of Aubrecht, studied
the effect of scale formation on the heat transfer coefficient. His data were
obtained for only one angle of inclination (/5°) and one temperature difference.
They indicate the equation of Robinson and McCabe(2) to be applicable to the
range of sealing in his particular evaporator.



liehm‘lm(é), working on the same evaporator as did Linden, studied
natural circulation but did not measure the velocity. e calculated the
liquid film coefficients for water under different pressures and temperature
drops, but gave no correlation of the data.

Cleve'1®) worked with a very small inclined single-tube electrically
heated evaporator and measured the liquid film coefficients and rates of
cireulation for inclinations of }5°, 20° and 10° to the horizontal. For each
angle of inclination he found that with incr-ases in the rate of heat input
the velocity of natural circulation increased to a maximum and then decreased.
A plot of these results is shown in Figure 9. Cleve did not explain the reason
for the overlapping of the curves.
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Description of Apparatus

The apparatus which was used for this investigation was that of Aubrecht \5)
with certain modifications in the entraimment separator and means for the
measurement of the liguid velocity. The evaporator contained a single tube,
steam heated and was so constructed that the evaporating unit could be inclined
at any angle between a vertical and horizontal position (see Figure 10).

The selection of a suitable meter for measuring the liguid velocity
presented quite a problem. The use of the orifice and the pitot tube were
inadequate as shown by Aubrecht. The reason for the rejection of the orifice
was that it would cause a considerable pressure drop and thus materially reduce
theﬂoyofmﬁralciwnlatim. The pitot tube was not used because of the
fact that slight changes in piping gave different calibrations and there was
drifting in the manometer readings due to air and water vapor in the cireculat-
ing liquid, The spring flowmeter was not used because of the surging that
took place during operation. Two Fischer-Porter fléwmeters were selected for
measuring the 1iquid matural circulation veloeity (see Figure 10a). One of
thantmwnsodformnrmgmmnwmmmnro.luz.hu.p.x.'
Itmthcmidedplm-bobﬂattwpeormk. J7-2177. The seecond
meter was used for measuring larger rates of flow and was gradvated in milli-
meters. It was the center guided stablvis float type No. B35625. By calibra-
tion of this scale and the plotting of the ealibration curve (Fig. 19) readings
for liquid velocity were readily obtained in terms of C.F.M. The meters were
connected in parallel by a standard one-inch pipe to the entraimment separator
and to the feed pot. One-inch gate valves were conveniently located in the
return 1line in order to shut off the flow to the meter that was not needed
 during a run. Iocated at th;a outlet of the entraimment separator and at the
inlet of the feed pot were manometer conneetions, for a mercury manometer,
comnections being made with rubber tubing. The manometer was installed in
order {0 measure the firiction losa through the liguid return line and the
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flow meters.

The heating element of the evaporator consisted of a standard one-inch,
Type 316 stainless steel pipe 7h inches long. The effective heating length
was 69.6 inches. The steam chest enclosing the element was a standard four-
inch iron pipe with flanged ends. Steam was admitted near the top of the chest
and was removed at the bottom by an Anderson #21 steam trap. Also at the bot-
 tom of the stesm chest was a one-fourth inch outlet for the contimous venting
of non-condensable gases. _

The heating unit was fastemed to the two ends of the steam chest by two
stuffing glands as described by Obert(%),

suommmmummmmm These served
as outlets for thermogouple leads which were attached to the outside surface
of the heating tube. The first thermocouple outlet was six Mes from the
end of the steam chest and the others were spaced one foot apart as shown in
Figure 10. The coupling outlets were fitted with one-inch flanges composed of
astandudacmrlangnandabundcapmimmnga Two soft rubber gaskets
mwmmnmmmmﬁa leadsmbmght
out between the two gukets asﬂmi.nﬁgurell.

Lttached to the bottom of the steam chest by flanges was a fourteen-inch
section of four-inch pipe which served as a feed pot for the evaporating unit.
The feed pot was comnected by & one-half inch line to the feed reservoir and
by a one-inch recirculation line ' the entrainment separator.

The disengaging section was a twenty-four inch section of four-inch pipe
attached to the upper end of the steam chest. Its purpose was to separate the
heating tube from the entrainment separator.

Located in the liquid return line (recireulation) were the fluid meters
ﬁaed for measuring the rate of natural circulation in the evaporator.

The feed reservoir was a fifty-gallon &teel drunmwith a central outlet
located in the bottom. It was equipped with a sight glass which indicated the
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liquid level of the feed at all times. The feed to the system was admitted uy
a one~-half inch gate valve installed in a one half-inch line which connected
the feed reservoir to the feed pot.

The entraimment separator was of the cyclone type. The body consisted
of a twenty-four inch section of standard eighteen-inch iron pipe. The bot-
tom was a three-cights inch steel plate and contained a one-inch outlet
coupling centrally located for the return of liguid to the feed pot. The
top of the separator was a flat-flanged cover. A standard two-inch coupling
was centrally located in the flanged plate. This served as an outlet for the
vapors. The vapor inlet was a standard four-inch nipple welded into the side
of the evaporator five inches below the top. A six-inch square baffle was
located inside the separator in fromt of the vapor inlet to defleet the in-
coming vapor and cause it to follow a circular path. See Figure 12, There
were 12 one-half inch holes in a four-inch vertical pipe welded centrally into
the bottom of the cover plate. The vapor from the entrainment separator left
through these holes. The separator was connected to a ninety degree, four-
inch flanged elbow by a threaded four-inch nipple welded to the side of the
separator to the disengaging seetion of the evaporator. This threaded connec-
tion permitted the angle of inclination of the evaporator tube to be varied at
will.

The condenser was made of tem turns of one-inch copper tubing in a vertical
coil twelve inches in diameter. It was encased in a fifty gallon steel drum.
Cooling water was introduced at the bottom of the steel drum and flowed out of
a two~inch overflow line located near the top of the drum.

" The condensate receiver was a twelve inch by thirty-nine inch cylindrical
tank, The top was provided with 2 standard one-inch comection and a standard
one-fourth inch pipe connection. The one-inch commection was used for receiv-
ing the condensate from the condenser. The other connection served as a vent.
On the side of the receiver was a gauge glass for liguid level indication. On
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the bottom was = one-half inch pipe for the removal of condensate.

£11 temperainrss excépt«thcse of the feed were measured by means of ther-
mocouples. The feed temperaturs was neasured with a thormometer. The
thermocouples were made of #2L gauge iron and constantan wive having a2 woven
glass-varnish insulation. The ¥.H.F. of the thermecouple was measured by a
Ieeds apd Northrup fype ¥ potentiometer. This instrament is capsble of fgaé—
ing hundredths of a2 milli-volt directly. The third place can be closely
a?pr@xima£ed. This permitted a direct termperature reading to the nearest
.37 F. and an estimation %o the nearest 0.03° P. The heating tube was pro-
vided with six thermoeouple junctions which gaﬁe the outside temperature of
the tube. The Jjunctions were spaced twelve inches apart with the two end ther-
mocouples six inches from the packing glands.

The thermocouples were installed aceording to the method deseribed by
ﬁdlburn and Hougen (10) and Weldama (1}; Sse Fimre 13. Slots anproximately
'three thirty-seconds of an inch were cut around the osutside perimeter of the
- heating itube, The thermocouple junetions were placed in these slols with the
fused junctions just level with the tube surface. The temperature read was
estimated to be thot at a point 1/32% below the outside surface of the heating
tube. After the‘junetions %ere soldered in place, the insulater leads were
h&éught.awa¥ frmm the Jjunction throupgh the slot to the opposite side of the
pipe. The slot wss then filled with solder and the excess polished off flush
with the surface of the tube. After placing the heating tube in the steam
chest, the thermocouple leads were brought out of the chest through the six
one-inck flanges as shown in Figure 11. Two more thermoeouple junctions were
installed to obiain the inlset and autiet tenperatures of the liguid in the
heating tube. These junctions were inserted in glass tubes filled wilth oil
and placed as clasé ag possible to the inlct and ontlet of the heating tube.
A11 thsrmocoupnle lezds were brought to an instrument table where 2 conmon eold

junction (32° F.) was provided. A diasgram of the potentiometer circuit is
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shown in Figure 1h.

The evaporator was not completely insulated. Only the parts from which
heat loss could not be tolerated were insulated, viz., the feed pot, the
disengaging section, the ninety-degree elbow, the entrainment separator, and
the line connecting the entrainment separator to the condenser. The entrain~
ment separator was insulated by a wooden box packed with Nagle~Pitcher "Super
66" asbestos~felt insulation. The remaining parts were insulated with Johns-
Mansville 85% magnesia pipe insulation.

Distilled water was used for all runs. It was fed by gravity from the
feed reservoir, It had originally been planned to maintain a liquid level in
the evaporator asbout two inches above the outlet of the evaporating tube and
have the liquid return line come out of the bottom of the disengaging section.

Surging in the evaporator was so extreme that 1t was decided to place the return

line in the bottom of the entrainment separator and to keep the evaporator
filled maintaining ligquid level in the entrainment separator about two inches
above the bottom of the vapor inlet, In this way, surging in the return line
was greatly reduced.
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Proceture

The small flw:mr»ter read directly i1 GuPeH. and reguir

\44

zeept for a specific gravity correction. The correction factor curve is pre-
sented in the appendix.

The larger flowmeter wss calibrated by weighing the amount of water pag-
ging through it per unit time =% verious float levels. The témp-r'**wes during
ecalibration varicd between 617 and 66° P, The calibration dota were corrected

to 2129 ¥, by means of the correetion eurve sreviowsly menbionsd. The corrected

mre 19).

calibration curve is in the appendix (0

A11 thermocouples were checkad by comparding them against 5 Burom of Stan
cprtmfw o thormometer snd were Tound bo be accurate to shont 0,37 . The
thermometer usaed for obtaining the Ildomid tempersture out of the feed resorveir
wap Tound to be sccurate to shoud 1.0° ¥, Batler accurzey was nobl necesgary
for any of the calenlzbions,

Before any teste were made, the apperatus waz thorou:hly cleansd by boil-

and then with a

g ont with a wask Was00sy eolu uion, followod by a water o
5.09 HCL solution. ®ust perticles from bhe comneeiing piping were removed rriosr

$0 n ruan by mesns of a strainer in the return line., The strainer was removed

stilled woter unsed was tested for iven befors and alter 211 rmms.
A gample s checkeﬁ For ¢larity and for the apmearance of color when treated
mth potassium thiocvenste, votassium ferricyanide and potsssium ferrceysnide,

A1l tests were nogative.

E

- The schuzl procedure in making s ran wms as fellows:

5

Fotentiometer babteries were connogted into the eirenit snd allowed to

come to z fairly steady voll {craehed

ice in a thermos bobtle), % height of

- 3 . Y P : wr ) 7
about 2-23 inches sbove the vepor inlet to ths entrainment sepsrator. Vo feed

wes dnbrodinss alber ths n 38 staried.



The steam was tarned on at the begiming of o run and sdjucbod to pressure,

Stesdy ghtate conditions were eonpidered Lo have |

in the sroten had been brought up to the t ¢ point, after o constant read-

ing on the flowmcter was obtalned z

i after 5 %o 10 pounds of walter had been

£

ted., & ron wae staried by eollecting the vapor condengate.

waz of ene hour duretion during vhich time roadings of the thermocougples, the

flovmeter =nd the manometer vere taken. After the run was completed, the vamsr

condenzate was weighe! to the nearest 0.1 pound.

13 rong, congidersble diffienlty was encountered in controlling

.«-Jt

in the otesm chest, even with a prassure contrellor
the 1ine. The pressure in the stesnm main was found at times to {luctuate as
rmuch as 20 poundo,., Partial mamal control was wltinataly resorted io.

The angles of inclination aof the ovaporating tube considered were 909,
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Goneral Homenclature

3 = B.bae transmitted

2 = %btime in hours

it

latent heat of steam in B.t.n. per pound
1 = heat of 1&3.-@11&;{14——-&( temperature of boiling - temperature of inlet water)

x 1 x pounds water evaporated per hour

>
i)
]

/L x pounds water evaporated per hour
O/s = total heat transmitted per hour--Ay +1
ATy = temperature drop through pipe and 1iquid film, °F.

ATy = liquid £ilm temperature drop, °F.

DT, = tube temperature drop, °F.
u = natursl circulation veloeity-——G.P7.MH.
>L, = angle of inclination with horizontal

]

Tabe dimensions:
I.B. 1.04%"
Dobu - 1 L2 —»”lg ﬁ

Wall thickness = 0.,133%

H

Pfective Iength = 69.5%

¥

A7 = inside area of tnbe
hy = outgide area of tube at point where temperature is read,
thermocouple buried in pipe to a depth of 1/32v
’3‘3 = crogg~gectional area of tube
Ay = loz mean average area of tube wall
hy, = 1liguid film coeificient
DTP = /e x thickness of tube

kx?xh

k¥ = 7.Ji~—thermzl conductivity of nmetal wa12. (31

ATy = (tube temperaturc - boiling temperature) *-ATP
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Sample Caleulations

ghgerved data (Run No, 6)

kn

1
—
| =

1“12 -
Ay =

o
‘{;—'
i1

m‘
i

AY

&

it

Thickness of path =

v

]

i

(L0912 77
£ A B47 51

49,5 i
X Syn= = 190 sq. Tt

i

0.006 sq. £t

.55

e
ALLX 1

9/e x 0.0085
Toli X Lot3

-—

u X% L1337
X 83

5.37% u ft./sec.

Tube tenperature =

Boiling temperaiure

—
-

1.73 sq. Tk,

0.00066h /e

133 = 3/32 - 0.n085 £,

253,597,

-
=

Inlet water temporature

212,5°%,

&= 21’3 - ﬂg F‘.‘

Yater evaporated por hour = h2.6 pounds

Moter veading = 5.98 GLB.4,

1 =
> =

’/ & =
ATl =
ADTP =
TL =
hy =

v =

(212.5 - 210.0) x 1 x h2.6 = 106.% B.t.u./he.

970.0 x k2.6
1,322 + 106,

263.5 - 212.5

S

101,322 B.b.u,/hr.

= h1,4h29 B.t.a./hr.

= 51,09,

0.01066h x h1,h29 = 27.59F.

£1.0 - 27.5

29

Li,l
210 x 1.50

0.371 x 5.98

.
=

L5

23.5°%,
1109 B.t.u./(hr, ) (sq.54, ) (°F)

2.22 ft./sec.

36
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Discuagion of Femults

The data for the hest transmitted throush the tube wall and liquis £ilm
are plotted against liguid film tewperature drop in Figure 15. In genersl,
for cach angle of inclination of the heabing tube the rate of hest tranefer
increasas with the temperature drop. As the angle of imelinstion is decreased
from 90° to 60° the rate of heat trensmission iz increased at constont ATy .
At an angle of 15° the rate of heat transmission is found to drop to values
intermediate between those for 75° and 90%. There is a reversal at 30%, at
which angle the highest heat transmission rates are obtained. The values of
Ye for sn angle of 15% are the highest of any group except those for the 30°
angie.

The reason for the overlapping and different slopes of the curves in this
plot is mot guite ¢lear, It ic suspechted, however, that the characteristic
behavior of these curves is dne to three factors: first, change in properties
of the liguid film; second, change in natural convection in the boiling tube;
and third, change invhailing characteristices. A&11 of thess Ductors w11l vary
as the angle of the heating surface is changed.

Taking the data for aATy of h0%, valuss of h for the boiling f£ilm were
calenlated by the Dittus-foslter equation (1). It was found that as the
position of the evaporator is changed from the vertiecsl toward the horizenial,

the walus for the liquid £ilm coefliclent decresses.
(1}

The Grashawaéanétl correlation was also used to give an indication
of the rate of change of b 18 8 resuls of natural convection. The walues for
B in thiz correlation were takon as the vertical projesction of the diameter
of the tnbe in its zolusl pgsitian. _ﬁt 90° this was taken as the length of
the tubz. The galculations showed that the 1ligaid £ilm ceefficient increases
as the angle of inclination approaches Zero.

The values caleulated az deseribed above ave as follows:
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Values of hy, by the Values of hy, by the

Angle Dittus-Boelter Equation Crashof-Prandtl Correlation
15 h27 510
30 577 690
k5 635 768
60 70h Bﬁg
75 713 8
90 713 787

These values are hypothetical. They, however, indicate the way in which
the film characteristics vary with changes in the angle of ineclination,

The third factor mentioned above was change in boiling characteristics
of the fluid itself, i.e., points of incipient boiling causing disturbances
in the liquid film, the formation and growth of steam bubbles in the tube and
turbulence of the wapor bubbles as they pass up through the tube.

Figure 16 is a plot of the liquid film coefficient againstATy. In
general, it shows= that as ATy for each angle of inelination increases, so does
the liguid film coefficient. Again there is present the same overlapping and
change of slope of the curves as discussed for Figure 15,

The data for the velocity of natural eirculation as 2 function of the
liquid film coefficient are plotted in Figure 17. For each angle of inclina-
tion it is found that as hy increases as a result of increased ATy, the velocity
of natural circulation also increases. The reason for this is thai as thedoTy
increases, the density of the liquid decreases proportionally causing an in-
crease in circulation velocities, As the angle of inelination approaches the
horizgontal, the natural circulation velocity deereases. This is caused by
the decrease in the effective head available for natural circulation.

Figure 18 shows the pressure drop through the liquid return line and the
flommeter as a function of the velocity of natural circulation. From this it
is seen that regardless of the angle of inclination the pressure drop remains
the same for a given flow.
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Conclincions

1. For each anslz of inclinstion of the hoobing tube the rate of heat
transfer and the ligmid filn coefficient increases with the temperature drov..

2 ds the angle of dnclination is chonged from the verdbicxl positieon &
the horizomtal, the rate of heat transfer ang liguid £ilm coelflicients in-
crease ab congtant temperature drops. Valuwes of these two esleulations for
the hS® anple are found to be intormediate bebmoen those for 759 and 90°, amd
for the 157 apgls the values are intermediste between the 30° and 60° angles.

3. The liawid £ilm coelficient inereases with increases in natural cire
eulstion velooitles for apy angle of inclinotion.

ke The natursl circulation velocity docreases sz the anplz of inclina-
tion arproaches Zero. 7

Cs The optimum angle for an inclined tube evaporator ss a vesult of

thiz investigation is 30°%.
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Experdnental Dada

Run Angle ADPIoX. m be  Boiline Feed ater Ave. Hatoral
Hos of Stean Tomn. Tempe “aber Hvap. Pressure Clronlation
Inclinztion Pressure ©OF, ay. 'Tmp te. PET Orop FaPa¥.
W pei °F. P, Hhrn
w - . mn He
1 o0 5 233.0  211.7  195.7 1.7 2h.0 .63
2 90 10 23h,h 12,5 209.5 1045 30.0 3.17
3 90 18 2h2.5 212.% 710.0 18.1 35.0 L.32
L 90 20 200,50 212.6  210.0 26,3 10.0 5.08
5 § 25 PE5.T 212 .5 210.0  33.7 150 557
6 90 30 263.7 212.5 210,0 h2.6 0.0 5.98
7 75 5 22h.3  211.3 198‘3 2.5 25.0 b
8 75 n 235.0  212.7  208.5 11.8 30.0 3.0%
9 ST 15 2h2.L 212.8 °ﬁ?,? 21,1 35,0 ks
10 75 20 2008 212.5  209.2 31.B L2.0 5.33
11 7% 25 260,06 212,7 209.2 0.3 U5.0 £.56
12 7t 30 263.3  212.7  209.2 L7.1 W8 580
13 &0 g 2260 P711.3 95,0 2.5 25,0 O.h
1h 60 1& “3u,h 2120 207.7 12*8 30.0 3.3L
16 60 20 1;@ 212.6 29,3 3?.9 39,0 5.08
17 660 25 25é.9 212.0 209.3 h0.0 h3.0 L3l
18 60 3G 263i3 2120 209.3 &9.@ 5.0 5.50
20 he 10 2 ‘7 212.5  209.3 11.9 29,0 2,87
21 W5 15 23,7 212.6  210,0 ?2.@ 32.0 3.78
22 45 20 aﬁzﬁg 213.3  210,3 318 37.0 hoLf
23 L5 20 259.7 211,33  210.3 39.0 320 L. B0
2k L5 30 270.0 213,3 210.6 51, h 10,0 5,01
25 35 g 220,0  211.3 192.7 3.8 250 a3k
26 30 10 £33.7 212.3 20B.7 1E.3 35,0 3.13
27 30 15 2.7 212.6 208,77 24,9 32,0 3.70
o8 30 0 2187 212.6  209.3 343 3.0 L.00
29 30 25 205.7  212,6  209.6 k2.6 34,0 byt
0 30 30 263.0 213,90  210.0 fa.5 3.0 103
31 15 5 223.0 211.0 202.0 2h.0 056
3 18 10 233.0 23,3 207.7 :m}; 25,0 2.03
33 15 15 2hhl.6 212,33 208.0 26.1 28,0 2.51
3k 15 20 260,00 211.7  208.3 35.3 2940 2.6k
38 15 25 257.5 2120  20B.0 h3ip 28.0 2.6

36 15 3@ 2625&0 ;212 » 3 298 s 7 52*1 ﬁ‘) arn ?..L * E;S



Calculated Values

A ngle e ATy AT AT v v
Yo. of Y 1 P bL
Inclination
2
1 90 77 11.3 1.1 10,2 103 0.23 0.072
2 90 m;:grr 21.9 6.8 15.1 U426 1.8 1.35
g 90 17,602 30.0 11,7 18,3 605 1.60 2.33
920 s579 37.9 17.0 20,9 770 1.88 3.2
S 90 &E k3.2 21.8 214 963 2,07 g.?o
6 90 27.5 ﬁ'j 109 2,22 k20
7 7% 2,460 13.0 1.6 = igzé 0,17 0.0k
8 75 u.g{:’ 22,3 7.6 1.7 1.20 1.39
2 75 20, 29.9 13.6 16,3 T92 1.65 2.6
10 75 30,951 10,3 20.6 19,7 988 1,98 3.2
1n 75 g,zzh !ﬂ.g 26,0 21,3 1158 2,06 3.68
12 75 2;& S50.8 30k zo.g 113 2,15 m
13 60 1h.7 1.6 «1 119 0.6 04
1k 60 12,475 22,4 B.3 ;.SL.I 556 1.2h 147
15 ) 21,802 31.0 1h5 36,5 831 1.60 2.33
16 &0 32,022 38, 21.3 17.1 uzg 1.88 3.2
}.E 60 920 k9 25.8 19.1 1 1,98 ;ﬁg
60 75677 51.3 31.7 19.6 1529 2.04
19 LS 2,971 12,1 2,00 10.1 185 0.13 0,03
20 LS 11,580 2hk.2 7.7 16.6 k3 1,06 1.11
21 hs 21,397 31.1 1h.2 16,9 1& 140 1.33
22 LS 30,926 g.z 20.5 18,7 1.66 2.9
gg 4s gﬁzﬁ 4 25,2 21.2 1125 1.78 2.82
ks 5971 56.7 33.2 23.5 1337 1.86 3.06
25 30 3,760 8.7 2.5 6.2 381 0.13 0.03
26 30 1,898 22,4 9.9 1.5 B15 1,36 1.7
27 30 24,28 29.1 16,1 13.0 1173 1.37 1.76
2 3 mb B RS BRI m IR
10 30 19,121 50,0 32.6 17.h 1776 1.h9 2.05
31 15 370 12,0 h.2 7.8 S1h 0,21 0,06
2 E BIR BT ES Bl B e
1& 15 ’ 28.3 22.8 15,5 :llgg 0.9_5 0,96
35 15 1,895 KS.0 27.3 17.7 0.96 0.93
36 15 £0,725 7 33.7 15,0 1772 0.95 0.9

h7
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the offzeb of the angle of
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