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PREFACE
This thesis is concerned with the effect
of viscosity on the boiling filw heat transfer
coefficient in an inclined tube natural circu-
lation evaporator set at an angle of 30° with

respect Lo the horizontal.
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INTRODUCTION

The viscosity of a liquid is one of the major factors influencing the
circulation and heat transfer rate in evaporation. This factor has been
mentioned by many investigators, but its specific effect has not been
studied in detail. The present investigation will determine the effect
of viscosity on the ligquid film heat transfer coefficient in an inclined
tube evaporator.

In the great majority of cases of heat transfer encountered, heat
flows from some medium into and through a solid wall and out into some
other medium. Fourier's Law for this case states that the instantaneous
rate of heat flow, dQ/d®, is equal to the product of three factors: the
area A of the section, taken at right angles to the direction of the heat
flow; the temperature gradient - dt/dx; and a proportionality factor k,
known as the thermal conductivity. Mathematically expressed, Fourier's
Law is as follows:

dt
%s-n_?
(1)
The temperature at any polnt remains constant for the conduction in
the steady state, so the above equation is independent of time. Thus

%:%:q, and equation (1) becomes:

= KA dbt 2
q - (2)

For the steady conduction of heat through a single homogeneous body,
equation (2) may be written thus:

= AL AL 3

47 w5 »

where R is the resistance.



If there is a steady flow of heat through several homogenous solids
in series, there will be the same amount of heat flowing through each
solid.

Thus one can write

=AT)__ A‘!2=AT
q T 5 .‘—32 (k)

where Rys Ry, etc., are the individual resistances to heat flow.
By addition, one can obtain

T(aT) _ (A'.I‘L)J»(ATZ)'}(ATﬁ (5)
Ep By ¢ Ry + R3

qﬁ

which may be expressed as:

s(a1)
. 2, 5 (6)

“‘T_ Ky By  kyAq

For heat transfer through a film of liquid, it is not convenient to
measure the thickness of the laminar film or the temperature at the inter-
face between the films. The individual heat transfer coefficient, h, will
be defined as

qz=hAAT (N
where AT = temperature of the liquid minus the temperature of the wall.
The overall coefficient of heat transfer, U, will be defined as

a4 =UALT, (8)
where AT = total temperature difference across all the films.

For heat transfer between fluids separated by a tube wall, the

equations are:



q= By A (g = tp)
q= Ay (tn = t2)
ka 2_12"-2 3 )

where t; = temperature of fluid outside the tube
to = temperature at the outside wall of the metal tube

tq = temperature at the inside wall of the metal tube
t), = temperature of liquid inside the tube.
and this leads to the equation

tg - %
q=_1 1 =UAAn, (10)

LS
hy & kp Ap 03 A3

By assuming that U is to be based on A;, equatien (10) beccmes:

U= Hi; v W (11)

b " Epdp hyds

and by substitution

LLA!
ez 2 M0 8 (12)
h1 kz Ap h3 A3

By means of eguation (12) the individual coefficients can be re-

lated to the heat flow. Knowing hy, kp, and h3 together with the di-
mensions of the equipment, it is possible to calculate q for many cases

without actually performing experiments to determine the values.
In order to determine an individual coefficient, hy, in a tubular

heat exchanger, Ay, (%7 - ty)s and q must be knewn. A, is the area of



the tube surface and q can be determined by the amount of liquid evapo-
rated while t, can be measured by a thermocouple buried in the tube wall.
Thus, all the factors for the calculation of l:1 are known.

The present investigation considers the effect of viscosity on the
liquid film heat transfer coefficient. Solutions with viscosities covering
the range desired will be produced by using different concentrations of
sucrose in distilled water. The three unknown quantities in equation (12);
Ay» 9, and ty, will be determined experimentally. Using these data, the
values of hy will be calculated and correlated to determine the effect of
viscosity.



LITERATURE SURVEY

Heat transfer data for an inclined tube evaporator is rather meager.
Different types of equipment have been used, and the methods of correla-
tion were not similar.

Van Marle (21) used a rapid eirculation type evaporator with inclined
steam chest, at an angle of L5°. The heating surface consisted of seven
3 inch 0.D., lh-gage copper tubes, L feet 10} inches long, giving an in-
terior tube surface of 25.3 square feet. He found that the overall heat
transmission coefficient varied from 835 Btu/f+2/hr/°F at a 50° F. tempera-
ture difference to 1140 Btu/ft2/hr/°F. at a 81° F. temperature difference.
Distilled water, colored with tannin extract to detect entrainment, was
used for the limited range of temperatures of evaporation.

Linden and Montillon (13) used apparatus consisting of a small in-
clined tube evaporator containing one 1 inch copper pipe L.08 feet long.
They used distilled water boiling at 180° F., 195° F., and 210° F. with
temperature differences ranging from 8° to 28° F. for each evaporation
temperature.

By plotting the liquid film coefficients against the temperature drop
across the liquid film, they derived the following approximate correlations:
at 180° F., hy = 0.632 41L2’5
at 195° F., by =1.010A T 2.5
at 210° F., h = 1564 a1,2:5

By plotting the liquid-film coefficients against the log mean velocity
of the steam plus water flowing up the heating tube, the relationship was
correlated by the following approximate equations:



at 180° Fo, by = 97 v,°'89

at 195° F., b, =120 v‘°'89

at 210° F., by = 150 v_°'89

This log mean average velocity was calculated by the following equation:

steam velocity
steam velocity + liquid veloecity
liquid velocity

Va = 2.3 10g

No theoretical significance was claimed for employing the log mean ve-
locity since it was entirely empirical.

Elimination of h].. from the two sets of equations gave the following
values of Ty: -

at 180° F., ATy = 7.L9 vno'”(’
at 195° F., AT, = 6.76 v,°‘356
at 210° F., AT, = 6.20 v.o"%

From the above empirical equations, they examined the possibility
that an expression might be found defining hI. in terms of the dimension-
less groups employed for heat transfer coefficients in turbulent flow.

In this region, according to Morris and Whitman (17)

%:ﬁ e{:) fz(dlz’)



where c¢ = specific heat

# = viscosity in centipoises

k = thermal conductivity

d = inside diameter of pipe in inches

u = velocity of liquid in feet per second

~ = density of liguid in pounds per feetl.

Values of hd/k and dUmA /i« were plotted on log-log paper, for the

three temperatures resulting in straight lines. They found that the
equation

2= h.15(,,—',‘;)(m7§i e

represented the conditions with an average accuracy of + 5 per cent, with
ky, cy/4, and taken at the temperature of evaporation.

Aubrecht (1) compiled data on both natural and forced circulation on

an evaporator inclined at 45°. The apparatus used was that of Michaelson (10)
with various modifications. The heating surface consisted of a four foot
copper tube, one inch inside diameter and steam heated, externally.

Some of the problems with which he was concerned were:

l. To find the effect of liquid circulation in a forced circula-
tion inclined tube evaporator in the lower ranges of liquid
velocity below five feet per second.

2. To measure the rate of natural circulation in an inclined tube
evaporator.

3. To correlate the effect of liquid circulation, in both forced
and natural circulation, on the heat transfer rate.



L. To determine the effect of temperature drop on heat transfer
for both forced and natural circulation.

5. To find the effect of changing the properties of the liguid,
mainly the viscosity; for example, by the use of sugar solu-
tions as compared to water.

By his methods of correlation, Aubrecht made the following state-

ments:

1. The data for forced circulation were correlated by means of an

o6 Lokt
gon(l 0.79 k °) =Y AP

where g. = Btu transferred/hr.

equations

= mass velocity in 1bs/ft? sec.
n = a constant
k = thermal conductivity
¢ = specific heat
M = viscosity
Y = a constant
ATe= average film temperature drop
m = a constant
2. The forced circulation data were correlated in two ranges, above
3._.30,000 Btu/hr, and below this value. The values of the con-
stants in the above equation were:
n \ 4 m

Below % = 30,000 Btu/hr + 0.3 17.65 1.55

Above g = 30,000 Btu/hr - 0.1  184.8 1.55



3. The natural circulation data were correlated by the same

equation, the constants in this case were:
n=+0.3 Y =1.124 m= 2,55

L. In forced circulation evaporation in velocities up to 5 ft/sec.,
the Dittus-Boelter equation did not hold except at low tempera-
ture differences.

5. A heat load was reached in forced circulation where an increase
of velocity caused a decrease of R at constant AT. The critical
heat load in this experiment was g.pwoxinntely 30,000 Btu/hr.

6. The effect of the temperature differences was not as great in
forced circulation as it was in natural circulation.

7. In natural circulation, the liquid circulation increased with
increasing heat load to a maximum at about 30,000 Btu/hr., and
then decreased.

8. The effect of a small increase in concentration of sugar was
much greater at low concentrations that it was at high con-
centrations.

Michaelson (16) used the same evaporator as did Linden. He studied
natural circulation but did not measure the velocity. He calculated the
liguid film coefficients for water boiling from 14L° F. to 210° F. at
temperature drops varying from O to 85° F., but gave no correlation of
the data.

Obert (18) studied the effect of scale formation on the heat transfer
coefficient. The apparatus was similar to that of Aubrecht's (1) with a
heating tube of standard one-inch, type 316, stainless steel pipe with an
effective heating length of 69.6 inches. Obert's data were obtained at



an angle of inclination of L45°, and a temperature value difference of
approximately 27° F. He found that the equation of Robinson and McCabe (15)
was applicable to the range of scaling in this particular evaporator.
Steffee (20), working on an evaporator similar to that of Aubrecht
with certain modifications in the entraimment separator and liquid ve-
locity measurements, studied the effect of the angle of inclination on
the liquid film coefficient. He found that the natural circulation de-
creased as the angle of inclination approached zero.
As the angle of inclination was changed from the vertical position
to the horizontal, the rate of heat transfer and liquid film coefficients
increased for constant temperature drops. Values of these two calculations
for the L5° angle were found to be intermediate between those for 75° and
90°, and for the 15° angle, the values were intermediate between the 300
and 60° angles. The optimum angle for an inclined tube evaporator, as a
result of Steffee's investigation, was 30°.



EXPERIMENTAL EQUIPMENT

The apparatus used for this investigation was that of Aubrecht with
certain modifications by Obert and Steffee. The evaporator contained a
single tube, externally steam heated, with the evaporating unit inclined at
an angle of 309, with respect to the horizontel (Schematic diagram, Fig-
ure 1).

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

The distilled water feed reservoir was a 7% inch square tank, L feet
high with the outlet located 2§ inches from the bottom. The water was ad-
mitted to the system by a one-half inch line to the feed pot. The amount
of water was regulated by a one-half inch gate valve installed in the line.
A sight glass enabled the operator to observe the feed level at all times.

The feed pot for the evaporating unit was a fourteen inch section of
four inch pipe flanged to the bottom of the steam chest. The feed pot was
connected by a one-half inch line to the feed reservoirs and by a one-inch
recirculation line to the entrainment separator. The feed pot had a one-
half inch hole through which a glass tube was inserted. The junction of
the thmmuplempluodin the glass tube filled with oil so as to
measure the temperature of the recirculating liquid.

The steam chest was a standard four inch iron pipe with flanged ends.

Steam was admitted one foot from the top of the chest and removed at the
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botton by an Anderson #21 steam trap. Kear the outlet for the steam trap
was a one-fourth inch ocutlet for the continucus venting of non=condensazble
cases.

Six one~inch couplings were welded into the sieam chest. These served
as outlets for the thermocouple leads which were attached to the outside
surface of the heating tube. The first couple was six inches {rom the end
of the stean chest and the others spaced at one foot intervals. The
coupling outlebs were fitted with one-inch flanges composed cf a standard
screw flange and a blind companion flange. Two soft rubber gaskets were
inserted between these flanges and the thermocouple leads were brought out
between the two gaskets as shown in Figure 2. BRI

The heating element of the @vaporatcr was enclosed in vthe steam chest
vy stuffing glands in the two ends of the steam chest as shown in Figure 2.
Thi héa%ing elenent was a standard one-inch; type 310, stainleaé steel
pipe, 7h inches lonz. The eff@ctive heating length was 59.6 inshes. The
heating tabe was provided with six thermocouple Junciions which gave the
oubside teumperature of the tube. The junctions were spaced twelve inches
apart with the twe end.ihaerCQuples six inches from the packing glands.

Ths thernocouples were installed according to the method dsscribed
by Colburn and Hougen (8) and approved by licAdams (14). Slots about
three-thirty seconds of an inch were cat around the outside perimeter of
the heating tube. The thermocouple junciions were placed in these slots
with the fused jJunctions just level with the tube surface. The tempera-
ture read was estimated to be that at a point 1/32" below the outside
perimeter of the heating'tube. The insulated leads were brought away

from the junction through the slot to the opposite side of the pips.
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Lead was then pounded into the slot and the excess polished off plush
with the surface of the tube (see Figure LY. After carefully placing the
heating tube in the steam chest, the thermweouple leads were birought oub
of the steam chest through the six one-inch flanges as shown in Figure 2.

The disensazing sectinn was & 2L inch section of four-iuch pipe
attached to the upper end of tihe steam chest. Ibs purpese was to separate
the heating tube from the entrainment separator. The section alsc had a
1/2 hole thwrough which a thermocouple juncilon was placed to neasure the
temperature of the boilins liguid. The junction was imserted in a glass
tube filled with oil and placed near the end of the tube.

The entrainment separstor was of the cyclone type. The body cone
sisted of a twenty-four inch section of standard i8-inch iron pips. The
bottom was a 3/0 inch steel plate and conitained & one-inch outlet centrally
located for the return of liguid to the fesd pot. ‘The top of the separa-

g b
tor was a flaﬁ-fianged ZOVEr . $ standard two-inch co&pling was ceantrally
located in th ¢ flanged plate. %his serves as an outlet for the vapors.
The vapor inlet was a standard four-inch nipple welded into the side of

Ayl

the evaporator five inches below the top. A4 six=inch square baff{le was
located inside the separator inffromt of the vapor inlet to deflect the
inccéing vapor and cause it to fﬂLl)I a cireular bath. See Figure 3.
There were twelve 1/2-inch holea in & L~inch vertical pipe welded central-
1y into the bottom of the cover plate. The vapor from the enlrainment
separator left through these holes. The sepoarator was counected to & 903,
L inch flanged elbow by & threaded four inch unipple welded to the side of
the separator o the disengaging ssctlon of the evaporator. This tiweaded

connection permitited the angle of iaclination of the evaporator tube to be

varied at will.
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The liquid return line was connected to the entrainment separator and
to‘the feed pot by standard one-inch pipe. Two Fischer~Porter flowseters
were selected for measuring the natural circulation liquid velocities. One
of the meters was used for measurinz fluid flow over the range of 0.1 te
2.l G.p.M. (Figure 4~2)}. It was 'Lhé non—guide& plumb-beb float type of
neter, No. J7=-2177. The second meter ira-s used for measuring larger rates
of flow and was graduated in millimeters. It was the center guided
stablvis float type, No. B35625. By calibration of the scale and the
‘plotti iz of the ealibration curve (Figulje 4=3) rveadings for ligquid ve—~
locity were readily obtained in térms of G.P.M. The neters were connected
in parallel in the return line. ‘()ne--ineh gate valves were ccnveni‘en‘tly
located in the return line in order to shut off the flow to the zﬁeter that
was noh needed during & run.

Hanometer connections were located ab the onblst of the entralinment
separator and at the inlet of the feed pot. Connections were then wmade to
& mercury manometer by weans of rubber tubing. The purpose bf the m&inozaeter
was to measure the friction loss through the liguid reburn line and the
flow meters.

The condenser was made of ten turns of one~inch copper tubing in &
vertical coil 12 inches in diameter. It was encased in an open fifty
gallon steel drum. Cooling water was introduced at the bottom of the drum
and flowed out of a two-inch cverilow line located near the top of the |
drif. |

The condensaite receiver was a 12 inch by 39 inch cylindrical tank.
The tép was provided with a standard one-inch cc:)zmec’nion and a standard

one~fourth inch pipe connection. The one-inch conmection was used for
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receiving the condensate from the condenser. The other connection served
as a vent. On the side of the receiver was a gauge glass for liquid level
indications. On the bottom was a 1/2 inch pipe for the removal of conden-
sate.

All temperatures, except those of the feed, were neasured by means of
'thermocouples.‘ The feed temperature was measured with a thermometer. The
thermocouples were made of #2k gauge iron and constantan wire having a
woven glass-varnish insulation. 411 thermocouple leads were broughi to an
instrument table where a common cold junction {32° F.) was provided. A
diagram of the potentiometer cirenit is shown in Figure L. The EJiF. of
the thermocouple was nweasured by a Leeds and Horthrup Type K-2 potem,tié-
meter (12). This instrument is cézpa.ble of reading hundredths of a milli-
volt directly. The third place can be cleosely approximated. This ver-
mitbed a direct temperature readins to the nearest 0.3° F. and an esti-
wation to the neavest 0.03° F.

Only the parts of the evaporator from wiich heat loss cowld not be
tolerated were insulabted. These parts included the feed pot, the dis-
engagzing section, the 90° elbow, the entrainment separator, and the line
connecting the entrainment separator to the condenser. The sntralisument
separator was insulsis d n’)‘y a Woode:i box packed with Eaple-Pitcher "Super
66" asbestos-fell insulation. The remaining parts were insulated with

Johna~iiansville 85% magnesia pipe insulation.
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FIGURE 5

Photograph of Inclined Tube Evaporator
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PROCEDURE

The sma;l.flowmﬁter read directly in G.P.M. and required no cali=~
bration except for a specific gravity correction. The correciion factor
curve is presented in Figure A-2.

The larger flsﬁmeter was calibrated by welighing the amount of water
passing vhrough it per uanit time ab various floab levels. The calibration
. data were corrected to 212° F. by means of the correcticn curve previously
nentioned. The corrected calibration curve is pregsented in Figure A-3.

All thermocouples were cheeked by comparing them against boiling water
at atmosp heric pressure and were found to be accurate to + 0.2°2 F. The
thermometer used for cbtaining the liquid tevperature out of the distilled
water feed reservoir was found to be accurate o 1‘1.00 ¥. Dbebier accuracy
was not needed for any of the caleulations.

Defore any tests were run ou the apparatus, it was cleaned by boiling
a S%‘EaECOB solution in it, followed by & water wash, and then a 5% HCL
solution. Huet particles frow the comdecting piping were removed prior to
a run by wseans of {orced cifculation of waler.

The actual procedure in meking & run was ap follows

vefore starving & run the babteries for the pOﬁGFGlOLGth Were con-
nected so bvhat they could come to & xdlr“v’sF Wiy state before they were
used. Jce was crushed to epproximately l/k inch size, washed and packed
in the thermog bottle for a cold junciion. The stean line was blowun {ree
of condensaic.

Before the first run of the day was sharbed, the tube was clsaned with
a swab web with 5% H0l. This removed any depesiit from the tube after the

tube was washed with distilled watere.
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If the run was vo be made on a sucrose solution, the sclution was
pade up in the sucrose feed tank using distilled water and refined beet
sugar., %With all the wabter drained from the evaporator, the cold sucrose
solution was allowed to flow by gravity to the proper level.

During 2 run, the liquid level and the concentration of sucrose were
kept constant by feeding distilled water equal to the rate of svaporation
and there was little or no sugar lost by entrainment. The level in the
evaporator was maintained at a height of 2-2% inches above the vapor in-
let to¢ the entraimment separator.

The stean pressure was adjusted and the liquid 1eve1'kept constant.
Steady state conditions were abitained after 5 to 10 pounds of water were
evaporated. The runs were of 1/2 hour duration during which time readings
of the thermocouples, the f{lowmeter, and the mancueter were taken. After
the run was completed, ithe vapoer condensate was weighed o the necarest
0.1 pound.

The comcentrations of sucrose sclutions used in theses experiments
were 0%, 11.5%, 26.7%, 27.0%, 39.0%, 46.0%, and 55.4% at steam pressures
of 10, 15, 20, 25, and 30 p.s.i.z. These concentrations changed the
viscosity from 0.2838 cp. to 2.730 cp. The tabulated data are given in

Table 1.
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CORRELATION OF DATA
Mehdams (1h) gave a detailed report on the metheds of treating heat

transfer data and recommended that Q/8 or by, should be plotted vs. A T,
This method was uged for represenbing the data.

The plots of log /8 vs. log ATy (Figure 7) for the runs show the
values at low {emperature difference to fall below the best siraight line.
The plots of log hy vs. log AATLv(Figure 8) show the same characteristics
as those of log /6 vs. log ATy. Thus it can be seen that the liquid
circulation has an elffect upon the heal transfer in natural circulation.
Aubrecht (1) used an cxponential factor for the mass velocity G to oro-

‘ duce g linear relation between hL . é% V8. A}TL‘ The exponent 0.2 was

chogen by triel and error %o represent the present data. The graph of

hL VS ASTL is shown in Figure 9. At & constant value of ATy af 20° F.,
15 'ﬁ‘
G
hy .
values of “ﬁéf were read which were proportional to the constant of the

equation of each line.

The three variable properties of the fluid, i.e., therml conductivity,
specific heat,vand viécosity; were effected by using solutions of different
concentrations of sucrose. Since these properties could not be changed
independentiy, a meﬁh@d for”findiﬂg the relative effect of each was de-
termined. kﬁuch of the tube was non-boiling and heat transfer was governed
by the Dittus-3oelter equation, so this equétion provided the method of
attack. By combining the exponents of k, CP’ and /¢ from the three di-
mensionless groups in the equation, the effect of these properties was

calculated to bes
1 0+6 cp@'l‘
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where k = thermal conductivity, Btu/fte/oF/ft/nr.

Cp = specific heat, Btu/1b%F.

L = viscosity, £t/lb~hr.

he thermal conductiviiy and specific heat data were taken from the
International Critical Tables (10} and the viscosity data were those of

Bingham and Jackson (3).

900 Q }J‘.
k s 4 . .
The plot of "UL'Z' VS, Cp did not result im a linear re-
/"505
‘ , 10+6 o Oy
lation. The plot of log .gi:,. V8. log G did not result in a
G - & § 3
e RN+ 2%~ L« S .
linear relation. The plot of S v Cp~ did result in a

kl};} /,LO'L

straisht line with a negative slope, as shown in Figure 10. This method

was adopted because it repregented the data in 3 satisfactory nanaer.
10 @ ’ (¥ 2
(06 GP'.) L
Oeld

"‘46 - 2
. and

by | /*"

In determining the relationship between » ‘the

. . 70 2 : : . ' - 5 . ¥ N
avsolate value of U °C was not important since the value of AL could
11L : : ) G_G 0‘2

have been talten at any constant AT, from the plot of by, VSe ATL'

If the equabtions of the lines are oxpressed by the two point analyiical
& o)

equation as:

(,'3'2 zDoa 0 h

where /£ = proportionality constant

constaant

i

a
The values of a will we ithe sawe. By choosing any two points on the ploi,

the value of a was found to be 1.10.
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The values of _E;_ (:%.0 - 1.10 K946 g0k | pore plotted vs. ATy

. 02 yz E-E
in Figure 11 to find the final correlation equation. The {inal correlation
of the data was:
: o8 .0 "
ﬁﬁg ( 1.0 = 1.1 i'l-/—fg.nf) =518 ant"
with the points + 25% of the best linear relation.

An examination of the literature shows ithat the correlation of this
work compares Favorably with those of other workers,

Brooks and Badger (5) have a correlation in the form of a Dittus=—
Hoelter equation which holds for liquid velocities above 5 ft. per second
and has a spread of dazs of :-Zﬁz,frcm the line.

Boarts, Badger and Weisenberg (L) correlate the overall boiling co=-
efficients vs. zxikﬁwdth 804 of the data within # 20% of the best straight
line.

Poust, Badger and Baker (9) correlated liguid velocities and heat
transfer coefficients vs. the submergence ratio with the data being with-
in # 20% of the line drawn.

Cessna, Lientz, and Badger (6} gave a correlation of the non-boiling
heat transfer coefficients with the experimental data being + 307 from

the caleulated values.
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DISCUSSION

The inclined tube section of the evaporator was set at an angle of
309 to the horisontal. This angle had previously been determined the
optimun angle of operation by Steffee (20).

The main purpose of this investigation was to find the effect of
viscosity on the liquid film heat transfer coefficient. Sinece other
properties of the solution were changed, it was necessary 1o consider
thermal conductivity and specific heat. The most feasible method of
changing these properties was by using different concentrations of a
solute in distilled water.

Several solutes were studied, for example, glycerol, bul due to high
boiling point elevations with increase of concentrationg were not sccept-
able. The solute chosen,was'sucrbse because the boiling point elevation
was only L° F. at the maximum. The viscosity was changed by a factor
greater than 9, while the other properties, thermal conductivity and
specific heat, were changed by less than 50%.

Figure 7 shows the plot of log @/ vs. log,z&TL. Figure & shows the
plot of log hy vs. log ATy. Frevious investigations (1,6) found that
the data was best represented by straighi parallel lines. Thus, in the
present work, the best straight line was drawn through the points parallel
to the cufve for water. Figure 7 and 8 show the values of {/6 and hy,
fall below the line at the lower teuperature differences. The deviations
can be explained by the eifect of velocity upon the heat transfer.

At the lower temperature differences, the natural cireulation rate
was small. A¢ the higher temperature differences both the natural cir-

culation ang the heat transfer were increased. These increases are



B. T. U.

THOUSANDS. OF

]

e
()]

Q/

10

60 f———

50—

40'——

303 | = i

Y

20—y

101 7.6

9 M =

i __'..‘]. x o 'H. ®

Hi Rl
SSdRiel R LU T

15

BL)

28



LN

|
T
Lo




30

generally considered to be due to an increase in agitation caused by more
vigorous evolution of bubbles. The liquid cireunlation of the sucrose
solutions did not differ much from that of water, although the viscosity
of the sucruse solutiohs was greater than 9 times that of water at that
temperature.

The second fachtor mentioned above was the effect of the bolling
characteristics of the liguid upon the heat transfer. Badger, Foarts
{Ly5) et. al.(6)}, reported that the ligquid is [irst warmed without evapora~
tion as it flows through the tube until it reaches a section where boiling
starts. Thus, in this evaporator, there are two zones of heat transfers
a zone where heat was traansferred by a non-boiling mechanism; and a zone
where heat was traunsferred by a bolling mechanism.

The effect of the liquid circulation, the mass velocity G, is shown
in Figure 9. The exponent 0.2 was chosen for G so that the plot of log

hL. 1l vs. log A T would produce a linear relation with a minimum
U‘E . &

G‘ L
deviation of points. At a constant value of A Ty of 20° F., values of
N, were read which were proportional to the constant of the equation
0.2
G
of each line.

~ e)

The relative effect of

3

the thrse changing properties was found o bes

k" Cp
/u_c.h

with consistent units.

. J 006 0. i
Figure 10 shows the plot of 8242 vs, K °° Cp L. The absolute
hL . 0.0
2 re
value of gd.2 was not important since the value of hy, could have been

A
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aken at aany constant ASTL froa FPigure 9. The squabion was expressed by

the general eguation as:

0.2 1{0.6 c Oth
=24 (1.0-2 £
& = proeporiicnality constant
a = constant
with the constant being 1.10.
The final correlation plot is shown in Figure 11, The values of

?L 1.0 = 1.10 39.6 CpD'u were plotied vs. Z&ﬁhf The final corre-

G d /L jﬁi!,

lation eguation was found to be:

i 066 Olh 5 p——
4}% (15 - 1.10 _..__g_?ff FG~ ): 5.13 ATLI‘O“’
G ) - ‘ °

with bhe experimental data within 4 25% of the best stralight line.
An oxamination of the liverature showed that this correlatinn come

pares favorably with the correlations of other workers.
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2.

3.

CONCLUSIONS
The liquid film heat transfer coefficients increase with increase of

temperature difference.

When the viscosity of a lignid is increased, the liguid film coef-

figients decrease.
The data for a natural circulation iuclined tube evaporator were

correlated by the following eguation:

b 0L : _
"Dl‘? ( £ - 1,10 %) = 5.1&} ATLI‘»-@?S
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Continue the study of the sffect of viscosity on the liguid film heat

transfer coefficient at differeut angles of inelination.

Study the effect of tube length with varying properties of the liguid.
Investigate effect of surface tension on the liquid film coefiiclent.
Study effect of tube diameber uslng the above recommendations,
Jonsider the above ét a greater change of zk'gL and at different

boiling temporatures.
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NOMENCLATURE
ingide area of tube, ft.2,
oatslide area of bube, ft.2.
croag-gectional area of tube, ft.2.

loz nean average area of fube wall, £t.2

- specific heat of liguid, Btua/lb/OF.

mass velocity of liquid in 1b/ft2/sec.
liguid film coefficient, Btu/hr/9F/ft2

thermal conductivity, Diu/Tt2/OF/nr/ft.

heat necessary tc heat feed water to the boiling tempera-

ture, Btu/lb.
Total heat transmitted, Bitu

Total heat trensmitted, Biuhr.

pressure drop through liquid return line and flowmeter, mm. Hg.

total temperature difference, OF.
liquid film temperature difference, YF.
tube wall temperature difference, OF.
natural circulation veloelty in G.P.M.
time of experiment, hours.

viscosity of liquid, 1lb/ft-nr.

latent heat of steam, Btu/lb.

~ times pounds water evaporated per hour,

th/hr.



TABLE I

Experimental Data

39

e

e

Run  Conc. Steam Tube Liquid Feed TWater Circulation
No. Soln. Press. Temp. Temp. Water Evap/hr. Rate
Z Psig . oF. Temp. Lbs. G.P.Me
Sucrose b
1 0. 10 233.3 210.8 83 14.5 1.75
2 0.0 15 242.9 210.8 8l 23.75 1.92
3 0.0 20 251.2 210.8 8L 32.00 1.95
b 0.0 25 258.1  210.8 8L 39.00 1.98
5 0.0 30 264.1  210.8 83 .25 1.98
6 11.5 10 231.6 210.9 95 11.50 1.60
K 11.5 15 242.6 210.9 96 22.50 1.85
8 11.5 20 24k.9  210.9 9l 31.00 1.87
9 11.5 25 258.5  210.9 90 37.00 1.91
10 11.5 30 265.1 210.9 88 L43.50 1.95
ll 2007 10 231.-1 2-1-101 83 9'% 1.5’
12 20.7 15 20.9 211.1 85 19.00 1.75
13 20.7 20 2h9.5 211.1 85 26.25 1.85
1 20.7 25 258.0 211.1 85 36.00 1.92
15 20.7 30 2651 211 85 L2.%0 1.95
16 27.0 10 231.3 2215 81 8.00 1.45
17 27.0 15 2.1 211.5 82 15.50 1.65
18 27.0 20 29.3 211.5 8L 24.00 1.79
19 27.0 25 258.1 211.5 83 31.50 1.90
20 27.0 30 265.3 211.5 83 37.00 1.95
21 39.0 10 231.6 212.2 79 6.50 463
22 39.0 15 2.0 22.2 77 13.25 1.55
23 39.0 20 249.5 212.2 80 21.00 1.75
2L 39.0 25 258.9  212.2 78 27.00 1.89
25 39.0 30 265.5  212.2 78 35.50 1.92
26 46.0 10 233.9 213.7 78 6.10 «366
27 h6.0 15 21].1«5 21307 m m.m 061]0
28 46.0 20 29.7 213.7 82 18.50 1.73
29 L6.0 25 258.6  213.7 83 25.00 1.79
30 L46.0 30 265.7 213.7 83 30.50 1.89
3 55.4 10 234.5  215.1 76 £.50 <356
32 55.4 15 2l1.7 215.1 17 8.75 «537
33 55.4 20 250.1  215.1 79 14.00 .805
34 55.4 25 258.9 a45.a 80 18.75 895
35 55.4 30 265.1 215.1 8o 23.00 «900




TABLE II
Results
Run Conc. /@ ATy AT, 4T, h G o h
¥o.' Soln. Btu/hr. OF OF ofF © EUI:'-; be
%
Sucrose

1 0.0 15,910 22.5 8.7 13.8 726 39.0 .2% 87.7
2 0.0 25,800 32.1 1k.1 18.0 902 L2.2 .25  106.8
3 0.0 35,00 ko.h 19.3 21.1 1047 L3.4 .25 123.3
L 0.0 k2,750 k1.3 23.3 %O 21 L 29 104
5 0.0 LB8,600 53.3 26.5 26,8 1142 Lh.1 .25 132.0
6 11.5 12,90 20.7 5.8 19 427 37.3 .38 Thel
7 11.5 24,40 31.7 13.3 18.4 834k L43.1 .35  1L0.5
8 11.5 33,700 39.0 18.h 20.6 1029 L43.6 .35 173.0
9 11.5 5900 L7.6 22.1 25.5 998 Lh.5 .358  167.2
10 11.5 L47,550 Sh.2 26.0 28.2 1061 L45.5 .358  177.5
11 20,7 10,390 20.1 5.8 1k.3 467 36.3 475  108.5
12 20.7 20,85 29.8 1.h 18.h T2 L2.h 475  168.0
13 20.7 28,780 38.h 15.7 22.7 794 Lk.8 475 17.5
113 20.7 39,45 L6.9 21.5 25.4 977 L6.5 U475  215.0
15 2.7 u6,55% SL.0 25.4k 28.6 1023 L7.2 475  225.0
16 27.0 8,808 19.8 L.8 15.0 36i 35.9 .538 95.9
18 27.0 26,3% 37.8 kb 23,4 707 hb,3 .538 178.0
19 27.0 34,600 L6.6 18.9 27.7 786 L47.0 .538 196.0
20 27.0 Lo,600 53.8 22.1 31.7 808 LB8.2 .538  200.0
21 39-0 7,170 1«9.’4 3-9 15-5 288 12.15 '-6&3 m.7
22 39.0 14,640 28.8 8.0 20.8 L2 1.2 643  135.2
23 39.0 23,15 37.3 12.6 2h.7 590 L6.h 643  176.L
2l 39.0 29,810 L6.2 16.2 30.0 626 50.2 .643  18L.0
25 39.0 39,180 53.3 ‘22.k 31.9 771 0.9 643 226.0
26 46.0 6,740 20.2 3.7 16.5 257 9.84 .729 119.0
27 6.0 11,580 27.8 6.3 2.5 338 17.2 729 139.2
28 46.0 20,350 36,0 11.1 24h.9 513 L6.5 729 173.6
29 L46.0 27,500 Lhk.9 15.0 29.9 578 483 .729 195.0
30 L6.0 33,550 52.0 18.3 33.7 626 0.8 .729 208.0
31 55.4 6,080 19.4 3.3 16.1 238 9.95 .793 119
32 S5k 9,675 26,6 5.3 21.3 286 15.05 .793 11
33 55.4, 15,480 35,0 8.4k 26.6 367 22.% .793 15
3L 55.4 20,700 43.8 11.3 32.5 LOO 25.00 .793 167
35 55.4 25,400 50.0 13.8 36.2 L1 25.00 .793 184

= = kasc.h
=1 1‘10_1;_

L0



SALPLE CALCYULATIONS
Calculations of areas Ay, Aps AB, ﬁh
Tube Dimensions:
T. Do = 1.0L9 inches
O« Do = 1,315 inches
Wall thickness =~ 0.133 inches

FEffective length - 69.5 inches

106 T 5 6945 . 1.59 £42

A ,

B v P

he = 2T 9.5, 1.90 £42
12 - ’ b

(l.0h9)247i = 0.006 £12

A3 = Tk 4
1,90 « 1,58 .
2.3 log m————
T TR 1,59

Observed Data — Run #1h
Sugar concentration = 20.7 Zucrose
Steas pressure = 25 psig.
Feed Water temperature = $5.0° F,
Average liquid temperature = 211.1° F.
Average tube teuwperature = 258,00 F.
girculation rate = 1.92 G.P.K.
Condensate collected = 15.0 1bs./half-hour
ve= N+ L |
D = 970.9 x 36.00 = 3,900
A =360 % (211.1 - 85.0) = 1,55
39,450 Btu/hr.



ATI = Tube temperature - boiling temperature
A Tl = 2%.0 - 2]1.1 = h6¢9° F.

Q/® x thickness of tube
ATPB _kxlh

k = 9.0 at 2120 p.(21)

ATy = ATy - ATy

ATL = l’l-6.9 - 21.5 - 25-]‘° F.

AT'I' X 11

N 2
k. m 977 Btu/hr/OF/ft

G = GOP.‘. X
7L8 A3 x 60
1.92 65.1 2
G= m X -.m = béas ]'.b/f‘b SecC.

The tabulated results for all the runs are given in Table II.
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