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PREFACE

The field of evaporation has been of major importance
in industry for many years and remains so at the present
time. To attempt an investigation of more than a very small
phase of the fleld and of the many problems which have de-
veloped would be an undertaking of great magnituce,

This thesis is concerned with two problems; the con-
struction and testing of an experimental inclined tube
evaporater and the deltermination of the effect of scale
formation on the liquid side heat transfer coefficlent.
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Introduction and Review of Selected Iiterature

The basic equation for heat conduction was developed by Fourier. This
law states that the instantaneous rate of heat flow is egqunl to the product
of three factors; the area of the section taken at right angles to the direction
of heat flow, the temperature gradient over the path of heat flow ani a propor-
tionality factor k, lmown as thermal conductivity. k will very with different
substances. Expressing this equation mathematically we have:

gg P -h\% (1)

Q = Amount of heat flowing
6 = time interval chosen
A = area through which the heat is flowing
t = temperature
x = length of the path of heat flow
Since most heat transfer calculations are carried out using English units,
Q0 will be in B.t.u., @ in hours, A in square feet, t in OF and x in feet. The
English system will be used 3in this report.
In steady state conduction the temperature at any one point remains the
same making % a constant. On integrating we obtain:

-g-:- kA % (2)
If k is 2 straight line function of t, we obtain by integration of equation
(2):

‘l‘ t
- l’:&.%.
Rearrangement of the equation will give:
at at
9= 3L = W (3)

This reduces the equation to the form of the fundamental rate equation:



Rate - Dri%rom

If heat is flowing through several homogensous solids in series then:
a AtoeseeessOT
T
q =z . 2ltta (k)
H PR FhEy
Vhen considering heat flow across a fluid film the determination of film
thickness is very difficult and in all practical cases unwarranted. Until
recent years investigations of heat flow across liquid films were concerned
only with determining what is known as the overall heat transfer coefficient
defined by the equation:
q = Ukat (5)

The disadvantage of this method lies in the fact that a separate coefficient
mst be determined for each set of conditions. If individual coefficients can
be determined, the time spent in experimental determinations can be greatly
decreased. Taking as an example the transfer of heat from one fluid to another
through a metal wall, we will have three resistances in series to the flow of
heat; the film of liquid mmber one, the metal wall and the film of liquid
mmber two. Designating the individual film coefficient as h we obtain the
following equations:

at
U= Mmhsty = = hyhgst
or:
q:ih,%-“s-““m (6)
1 TR T RILIN
then:
- A Liotal
qQ = 8 + —‘i + T (7)
mi; © KRz B
and since:

q = UAat



then:

ol 1 + }'.'x k5 (8)
.‘.
By kA2 hilly

From equation (8) we see the relation between individual and overall co-

efficients and the ease with which overall coefficients may be calculated for
different combinations of the individual coefficients.

In evaporation in addition to the resistance of a metal wall we are in-
terested in two individual film coefficients, that of the boiling liquid and
also that of the condensing vapor. This investigation will be concerned pri-
marily with the boiling liquid coefficient, The specific problem to be in-
vestigated is scale formation and its effeet on the boiling liquid coeffiecient
in an inclined tube evaporator.

Some of the early work with inclined tube evaporators was carried out by
Van ¥arlel®, Cleve, and Linden and Montillon’. The results of these in-
vestigators are not comparable on & common basis, Different types of equip-
ment were used and the methods of correlation were not similiar.

Van Marle working with a seven tube evaporator inclined ziL an angle of
forty-five degrees investigated overall coefficients =ud found a straight
line relation “etween the overall coefficient and the temperature of cvapora-
tion,

Cleve worked with a small electrically heated tube ineclined 2t angles
of forty-five, twenty and ten degrees. He found that the velocity increased
with an increase in &t until a maximum was reached. #s at increased further,
the velocity decreased.

Linden and Yontillon correlated their data on a single copper tube
inclined at an angle of forty-five degrees by use of a modified Dittus-Poelter
equation. The tube was kept clean during the investigation and distilled
water was used.

Aubrecht! in a comprehensive study of the evaporation of sucrose solutions



in an apparatus similiar to that used by Linden and Montillon correlated his
data by the following equation:

@F ¢ - pE)aren o

For forced circulation:

H H
n $ H m
Below Q/8 of 30,000 B.t.u./hr. =3 t I7.05 t I.55
$ tH
Above Q/g of 30,000 B.m./]ﬂ'o -l $ 181&.8 s 1.55
: i

For natural circulation:

T
2.55

n

W

Vhere:

mass velocity 1b./sq.ft./sec. -

thermal conductivity B.t.u./ft.2F- hr./ft.
viscosity in centipoise

sp. heat in B.t.n./lb.

o ® o
LR

He found that with forced circulation above five feet per second the Dittus-
Boelter equation will hold due to absence of boiling in the tube. Below this
velocity the Dittus-Boelter equation will not hold except for very low tempera-
ture drops. "ith forced circulation he found that a maximm Q/8 was found for
a given &t as velocity was increased. This cccurred at a heat load of approx-
imately 30,000 B.t.u./hr. for his apperatus. In natural circulztion the
velocity was found to increase until a heat load maximum of approximately
30,000 B.t.u./hr. was reached. The velocity of circulation then decreased.
Temperature drop was found to have less effect on Q/8 using natural circula-
tion than with forced circulation. Changes in viscosity due to an increase
in the sucrose concentration had more effeet on /6 at low concentrations than
at high concentrations.

Syversonl!! determined liquid side coefficients in a clean vertical tube
evaporator of an experimental type. The tube was electriecally heated which
provided for greater accuracy in measuring heat input and losses.



Pridgeon and Badger'? in an investigation on a submerged horizontal
copper tube, semi-commercial evaporator found that a secale thickness of
0.0079 inches reduced the overall coefficient from 820 B.t.u./hr.-sq.ft.-°F.
to 580. Tl'mscalcmpremmdtobaﬂaﬁ()3ﬂontm city water mixed with
dirt which was present in the equipment.

McCabe and Robinson’ found that in two out of three sets of data gathered
from independent workers, the relation between rate of scale formation and
overall coefficient would fit the equation:

P o= M #ae (10)
Ay and Ay are empirical constants and € is any unit of time. In the data
which failed to follow this relation it was found that on plotting, a straight
line relation was obtained for the first three hours and also for the interval
between the sixth and tenth hours. The investigators suggest that the dis-
crepancy was caused by scale breaking off due to some change in evaporator
conditions.

Badger? in an investigation concerned with the evaporation of waste
sulfite liquor found no seale had formed after 150 hours of operation. Forced
circulation was used for the investigation and a high circulation rate was
believed to be responsible for preventing scale deposits. Numerical values
for rate of circulation were not given. :

Saner, Cooper, Akin and McAdams'} found that with water boiling outside
submerged copper tubes a very thin film of scale will cause a substantial in-

crease in the individnal heat transfer coefficients. No work was conducted
on thicker scale formation.



DESCRIPTION OF APPARATUS

The apparatus used for this investigation is a single tube, steam heated
evaporator which is constructed in such a manner as to make it flexible enough
to be used for a variety of problems. The tube and surrounding steam chest
may be inclined at any angle between zero and ninety degrees with a minimm
amount of effort. A flow meter is available to measure velocity of flow in
the heating tube and the evaporator is easily adapted to either natural or
foreced cireulation operation.

The heating element is a standard one inch, Type 316 stainless steel pipe.
The o‘vera.ll length of the tube is seventy-four inches with the length enclosed
in the steam chest being 69.5 inches in length. Tt is supported in the steam
chest by two packing glands made by combining a one and one-half inch coupling
and nipple. Details of these glands are shown in Figure l.

The steam chest is a standard four inch iron pipe flanged at both ends.
The length is six feet. It has six one inch couplings welded to it. These
couplings are used as outlets for thermocouple leads. These thermocouples are
attached to the heating tube. The first thermocouple outlet is six inches from
the end of the steam chest and the others are spaced one foot apart as shown
in Figures 2 and 3, These couplings are f{itted with one inch flanges composed
of a standard 125 pound screw flange and a blind companion flange. Two soft
rubber gaskets are inserted between these flanges and the thermocouple leads
are brought out between the two gasikets. The steam inlet is a one inch pipe
connection placed between the two top thermocouple ocutlets. The condensate
outlet is also a one inch conmnection welded into the bottom of the steam chest
next to the bottom flange. To the outlet 1s connected an Anderson No. 21, buc-
ket type steam trap. A one-fourth inch outlet is located at the top of the steam
chest and fitted with a valve to act as a vent for non-condensable gases.

This valve is cracked at all times during operation. Before the steam enters
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the steam chest it passes through a Fisher Type 10-A regulator and then through
a "U" shaped pipe with a trap at the bottom., Steam which may condense in the
line collects in the bottom of the "U" joint and is discharged through the trap.

Attached to the bottom of the steam chest by flange is a fourteen inch
section of four inch standard iron pipe which acis as the liquid reservoir.
This section is reduced to standard two inch pipe size on the lower end. A
two inch tee is attached to the lower end. One branch is used for the feed
inlet and the other connects to the liquid return line.

A twenty-four inch section of standard four inch pipe is attached to the
upper end of the steam chest by flanges. This section serves as disengaging
space between the steam chest -nd entrainment separator. It contains a gage
glass which is used to observe the liquid level in the evaporator and also
contains a two inch connection on the lower side near the bottom which acts
as the upper outlet for the liquid return line.

The liquid return line is composed of one vertical and one horizontal
branch. The length of each branch will vary with the angle of inclination,

A twenty-four inch section of two inch pyrex glass pipe which serves as the
observation glass for the flow meter is included in the vertical branch, This
glass section is joined to the pipe above and below the glass by two inch size
radiator hose and clamps. Unions are located six inches above and below this
joint in order to facilitate removal of the flow meter without danger of break-
ing ite The flow meter is a perforated, truncated, conical section suspended
from a spring made of a metal whose elasticity is unaffected by the range of
temperatures encountered. Spring elongation is a measure of flow rata.

The feed tank is a fifty gallon steel drum with a central outlet locatad
in the bottom. This connects through a one-half inch line to the bottom of the
liquid reservoir. The line contains a one-=half inch globe valve for regula-
tion of feed rate. The feed tank is provided with a sight glass which indicates

the liquid level in the tank at all times,

)



The entrainment separator is of the cyclone separator type. See Figure h.
The main body is a twenty-four inch section of standard eighteen inch iron pipe.
The bottom is a slightly dished section of three-eights inch armour plate stecl.
The bottom is dished to allow the separator to keep completely drained at all
times. The top of the separator is a flat flanged cover of the same material as
the bottom. It is fastened with twenty-three, one-half inch machine bolts equal-
ly spaced around the circumference of the flange. A standard two inch pipe
coupling is welded into the center of %tmhutaammtlﬁhthcon—
denser. A one inch coupling is centrally located in the bottom of the separater
to act as a return line for the liquid which is removed from the vapor. The
vapor inlet is a standard four inch nipple welded into the side of the separator,
five inches below the top flange. A six inch square baffle is located inside
the separator, in front of the wvapor inlet to deflect the incoming vapor so as
to make it follow the required cirecular path. A four inch screw flange is used
on the vapor iﬂ.et to comnect it to a ninety degree, four inch, flanged elbow
" which in turn connects to the section of four inch pipe at the top of the steam
. chest. This flanged eoWim allows the angle of inclination of the evaporator
tube to be varied at will.

The vapor outlet of the entraimment separator is conmected to the condenser
through a two inch line which rises to a height of twenty-seven inches above the
separator. A horizontal section is connected to this vertical pipe and runs over
to the condenser where it reduces to standard one inch pipe size and is connected
to the condenser coil. The horizontal section is inclined slightly downward to-
ward the condenser to prevent any condensed vapor from falling back into the an- -
' trainment separator. _

" The condenser is made of one inch copper tubing. It consists of ten coils
" twelve inches in diameter. These coils are fastened in an open top steel drum in
an upright position. Cooling water is introduced at a point one inch from the

| bottom of. the drum through a three-fourth inch line which runs down through the
axis of the coil. A two inch overflow line is located two inches below the top
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of the drum.

The condensate receiver is a twelve by thirty-nine inch cylindrieal tank
supported twenty-seven inches from the floor level by three legs. The top is
provided with two standard one inch and one standard one-fourth inch pipe
connections. One of the one inch connections is used for receiving condensate
from the condenser, the other for attaching to a vacuum pump. The one-fourth
inch connection is provided with a valve for releasing the vacuum when desired.
The condensate receiver contains a half-inch gage glass for indication of the
liquid level. The condensate is drawn from the bottom of the receiver through
a one-half inch valve.

A1l temperatures except the feed temperature are read by means of thermo-
couples. The feed temperature is obtained with a mercury thermometer. Iron-
constantan junctions are used for the thermocouples and the E.M.F. is measured
by a Leeds and Northrup Type K potentiometer. This instrument is capable of
reading hundredths of milli-volts directly with the third place being a close
estimate. This reading is equivalent to a direct temperature reading to the
nearest 0.3 of one degree Fahrenheit and a close estimate to the nearest 0.03
of one degree. The heating tube is provided with six thermocouple junctions
which give the outside skin temperature of the tube. These are spaced twelve
inches apart with the two junctions near the ends of the steam space being
approximately six inches from the packing glands. The thermocouples are in-
stalled according to the method described by Colburn and Hougen®. See Fig-
ure 5. This method has been approved by McAdams®. A slot approximately
three thirty-seconds of an inch in depth was cut entirely around the pipe
with a hack saw. The thermocouple junction is placed in this slot with the
fused junction just level with the pipe surface. The junction was soldered
in place and the electrically insulated leads brought away from the junction
through the slot to the opposite side of the pipe. The slot was then filled
with solder. The excess solder was polished off flush with the surrounding
pipe surface. This minimizes conduction of hsat to or from the junction.
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through the lead wires. This would occur if the leads were brought out directly
through a medium differing an appreciable amount in temperature, such as the
steam chest. Subsequent tests proved the installation to be satisfactory when
checked against a mercury thermometer capable of reading to the nearest tenth
of one degree Fahrenheit. The thermocouple leads are brought out of the steam
chest by the method previously described. See Figure 3. Two more thermo-
couple junctions are used to obtain the average liquid temperature as it passed
through the tube. These junctions are inserted in a glass tube filled with
0il and placed in the liquid line approximately two-thirds of the distance
down from the top on a cross section view of the liquid 1ine. The indicated
temperature was found to be independent of the thermocouple position in the
pipe. All thermocouple leads are brought to the instrument table where a
common cold junction is provided. The wire used for the thermocouple leads
and junctions is No. 2L gage iron and constantan with woven glass insulation.
A smaller size would be preferred but none could be obtained.

After erection and testing of the apparatus, insulation was applied to
the steam chest, entraimment separator, wvapor lines and the liquid return
line. In order to facilitate removal of the insulation for any reason, boxes
are placed around the steam chest and entrainment separator. This space is
filled with Eagle-Pitcher "Super 66" asbestos felt insulation. The vapor lines
and liquid return line are insulated with Johns-Mansville "Abestocel" pipe
lagging. The glass enclosing the flow meter is left bare.



Instrusent Table



Evaporator Berore Insulating Steam Chest

Evaporator After Addition of Insulation

A



EXPERTMENTAL PROCEDURE

Since it was desired to use a feed solution which would readily deposit
a scale, a substance exhibiting an inverse solubility cuwrve would be most de-
sireble. The feed solution used in the investigation was a saturated solutiom
of caleium sulfate. This was prepared by dissolving powdered caloium sulfate
in distilled water until a noticeable amoumt settled out in the bottom of the
feed tank. After filling the feed tank, the apparatus was filled until the
liquid level was high enough %o just cover the ocutlet end of the heating tube.
Steam was then admitted to the steam chest and kept at a prossure of approx-
inately ten pounds per square inch gage. This pressure was kept constant
throughout the entire mm. The time required for the evaporator to start
cireulation and reach a steady state condition was approximately one and cme

~ half hours. During this time the feed rate was adjusted to keep the liquid

in the evaporator at the required level. The working voltage and standard cell
were connected to the potemtiometer circult at the begimning of the warm-up
period and the potentiometer was stendardized agminst the Weston cell immediately
before the first reading was talen. This was repeated before each reading
throughout the run in order to assure maximm accuracy in obtaining thermocouple
potential. Temperaturs readings were takemn at thirty uninute intervals and the
E‘H«igaggn!g-%laﬂigowiroﬁ..

Rine temperatures were recorded at the end of each half howr interwal.
8ix of these were temperutures along the heating tube. Two temperatures of
the oirculating liquid were obtained, ome at the bottom of the heating tube
' and the other at the top. The temperature of the feed solution was also re-
corded.

As the run progressed the feed rate had to be varied. This was necessary
because of scale forming on the heating tube and subsequent lowering of the

- amount of liquid evaporated per unit of time.
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The individual runs were approximately twenty hours in duration. This
period was sufficient to demonstrate the effect of scale formation. Runs of
greater length would serve to make the task of cleaning the tube more difficult
at the completion of the run.

After each run the scale had to be completely removed from the heating
tube before starting the next run. This offered some difficulty. The method
which seemed to be most effective was to fill the apparatus with a weak solu-
tion of hydrochloric acid, approximately one percent, and heat it in the
evaporator for a period of five or six hours. This loosened most of the scale
deposit and made it possible to finish cleaning the tube with a steel wool
swab, This swab was made by attaching a roll of steel wool slightly larger
than the inside diameter of the tube to the end of a section of one-fourth
inch pipe. The evaporator was thoroughly flushed with water after the acid
was drained to stop any serious corrosive effects. The heating tube was, of
course, unaffected by the acid.



EETHOD OF CAICULATION AWM CALCULATED RESTLTS

Starting with the equation defining the individual heat transfer co-
efficient which was mentioned in the first section of the report:
q = hiat
and rearranging we gets:

o= e

Thus if we are able to determine the three quantities on the right side of the
equation, the individual heat transfer coefficient is easily calculated.

In the case of the evaporator used for this problem the area is that por-
tion of the inside of the heating tube which is exposed to the steam on the
opposite side of the tube. The tube used is standard weight one inch pipe sise
and the length exposed to the steam is 69.5 inches. The length of pipe re~
quired for one square foot of inside area is 3.6ll feet per square foot. The
area for a 69.5 inch length is then:

. o JEGE - 15 e

The amount of heat flowing q is obtained by knowing the weight of water
evaporated per unit of time and from knowing the amount of heat required to
raise the water to saturation temperature and to vaporize it at this tempera-
ture. Heats of vaporization are easily obtained from the steam tables.

Determining the temperature drop across the liquid film is done in the
following mammer. The ball junctions on the thermocouples were approximately
one-sixteenth inch in diameter. In view of this fact it was assumed that the
temperatures read by them were at a point one thirty-second of an inch below
the outer surface of the tube rather than at the surface. Knowing the thick-
ness of the tube, the average area, quantity of heat flowing, and the thermal
conductivity of the tube wall the temperature drop across the tube wall is

calculated from the equation:
at

L . e
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Since the total drop across the tube wall and film is measured directly by
thermocouple junctions, the drop across the film alone can now be obtained by
difference.

A complete set of calculations on data taken between the fifth and sixth
hour of operation on Run T follows:

Reading ; 1liq. Temp. Tube Wall Temperature

H

Time : Bot.
in : T
Hours : 1
Sed t 5.23 @
6,0 1t 5.23 : 5.2

-8 &5 8

-1
2
=
-3

LI L T

s wa =8

6.02
5.98

5.07
6.01

-
U
.
A

O~

.

8

N
.
L]
" 0% e we] e s en e
.
.
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# s8 o8 es| =8 38 s el e

o
L]
Q
Q
e ss s ee
w
L]
0
<o

5.97

n

o o8 o0 al es s o8 sajee e
a
ad

an o9 o0 eal o0 v4 e e

e as 0 se

" e 88

Feed Temp.--92.0 °F
wt. of com-““'lz.o lbﬂ.

A1l temperatures in the table are given in millivolts.

Average Iiquid Temperature
5‘23 ;‘ 502h = 5-2,.1 Mv. S'ZL ; 5'2h . 5.221 ¥v.

5.2 millivolts is equivalent to 210.5 °F.

Average Tube Temperature:

6.02 5.98
6.07 6,01
6,05 5.97
6.06 6.00
6.0k 6400
6201 .98
36.25/6 = 6,04 ¥v. /6 = 5,99 Mv.
60k § 5.99 = 6.005 v which is equivalent to 236°F.

Determining g:
Heat added per 1lb. of water evaporated:
210.5°F. - 92.0°F. = 118.5°F.

or 118,5 B.t.u.'s required to raise feed to the temperature of
evaporation.

Heat of vaporization @ 210.5°F, = 971.h B.t.u./lb.
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9Tl 4 118.5 = 1089.9 B.t.a./lb. = total heat required per pound
Heat required for 12 lbs.:
12 x 1089.2 = 13090 B.tau. = q
Determination of at Across Tube Wall:

Uia. of tube at point where temperature is read:
1.315 inches = 1/1¢ inch = 1.253 inches
Area per linear foot:

mx 1.253 x 12 270
S 0328 £t.5/t.

Area of 69.5 inches of tube:

{(9e5 X 0,328 2
s 1.50 ft.

Inside area = 1,59 rt.2/€r9.5 inches of length
- 190 = 1,59 _ 2
Ap = T = 1.73 ft.

Thickness of path:

% = =133 inches ;2.031 inches - 0.0085 ft.

For Type 316 Stainless Steel k = 9.0 B.t.u./hr.—f.‘t.z-c'?./ft. %) 2120?.15
Then:

ﬂt = % - lmoxx ?.0;}8 = 7.111°F.

Temperature Drop Across Liquid Film:
Total At = 236 - 210.5 = 25.5°F.
Atpsim = 25.5 - 7.1 = 18.°F.

liquid Side 'leat Transfer Cocfficient:

The ezlculated results for the three runs are given in the three tables which

follow:



2]

RN T
T T Ave. ¢ LVe. ¢ T : T at ¢ T : T
tTimes Tube : 1iquid : Total : Temp. ¢+ ™, ¢ q ¢ Pipe: at +t h : U :
S$oupg: Tempe ¢ Temp, * At @ Feed : Cond, : 3 Wall ¢ Film : : :
i ? : T . : H : T T s t
t 1t 235.7 ¢t 210.5 : 25,2 s 87.9 ¢ 16,87 : 18450 1 10,07 2 15.1 ¢ 769 & 102 ¢
$ 2t 237.0 t 210.2 3 26,8 1 B8 1 15,50 3 16930 1 9.2h & 17.6 : 605 @ 365 3
t 32 23,5 1 21042 t 2he3 : 90,0 2 13,00 @ 14210 1 T.76 : 16,5 : Sh2 1 30hL
t b 23640 : 210.0 1 26,0 3 91,0 : 14,37 : 15680 1 8,56 3 17.h & 567 3 335 @
t 5 8 23040 ¢ 21042 ¢ 25,8 3 92,0 3 13,00 : 11350 : 7.73 ¢ 18.1 ¢ L92 : 305 :
t 6 3 23640 3 210,5 : 25,5 : 92,0 3 12,00 : 13090 ¢ TJdl 3 18.h ¢ L7 ¢ 28L
t 7t 235.7 ¢ 210,1 : 25.6 1 92, : 13,00 : 1h150 : T.73 : 17.9 : 196 s 302 :
t 5 1 239.5 5 21045 : 29,0 1 92,2 1 12,56 : 13680 1 7.7 3 21.5 : LOO : 298 :
T 9 1 235,00 t 21042 t 2Le8 : 916 1 10475 : 11710 : 6.7h : 18,1 s LO7 : 255 :
t 10 ¢ 235.7 ¢ 2105 : 25,2 1 91,3 1 10,Lh 3 11400 ¢ 6.3L ¢ 1849 : 379 3 248
t 11 2 237.0 1 21042 2 20,8 1 91,0 1 10,50 s 11h50 1 6.2 ¢ 20.6 : 350 3 247
112 2 236.5 5 21042 3 2643 2 900 3 9,9L 2 10820 : 5,92 : 20.h 3 333 : 233 :
t 13 2 2360 ¢ 21042 2 25.8 1 91,5 : 9.50 : 10360 ¢+ 5,64 3z 20,2 : 322 3 223
t 1 ¢ 238,0 5 210.2 ¢ 27,8 1 92,0 1 9,99 :+ 10890 + S.94 : 21,9 ¢ 312 : 235 @
t 15 1 237.5 1t 210.2 3 2743 2 92,0 1 9,56 : 1000 ¢ 5,68 t 21,6 : 303 : 225 :
t 16 1 238,0 1 210.2 : 27.8 92,0 : 9,063 9875 3 5,39 ¢ 22,1 277 : 213 :
t 17 ¢t 236,5 1 210.0 2 26,5 1 9h,5 t 9,25 : 10040 : S.h7 : 21.0 & 301 : 217 :
t 18 ¢ 2370 £ 210,0 ¢ 27,0 t 95,0 : B,00 2+ 8700 ¢+ K75 1 22,2 2 246 = 188 1
t 19 1 238,0 ¢ 210.2 3 27.8 1 95,0 ¢ 8,56 9320 ¢+ 5,08 : 22,7 : 266 :+ 201 :
$ 20 1 237.5 2 21042 1 25,3 1 87,5 1 T67 3 8390 ¢ L58 : 20,7 5 2655 3 181
t 21 3 236,51 2100 2 26,5 ¢ B8B,0 ¢ 8,00 : 8750 : L.77 @ 21.7 : 25, : 188 :
1 22 3 23740 2 21040 : 27,0 3 88,5 1 6,19 3 6770 1 3.69 t 23,3 : 183 : 1h6 :




RUN II

: T AVee 1 AVes ¢ s ] ] T Al ¢ : 3 3
:Time: Tube ¢ Liquid : Total : Temp. ¢ Wt. ¢ gq ¢ Pipe: at : h : U :
diours Temp. ¢ Temp. t At : Feed : Cond. @ t Wall ¢ Film : ? :
T T T T T T T T T T T T
t 1t 236,0 ¢ 210.5 : 25.5 : 86,0 : 15,75 : 17250 ¢ 9,42 : 16.1 : 673 : 375
T 22 237.5 1 210.5 : 27,0 : 87,0 : 1h.93 : 16120 ¢ 8,96 : 18,0 : S7h : 358 :
t 3¢ 235,22 210.5 s 2he7 3 87.5 1 12.37 : 13530 ¢ 7.39 ¢ 17.3 : L92 : 295 :
t )i 23,0 2 210.2 t 23.8 : 38,5 1 11,06 : 12100 ¢ 6,61 : 17.2 ¢ Lh2 ¢ 261 :
t 5t 237.5 & 210.2 @ 27.3 : 89.0 2 12.31 ¢ 13480 : 7.36 : 19.9 ¢ h26 : 291 :
t 6 1 2365 : 2100 : 26,5 : 09,0 : 12.25 : 13400 : 7.32 : 19.2 ¢ 438 : 287 :
: 7 2 2360 3 210.0 : 26,0 1 89.0 3 11,00 3 12020 @ .56 ¢ 19y ¢+ 390 1 258 :
: 8 3 23640 2 210,0 3 26,0 : 92.0 3 11.38 : 12400 3 6,77 3 19.2 ¢ LOB : 266 3
t 9 1 235,5 ¢ 2100 : 25.5 : 92,0 : 9,62 : 10500 ¢+ 5.73 : 19.8 ¢ 334 @ 227 :
t 10 : 237.0 t 2100 : 27,0 92,0 : 9.31 : 1010 ¢ 5,53 1 21,5 : 297 : 219 :
t 11 : 2385 3 210.5 : 28,0 3 85,0 : 11.hh : 12540 @ 6.8l 3 21.2 & 372 & 273 :
$ 12 3 2360 ¢ 210,0 3 26,0 : 84.5 : 7.h3 : 8130 ¢ LJh : 21.6 3 237 2 175 ¢
113 2 238,65 2 210.,5 : 28,0 : BLO : 9,38 : 102B0 : 5,62 : 22,5 + 288 : 22) s
t 1l 2 235.,2 ¢ 210.2 : 25.0 $ 85,5 : 8.75 : 9580 : 5.23 : 19.8 : 30L 3 206 :
15 : 238.0 £ 210,0 2 28,0 2 86,0 : 3.81 3 9650 s+ 5,27 : 22.7 : 267 s 208 1
t 16 3 23740 2 21042 2 2648 1 865 : 8,56 : 9380 ¢ 5,13 : 21.7 ¢ 272 : 202 :
t 17 3 2385 2 2100 : 28,5 : 88,0 : 8,56 : 9370 t 5,12 : 23, ¢ 252 : 202 3
2 18 2 236.5 £ 210,0 2 20,5 3 88,0 ¢ B.31 : 9090 3 L.95 : 21.5 : 266 3 196
119 3 237.0 ¢ 2105 : 27.5 : 83.0 : 7.3l : 8000 : Lo37 : 23.1 : 218 : 17L ¢
t 20 ¢ 237.2 2 210.,0 : 27.2 : 91.0 : 8,01 : 3?30 t K76 3 22.h : 25 ¢ 188




ro

RUN TITT
3 t Ave. * Ava., @ ] : ] ] t ot : s ]
tTime : Tube : Liquid : Total ¢ Tezp. ¢ ¥b, * q ¢t Pipet ¢t ¢ h : U 3
tHours: Tomp., ¢ Temp. @ t s Feed 1 Cond, : t ¥all : Film @ s t
: : : : T t : : : : : :
t 1 3 236.0 : 210.0 s 26,0 : B7.0 ¢ 13,56 : 1hB5c : 8.1 ¢ 17.9 ¢ 522 : 318
t 2 ¢ 237.0 3 210.,0 t 27.0 : B88.0 : 12,9, : 11180 : 7.7 t 19,3 ¢t 62 ¢ 30k s
: 3 :238,0t 210,0 : 26,0 : 87.0 5 12.31 : 13500 ¢ Tl 2 20.6 2 }12 2 299
st b 2 23.3:200.0 26,3 : B87.0 ¢+ 11.h 2 12840 ¢ 6.2 & 19.L : 106 2 268 :
t 5 :229.0: 210.0 : 29,0 : 87.0 : 12,13 : 13300 ¢ 7.3 3 21.7 : 396 3 285 2
t 6 3 230.3 : 2100 : 26.3 1 B8.0 : 10.7h : 12870 : 7.0 & 19.3 ¢ 107 3 275 @
: 7 1 236.7 : 210.0 ¢ 26.7 t 90.0 : 11.26 : 12300 : 6.7 :t 20,0 ¢ 3BE 2 26); ¢
t 8 : 2340 ¢ 220.0 : 2L.0 : 91,0 : 10.19 : 11110 : 6.1  : 17.9 : 390 : 238 3
t 9 :235.2 : 2100 : 25,2 : 92.0: 9.9 : 10830 : 5.9 : 19.3 : 35, : 232 :
t 10 : 237.2 : 210.0 : 27.2 : 96.0 : 9.h43 : 10230 : 5.6 1 21.6 : 298 : 219 :
$ 11 : 235.7 ¢ 210.0 & 25,7 : 97.0 : 10,19 : 11070 : 6.0 : 19,7 ¢+ 353 : 218 s
$ 12 3 236.7 3 210.0 ¢ 26,7 ¢ 99,0 : 8.25 : 8940 : L.,9 : 21.8 ¢ 258 : 191 :
t 13 : 237.2 : 210.0 : 27.2 : 100.0 : 10,00 : 10816 : 5.9 21,3 319 ¢ 232
t 1 : 236.0 1 210.0 : 26,0 :100.0 ¢+ 9.25 : 10000 : §,5 : 20.5 : 307 : 2L @
t 15 @ 236.7 3 210.0 : 26,7 : 100.0 : 8.86 : 99590 : 5.2 : 21,5 : 281 : 2085 :
$ 16 : 236.3 3 210.0 : 26,3 : 1000 : B,50: 9200 : 5.0 : 21,3 : 272 & 197 s
$ 17 : 235.5 : 210.0 : 25.5 :100.0 : B8.54h : 9230 : 5.0 : 20.5 : 283 : 197 :
£ 10 :23L4.0 5 220.0 : 2Lh,0 : 1000 : 6.90 ¢ TH7O : L 3 19.9 : 230 : 160 3
£ 19 : 236.7 : 210.,0 : 26,7 : 101.0 : 8.13 : 8790 : L.8 : 21.9 + 252 ¢ 1RB :
t 20 3 23G.5 : 2100 : 26,5 : 102,0 ¢+ 7T.31 7880 : L.3 22,2 + 223 : 169 :
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DISCUSSION AND CONCLUSIONS

The individual coefficient as calculated for Run I showed a very notice-
able decrease in value. It dropped from a value of 769 B.t.u./hr.-ft.2-"F,
during the first hour of observation to 183 B.t.u./hr.-ft.°-°F. during the
twenty-second hour. In Run IT which was of twenty hours duration the coeffici-
ent decreased from 673 to 215 B.t.u./hr.-££.°-%F, For Run TIT also of twenty
hours duration the corresponding values were 522 and 223 B.teu./hr.-ft.o-0F,
These results on first observation seem to be inconsistent but the deviations
can be accountad for to a large extent by the fact that warm-up periods of
differasnt time lengths were used for the three runs. 7The coefficient decreases
mich more rapidly at the beginning of the run vhen the secale first begins to
form. For this reason an additional hour used in allowing the evaporator to
warm up and reach equilibrium will male a substantial differcnce in the wvalue
of the coefficient calculated for the first hour of observation. Vhen plotting
the data the abscissa is adjusted for Runs TIT and TIIT so that the coefficients
of the first hour of observation for these runs will fall approximately on
corresponling values as determined in Run I, Yhen this is done, it is found
that succeeding values of coefficients for the three rins will f211 close to
a common curve. This indicates that the rate of seale formation was approxi-
mately the s2me for 2ll three runs.

A correlation of the data was made by use of the YMcCabe-Robt nson’ emqation:

'%z = A+ AP (11)

Values for U were obtained in the following manner. An average steam pressure
of 10 p.s.i. gage was maintained in the steam chest which from the steam tables
will have a temperature of 239.l OF.” The liquid temperatures were measured
by the thermocouple junctions as previously described. TFrom these temperatures
an overall At is obtained for use in equation (5). Values of q for each hour
of operation had been calculated in determining values for h. The overall



n
0

coefficient was based on the inside area of the tube since this would serve to
illustrate the relative values of the coefficient as the run progressed.

After calculating values of U these were plotted against hours of opera-
tion and a smooth curve obtained from the data for the three runs. See Figure 9.
Values of U were obtained from this curve and used to determine values of 1/02
On plotting 1/U2 versus hours of operation (Figure 10) a good correlation with
equation (11) was evident since the points fell very close to a straight line.

The next problem undertaken was to find the resistance which the seale
deposit alone was offering to the flow of heat, There hawve been two aprroaches
to this problem. One is an attempt to determine a thermal conductivity co-
efficient for the seale. This necessitates finding the thickness of the scale
formed and is at best a rough approximation. Partridgel! has listed values
for the thermal conductivity of Ca30), seale obtained from other workers along
with his own experimental values. These values range in magnitude from 0.0L3
to 2,12 Bobeuo/ft.2-°F./ft. The wide variation is due to differences in por-
osity of the scale as formed on the heating surface. Ior a dense, relatively
non-porous scale Partridge suggests an average value of 1.3 B.t.u./hr.-ft.2-
OF./ft. Highly porous seale will have a mach lowsr value.

The second approach to the problem of scale resistance is to state the
resistance in terms of a fouling factor. This fouling factor has the same
units as the heat transfer coefficient for fluids, HNeither the thickness of
the seale deposit nor its porosity has to be determined. Nelsonl? has given
several values for fouling factors as found in petroleum refining equipment.
Using h; as a designation for the fouling factor, its mumerical value may be
found from the following relation®.

1 1 i §
B = + s (12)
Uy is the overall heat transfer coefficient with scale present and U, is the

coefficient for the apparatus when clean.
Values of U were taken from Figure 9 and fouling factors determined using
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U at the end of the first hour of operation as U,. The values of hy which
were obtained were plotted in Figure 11. The trend of the rate at which
scale resistance increased is vividly illustrated by this plot. There is a
very rapid decrease in hy for the first six hours of observation after which

the curve tends to level out with much smaller changes in hd between succeed-
ing hours of operation.
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RECOMMENDATTONS

The equipment used in the investigation performed quite well., Some sug-
gested changes to improve its performance will be presented.

It was difficult to maintain a constant steam pressure in the steam chest
without constant attention and adjustment. This was due either to an inherent
lag in the regulator or to the fact that the regulator was located about twenty
feet from the evaporator with a bare pipe conmnecting. The first trial at rem—
edying the trouble should be directed towards placing the regulator closer to
the steam chest of the evaporator.

The section of four inch pipe comnecting the entrainment separator to the
upper cnd of the steam chest should be increased {rom twenty-four inches in
length to approximately three feet, This will allow more flexibility in chang-
ing the licuid level in the evaporator. As it now stands; a level of two
inches 2bove the upper end of the heating tube is the maximum cbtainable with-
out having liquid standing in the bottom of the entrainment sep=zrator, This
trouble will couse more diffienlty as the tube is inclined at angles approach-
ing 2 horizontal position and a different connection as indicated in the sketch
below would perhaps be the best solution.

*

—Cwegy

The packing glands used for supporting the heating tube in the steam
chest could be improved. They should be changed to allow the heating tube



+

|
Fig ||
SCALE IRESISTANCE
] Ve
| Howics CFOPERATION
95 4-47
4640 L)
J660
3800
W ALEDO
i
£
,L;? P Lsls 9
L0060
1600 &
.:f_oo x : h
L
S0 0 ®
> @ O
i ® %
d—| )L-
00 ® &
oL‘l!"‘lllillllTl!lll!.
B4 23N S5 GT O DUI0CIHIZI3ICISIGITIEI?Z20

I

INE — HOURS




35

to be removed with less difficulty. Periodic removal may be necessary to
repair the thermocouple junctions and to clean the steam side of the tube.

There are many related problems which are worthy of further study.

Since the scale found in most equipment which is used commercially is
a combination of several minerals, it would be advantageous to run tests using
other substances and mixtures. This would tend to duplicate actual condi-
tions more closely.

In the past where forced circulation was used it has been found that an
inerease in liquid velocity tends to inhibit scale formation. This equipment
is readily adaptable to foreed circulation and could be used to substantiate
previous findings and add to information known at the present time.
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