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I1. SUMMARY

A small horizontal tube and shell refrigeration
cooler has been deslgned and constructed for purposes
of studying the effect of vapor agitation oh boiling
coefficlents. Recirculated water was used for the heat-
ing fluid and Freon 12 was used as the boiling liquid.
Heat transfer measurements were made on four individual
3/4 in. 0.D. plain copper tubes placed on 1% in. centers
in a vertical row.

The effect of one tube on another on the boiling
coefficlents was studied for boiling film temperature
differences from 5.4 °F to 19.5 OF at heat fluxes from
874 to 35,100 BTU/hr. sq. ft. The effect of vapor artifi-
clally injected beneath the tube bundle was studied on
all four tubes for three different conditions, and on the
single bottom tube for bolling temperature differences
from 8-25 °F to 18,35 OF at injection rates from O to 235
cu. ft/hr. The coefficient was found to increase by 2184
at a boiling temperature difference of 6 °F ana 0% at a
temperatufe difference of 18.35 Or.

The effaect of the surface on boiling coefficlents was

observed over a period of 32 days. During this period the
coefficients changed to about 67% of their 6riginal value
~at low temperature differences and about 39% at higher

temperature differences,
An equation in which the Reynolds number appears to

the 0.88 power has been determined from the experimental
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data for calculatinzg water coefficlents inside the tubes.
The Wilson plot method has been used to calculate boiling
coefficients at two different conditions.

A satisfactory method of installing thermocouples 1in

thin-walled copper tubes has been described in detail.
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1.

THE EFFECT OF VAPOR GENERATION ON
BOILING COEFFICIENTS AT LOW TEMPERA-
TURE DIFFERENCES.

V. INTRODUCTION

The~exper1mcntal program which resulted in this
dissertation was begun in December, 19.7. At that time
it was proposed to stud§ boiling coefficients for Freon
12 under conditions resembling somewhat those in a large
horizontal tube and shell water cooler. The effect on
the heat transfer coefficient of the agitation resulting
when bubbles from one tube strike the tube abova was to
be studied for a bundle of six tubes in a vertical row,
using both plain and finned tubes. The effect of arti-
ficially injected vapor on the coefficient for the
bottom tube was also to be studied.

Accordingly, work was started on the design of suit-
able experimental equipment. Full time was devoted to
its construction from February until October, 1948, when
the first data were recorded. Difficulty with the analy=-
sis of the data led to considerable rebuilding of part
of the equipment in May, 1949. This in turn resulted in
8 slight reduction in the scope of the investigation.
Boiling coefficients were subsequently studied for Freon
12 at-low temperature differences on four plaiq tudbes

.in a vertical row. The effect of artificially intro-

duced vapor was observed over a limited range of rates

and temperature differences.
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Vi. THEORETICAL CONSIDERATIONS

A, INTRODUCTION

Boiling may be defined as that phenomenon which
occurs when heat is tfansferred to a 1liquld across a
finite boundary or medium which separates the liquid
from the source of heat at such a rate and under such
conditions that bubbles of vapor form at the interface.
The se bubbles form at few or many points on the inter-
face, depending on the rate of heat transfer, the his-
tory of the surface, and the dynamics of flow of the
liquid et the interface at the time of bubble formation.

Experimental observations indicate that the boiling
which results from the contact of a hotter metal surface
with a colder liquid occurs in three more or less clearly
defined regions which have been called nuclear, filmwise,
and critical. Nuclear boiling is characterized by low
temperature differences and a vapor-liquid mixture in
contact wlth the heated surface. Filmwise boiling is
characterised by relatively higher temperature differences
and an unstable thin film of vapor almost completely
separating the heated surface from the bulk of the coolsr’
liquld mass. The critical region is a transition zone

between these more clearly defined regions, similar to

the transition between laminar and turbulent flow of

fluids.
In the refrigeration industry, wherever horizontal

tube and shell coolers are used, the liquid boils during

-
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the evaparation of the low -pressure refrigerant which is
in indirect contact w;th the circulasted cooling medium.
Evaporation of tnié %1quid at a témperature as close as
possible to the réquifed temperature of the cooling
medium possesses sgignificant advantages over evaporation
at lower temperatures. The higher the evaporating temp-
erature the less work must be done by a compressor operat-
1né at a fixed condensing temperature. The objective in
this type of heat transfer is, therefore, to get the size
of the heat transfer equipment and the required compressor
work at an overall economic optimum. Low temperature
differences reduce the required compression energy on one
hand but reduce the rate of heat transfer on the other.
The optimum will therefore be found by getting the maximum
heat transferred at the lowest temperature d ifference.
Under these conditions boiling will be in the nuclear re-
&ion. | |
It has been general practice in this country to corre-
late so-called boiling film épefricients for given 1liquids
boiling in the nuclear region on the basis of the differ-
ence in temperature between the heating surface and the
liquid. Practically all previous studies (5, 6, 7, 9, 11,
12) indicate that for boiling from plain surfaces in the

vertical or horizontal position, the rate of heat transfer
“decreases very rapidly as the temperature difference is
decreased. The coefficients for given liquids have been

represented by an equation of the type
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where h is the boiling film coefficient Beeed on the area

on which boiling 1s taking place in BTU/hr. 8q. Tt. QF;'E.;

is a constant whieh depends ;ergely on the 11qu1d anditha
surface' AT is the temperature difference between the' boil-
ing 1liquid and the 1nterrace across which heat is beins
transferred in F' and m is a constant which epperently 1168 o
between 2., and 2.6 for most liquias (5, 9). This iggigatee
the rapid rise in the coefficient with temperaturelﬁifter;~"J
ence, and hence its relatively low value at low temperature

differences.

-

Contrary to the above equation, date-presentea:by,
Austin (B)fror bolling under violent mechaniocal agitatieni
indicate no change in heat transfer eOe(rioientﬁwith temp-
erature differenee. These data indicate that temperature
difference is not the only major fundamental varieble, even‘
for a given 1liquid boiling on a given surface. Since the
dynamics of the boiling liquid seem to have such a dominent
effect, it seems reasonable to assume that the tube arrange-
ment and vapar-liqnid flow pattem around the tubes will |
significantly affect the rate of heat transfer in a‘hori-
zontal tube and shell evaporator. This should be pei'tleu-
larly apparent at low boiling rates where normal egitetion,A
is relatively poor. ’

It was primarily with a study of this errect in uinﬁ

that.the present research was undertaken. At the sane tinp,_e53

the study would permit measuremant of boiling °°°fficiant’ -»:éy

for Freon 12.
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B. PREVIOUS INVESTIGATIONS

Out of the vast array of literature on heat tranafer
to boiling liquidé. six papers pertaihing more or less
directly to the points in question are worthy of mention.A

Two other authors have reported boiling coefficients
for Freon 12. Ashley (2) studied heat transfer boerfiéf’
clents for Freon 12 in a direct expansion type double¥§i§é_
exchanger. An attempt was made to use a Wilson (16) plot
type of analysis to evaluate the film coefficients. Jones
(13} reports data on a 430 ton cooler containing 5/8 in.
root diameter integral spiral low finned tubes for water
velocities from 3.45 to 7.51 ft. /sec- evaporating tempera-
tures from 30.24 to 34.50 F, and water inlet temperatures
from 42.86 to 55.50 °F. These conditions corresponded to
a boiling film temperature difference from about 4.3 to
5.2 °F ana boiling film coefficients from about 140 to 360
BTU/hr. sq. rt. °F,

' One other investigation on the comparison of single
tube coefficients with tube bundle coefficients is reported.
Akin (1) studied overall coefficients in an evapora tor
having 60 nearly horizoatal 1/2 in. 0.D. chrome-plated cOpperv |
tubes 10 in. lons. The rows were 10 deep and 6 across on a g

square piteh.. Heat transrer was from condensing steam’to

boiling water. Gondensate was colidéfqdfseparétaly from
each of 5§ p&i%s or horizontal'tubes,"i.é., 12 tuabes. Hb re-

'.ports that tho data ror the 60 tube tests were virtually .

tho sane as those for a single tube under the same condi-
. tions, but that the third pair rnon the bottom produced
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slightly more condensate than the others. No deta were
taken on the bottom pair because of an equipment failure.

Jakob (12) makes reference to the stirring effect of
the bubbles. He exp:rienced difficulty in making measure-
ments on vertical plates because the boiling temperature
difference was decreased near the top of the plate. He
attributes this to the stirring effect of the rising sté&m
bubbles. Jakodb also'repcrts his studies of the surface
effect on the coefficient. Coefficients for a freshly
sand blasted copper surface and for the same surface after
longer periods of use indicate a decrease in coerriéient
of approximately 25% at the same heat flux.

Pridgeon and Badger (15) report a series of studies
on boiling water from plain copper tubes. They measured
overall coefficients and found a decrease of about 60% for -
a surface thaﬁahad_stood in water for 2, days as compared to
an acid-clean surface. A surface cleaned with emery cloﬁh'
gave overall coefficlents about 60% of the acid-clean
values,

The work of Austin (3) has been referred to. He re-
ports that when a pool of water boiling at 212 OF was mecn—;
anilcally agitated with a stirrer rotating at 200 r.p.m, the
boiling coefficient was apparently unaffected by a change

in temperature difrerence from 1 to 10 F

Cc. EXPERIMENTAL METHOD
The method finally used in this investigation dirtered
slightly from that originally conéeived. The original plan
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was to study rates of heat transfer to individual Aorizon-
tal tubes 1n & verticsl row tube bundle. The evaporating
liquid was to be Freon 12. The heasting liquid was to be
carbon tetrachloride pumped at known velocity through the
tubes. This 1liquid was chosen because of its low gpaqitic
heat and its desirable liquid range. Inlet and outlet
temperatures of the carbon tetrachloride and the tempera-
ture of the Freon were to be measured with mrcxry thermo-
meters graduated in 1/10 Op intervals. The carﬁon tetrea-
chloride velocities were to be measured with orifices.
Studies-on the effect of artificially 1ntréduced Freon
vapé; were to be made by passing known quantities of the
vapor at a given temperature and pr essure throqgh a per-
forated ‘tube located beneath the bottog tube in the bundle.

As will be explained la ter, several dirticultiaa ardsc
when an attempt was made to analyse the datg t.aken under 7'
the above conditions. In faect all attegpte ét evaluating;"
the boiling rilm coefficient satisfactorily resultpd,in}r
failure, - | LT ‘%} vw_4 ; “

The method of taking measurements was t_hen‘“éha;ngod» o
‘to ‘one which proved'succeasfnl. First of}gii,,yhe_heating‘ ﬁéf?
fluid was chahged'from carbon tetrachloride to water for . B
two reasons. The carbon tetrachloride had a;éorropivb_ |
effect on the Qopper and other piping %hiéh;led‘tp the
deposition of a powdery layer on the 1néidd,or»the“ova—i~

porator tubes. This layér had & tremandpué:infiﬁhnc¢ oa ';

the rate of heat transfer. The other reason was that by
saorificing the lower specific heat of ea:bo§ t§t:&¢hiof1do‘
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in favor of water, the higher inside coefficlent of water
was obtainsd. To overcome the decrease in accuracy which
would result from measuring smeller temperature differences
with 1/10 Or thermometers, Beckmann thermometers graduated
in 1/100 °C intervals were used. To permit analysis® of -
the heat transfer data into its separate coefficlents,
thermocouples were installed in the tube walls of the
bottom four plain tubes. The two top tubes were equipped
with neither thermocouples nor Beckmenns. Other than this

the experimental method was unaltered.




VII. EXPERIMENTAL EQUIPMENT AND MEASUREMENTS

A. EZEQUIPMENT

Two separate main fluid circults and two auxilery
circuits were necessary for the measurement of the re-
quired rates of heat transfer. The first main circuit was
capable of containing and handl ing the Freon used for c¢cool-
ing the water. The second was a2 water circult which con-
tained and handled the water used for evaporating the Freon.
The first auxiliary circuilt was for steam used to reheat thé._
water end maintain it at any desired uniform temperature.ﬁi%‘
The second was a cold water circuit used for removing heat

from the condensing Freon.

l. FREON CIRCUIT

(a) Flowsheet )
The Freon and its auxiliary circuit consisted of four

main units: the evaporator, the compressdr and its access-
ories, the vapor-liquid separator, and the stprage tank.
Their arrangement is indicated in the flowsheet of Fig. 1l.
The high pressure Freon gas leaving the compressor
diyided into two streams, one going to the 0il separator
and the other being by-passed to the suction side of the
compressor.' It was for capacity control that part of the

discharge stream was by-passed, and the relative magnitude

of the two stréams depended on the heat load of the evapora-

tor. As the heat load was increased less Freon was by-

s

passed and mdre'went to the condensér.

The stream of gas entering the condenser was condensed
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by cooling water from tha.city mains. The rloﬁ rate of the
cooling water was automatically controlled by a pressure
controlled valve in the water line. The stream of high
pressure liquid from the condenser was divided into ome
main stream in a 3/4 in. copper tube and another small
stream in a 1/4 in. copper tube. The smsll stream entered
the vapor by-pass on the compressor just before it joined
the main suction line. Here 1t was throttled to suction
pressure by a hand operated needle valve H. The flashing
of this high pressure liquid kept the compressor cool and
eliminated the extreme overheating which otherwise resulted
from continuous by-passing of hot high pressure vapor.,

The main liquid stream entered the vapor-liquid sep-
arator after being throttled by a hand operated throttle
valve C. Here the hiéh pressﬁre liquid stream flashed
into two phases at approximately the evaporator pressure.
''he low pressure vapor stream from the separator was con-
trolled by velve D and returned to the suction side of the
compressor. The low pressure liquid stream from the
separator flowed to the evaporator by gravity flow and'
entered the bottom at ;wo points. Here the Freon was
evaporated and the msin vapor stream returned to the suc-
tion side of the compressor.

The vapor stream indicated as flowing directly from

the discharge of the 0il separator to the evaporator was

for 1ntroducihg the lreon gas beneath the bundle of tubes,
and was completely isolated from the rest of the system

when not in use. It was a 3/4 1h. copper line.
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The remainier of the piping around the storage tank
was only used while charging or discharging Freon from the
evaporator. Its use will be described more fully in
Appendix B.

All main vapor lines were 1-1/2 in. streamline copper
and main liquid lines were 3/, in. streamline copper.
vonnections were made with brass sweat fittings. Valves
were standard 150 1lb. globe and gate valves which caused
considerable trouble with leakage. Expansion valve C
was a standard 3/, in. hend controlled 300 1lb. needls
valve.

(b) Evaporator

The evaporator is worthy of recther detailed discus-
sion bécause it was the unit on which the heat transfer
measurements were mede and 1t possessed soms features of
design which made 1t useful for experimental purposes.

The evaporator was designed with the fcllowing points
in mind. Tt had to have & tube bundle consisting of six
tubes in a vertical row, and there were to be two kinds
of tubes. For this reason it was desirable to be able to
remove and lnstall different tube bundles without too much
inconvehience and without destroying the tubes. It had
to be able to withstand the pressure of the Freons and

other low pressure refrigerants and packing glands had to

be of a type which would not permit loss of these relative-

ly expensive fluids. It was alsc preferable that the
evaporator should operate on as little refrigerant as

possible for economic reasons. The ends of the evaporator
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had to be adaptable toO the connection and disconnection
of the water pipes. FProvision had to be made at one end
for the expansion and contraction of the evaporator tubes
at different tempesratures.
(1) Body _

The above considerations led to the constructibn 6:
a rectangular shaped evaporator. It provided space for
the tube bundle and yet very littie waste space which
had to be filled with Freon. It also hed a relatively
small end area so that lighter weight tubesheets than
would havs been necessary for a circular shaped evapora-
tor could be used.

An essembly drawlng of the evaporator appears in
Fig. 2. It measured 17-3/8 in. high by 7-1/L in. wide
by 39 in. long inside end wes fabricated of 1/2 in. steel
plate welded at the seams and reinforced at three posi-
tions with 3 in. steel 1-beams welded in place. The ends
were welded to collars fabricated of 1 1n. steel plate
sultably drilled for bolting to the cover plate at one

end and the packing glend follower at the other end.

The body of the evaporator contained two 1 in. weld-
ed pipe couplings in the dottom to introduce the liquid
Freon. 1t bad two 1-1/2 in. couplings in the top to remove
the vapor.  The 3/4 in. coupling was for a safety valve set
to relieve at 150 p.s.i.g. The 1/2 in. coupling in the
top was for & pressure gauge and the ones in the side were
for thermometer wells.

Three bull's éyes were welded into the si@eé of the
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evaporator, two on the front and one on the back, The one
on the back was half way between the front two. These
were to permit visual observations of the boiling and the
liquid level.
iii) Cover Plates

The detall of the cover plate for the unpacked end
is indicated in rig. 3. 1t was fabricated of 1 in. steel
plate. The outside ring of 14 holes was used to bolt the
cover plate to the collar on the evaporator body. The |
inner ring of 8 holes was used to bolt the cover plate
to the tubesheet in order to make a tight water seal be-
tween tubes and also a seal between the water and Freon
circuits. The threaded 1/2 in. pipe holes were for adapt-
ing the water pipes to the cover plate in order to intro-
duce the water into the evaporator tubes. The 1/2 in.
pPipe hole at the.bottom was for adapting the Freon gas
pipe for imntroducing the gas into the perforated injector.

The detall for the cover plate on the packed end is
indicated in rig. 4. It was fabricated from 1 in. steel
plate. Tén of the outer ring of bolt holes corresponding
to thse in the paecking glénd follower were to permit the
stud bolts used with the follower to pass through the
cover plate into the tubesheet. In this way the outward
pull of the bolts was exerted sgainst the tubesheet rather
than the covef rlate and did not tend to separate the plate
from the tubesheet as the packing was tightened up. The |
remaining six holes were for the bolts used to hold the

cover plate and gasket to the tubesheet as on the unpacked
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end. The group of 1/2 in. pipe holes were for the water
outlet pipes.
(1i11) ©Packed End

The detail for the packing gland follower is illus-
trated in Fig. 5. It was fabricated by welding 3/4 and
3/8 in. plate. The outer ring of 1/ holes Waé for bolt-
ing the follower to the evaporator coller. These bolts
took the stress from the Frecn pressure sexerted on that
end of the tube bundle. They were tightened little more
than hand tight without any Freon in the system. Any
excess tightening would result in bent evaporator tubes.
The. inner circle of 10 holes was for accommodating stud
bolts used for drawing up the packing. The raised portion
of the follower bore down on the surfasce of the packing

when the stud bolts were tightened.

(iv) Tubesheets

The tubesheets for both ends of the tube bundle were
very similar. The detall of the tubesheet for the unpack-
ed end is indicated by Fig. 6. It was fabricated from 1l
in. steel plate. Ten of the outer ring of threaded holes
- were for the follower stud bolts. The other six threaded
holes were for the cover plate bolts. The center group
of holes were for the evaporator tubes. These holes were
drilled and reamed to 0.758% 0.002 in., and grooved with
two grooves approximately 1/8 in. wide by 1/64 in. deep.
The besvelled edge of the tubesheet was to provide a space
for packing and to give it a wedge type action when being

drawn up.
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The other tubesheet had a 1/2 in. pipe hole for con-
necting the Freon gas injector beneath the bottom tube.

It did not require bevelled edges nor holes for the stud

bolts.

(v) Tube Bundle
The tube bundle contained 16 copper tubes rolled

into the tubesheets with a suitable roller. The tubes
had a 0.750 in. 0.D, and a wall thickness of 0.065 in.
This gave a 0.620 in. I.D. which compared favorably with
the 0.622 in. I.D. of the 1/2 in. pipe used for the water
connections. The distance between tubesheets was 36.2
in. giving an area per tube of 0.593 sq. ft.

The only tubes used for the experiments‘were the
bottom four in the middle row. The side rows were to
give strength to the bundle, to provide a flow pattern
for the bubbles which would approximate that in & com-
mercial uniﬁ, and to permit further study on a more com-
pact bundle of tube rather than a single row. Fig. 7
" is = photograph of a tube bundle taken before thermo-
cOuplesrwere installed,

Water connections were completed to the six tubes
in the center row only but corresponding adapting holes
were made for the bottom two tubes in each of the side
rows,

The perforated vapor injector was mede from a piece

of 1/2 in. galvanized pipe threaded into the tubesheet

80 that it was 1/2 in. from the bottom tube. Twenty-
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7 PLAIN TUBE BUNDLE

FIG.




three holes 0.040 in. in diameter were drilled 1-1/2 in.
apart in a straight line along the top of the pipe. The
vapor was directed through these holes against the bottom
tube. The outlet end of the pipe was capped.

(vi) Packing and Gasketing .
The gasket material used between the cover plates
and tubesheets was compressed neoprene - asbaestos sheet
1/8 in. ‘thick. Une of the gaskets is plainly visible in -
the photograph of the tube bundle in Fig. 7. The same
material was used between the cover plate snd the collar
of the evaporstor on the unpacked end. |
Circular graphited asbestos packing was used to
make the seal between the tubesheet and the shell on
the packed end. First of all a piece of 1/16 in. pack-
inz was tamped into the bottom of the groove, making sure
that the cbrneps were particularly well filled, énd that
the ends were smoothly joined. This piecse of material
actually made the seal, the remainder of the packing just
held it in place. On top of ﬁhis_first piece about 3 or
L layers or;the same type of material 1/4 in.- in diameter
'were'wound,jmaking sure that they were well packed into
the corners. On top of this was pleced a plece of 5/8 in.
diameter,J;/8 in. wall, neoprene rubber tubing. This just
ric snuggi&:in place and held there of its own accord,
permittiné'the follower to be put on an bolted down.

(vii) Pressure Test end Leak Detection

Before piping connections were made, the outlets in
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the evaporator shell wers plugged with pipe piugs and the

unit pressure teéted to 225 p.s.i.g._with water. This

proved the strength of the shell, the effectiveness of

the packed end, and the tightness of the rolled tube joints.
After the piping connections had been made, the unit

was tested for major leaks by placing it under abodt 75

P.s.1.g. alr pressure end using soapy water. Sméller

leaks were found using =a hethyl alcohol Freon detector

with Freon in the unit.

(c) Compressor and Accessories

The compressor was a 5 ton Carrier type 5F-30 model,
‘operating three cylinders at 1750 r.p.m. from a 5 h.p.
drive. It was equipped with an automstic low and high
pressure shut-off switch, and an sutomatic oil safety
switoh which shut off the compressor whenever the differ-
ence betwéen ﬁhe oil and suctiﬁn pressure became less
than about 45 p.s.i.g, generally indicating a loss of oil
frdm the crank case. Gauge I, Fig. 1, indicated the dis-
charge end gauge II the suction préssure of thé compr essor.
Gaﬁge III indicated the oil pressure, |

The oil sepafator was an Aminco Rerrigeratibn Pro-
ducts Co. type 890F separator which worked very satis-
factorily when the compressor was operated properly.

The condensef was a water cooled mulipaés type,
containing finned tubes.4vit had a purge cock forAgliminat-

ing air from the system. The condensing pressure was in-

di cated by geuge 1V. ‘ )
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(da) Vapor-Liguid qugratof

The purpose of the vapor-liquid separztor was to
separate the low pressure liquid from the vapor. 1t was
fabrioated‘from a piece of 6 in., pipe 20 in. long, with
3/4 in. steel heads welded in. A 1 in. pipe coupling
was welded in the bbttom for the liquid outlet. Two
1-1/2 in. couplings were welded in the top to provide an
inlet for the throttled vapor liquid mixture and an out-
let for the separated vapor. Two 1/2 in. couplings were
welded in the side to make connections for a sight glass
to permit observation of the liquid level. A thin steel
baffle plate was sqiiigged_from the top end between the.
' 1-1/2 in. couplings. It extended all the way across and

was 5 in. long. It was designed to prevent as much liquid

entrainment as possible,

(e) Storage Tank
The purpose of the storage tank was to hold the Freon

during any changes 1nAeqqipmant that might be necessary
during the course of operations, or during the changing
of tube bundles. It was rabricatéd from a piece of 12 in.
pipe 54 in. long, with 3/4 in. steel heads welded in.

It had a 3/4 1in. coupling in the top through which the
evaporator could be drained. 1t had a 1/2 in. coupling
in the top for a relief valve and connections on the.end
for a sight glass in which to observe the liquid level. |
A 1-1/4 in. pipe connection in the bottom permitted dis-

ohargé of the liquid to‘fhe evaporator.




26,

2. WATER CIRCUIT

The water and its auxiliary circuit consisted of
three main units in addition to the piping and storage' ‘
tank. These units were a pump, a heater, and. two mani~

folds. Thelr arrangement is indicated in the flow sheet

of Fig. 8.
The discharge from the pump divided into two streams,

one going to the manifold and the other being by-passed to
the suction side of the pump for capacity controls. The
quantity by-passed was controlled by valves A and B,

The main stream was distributed to any of the de-
sired six tubes by adjustment of the valves C. After
prassing through the evaporator iﬁto the downstream mani-
fold, the streams were reunited ahd sent to a storage
tank. The pump took suction from the storage tank through
a small steam heater. A :

Steam was supplied from a 120 p.s.i.g. line., Its
flow rate was controlled by 1/4 in. valve D and 1/8 in.

valve E. Condensate was discharged from the trap to a

drain.

(a) Pump -
The pump was a Viking type gear pump driven at 300

r.p.m. by a 3 h.p. motor. It was capable of delivering

approximately 65 g.p.m. at a pressure of 25 p.s.ifg.

~(b) Heater

The steam heater was a Ross type BCF water heater.
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(c) Manifolds

The manifolds were fabricaﬁéd from 6 in, pipe with
1/4 in. steel heads welded in. They were each 22 in.
long and had six 1/2 in. pipe outlets.evenly spaced on
3 in. centers on one side.

The upstream menifold had a 2 in. inlet in the
bottom on the opposite side to the 1/2 in. outlets. A
vertical partition consisting of a steel plate drilled
with 3/4 in. holes extended all the way across and up
from the bottom in the center to a height of 18 in. This

was to give the water a more uniform velocity profile as
it approached the 1/2 in. pipes, and to avoid a cross-
sweep action which might haie influenced the steadiness
‘ofvflow in the individual tubes. The top of the manifold
had a pressure gauge connection.

The downstream manifold had_a 2 in. outlet at the
top and a drain in the bottom.
(d) Piping and Storage Tank

All main piping was 2 in. galvanized plipe. The in-
dividual pipes leeding to the evaporator tubes were 1/2
in. galvanized.

The storage tank was a 16 in. pipe about 5 ft.‘loqg
with heads weldéd on both ends, suitable inlet, outlet,

and drain connections, and a sight glass on the side.
This tank waé originally included as storage for the
carbon tetrachloride but ﬁés useful with the water be-
cause it permitted more hold-up in the system and conse-

qunetly slower fluctuztion in water temperature.
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3. INSULATION

All water circuit and all low pressure Freon circult

units and piping were insulated.

(a) Lvaporator
The evaporator was covered with 3 in. slabs of Johns-

Manville rock cork insulation on all sides. This filled
in the space between the 3 in. I-beams. A layer of Johns-
Manville hair felt one inch thick was then wrapped around
the whole unit and tied in place with twine. This was

" followed by winding around strips of 4 in. Johns-Manville "
Zero-Tape, overlapping on every turn to insure a complete I
seal against moisture. The edges were carefully tucked in
around all fittings and the whole was then painted with

two coats of black asphalt paint to keep out moisture,

(b) Piping
All piping on the water and low pressure Freoh cir-

cuits was insulated with two layers of Johns-Manville
hair felt wrapped on tightly, tied with twine, and then
wrapped with overlapping layers of the black tape. This

was then painted the same as the evaporator. The 1liquiad
line from the vapor-liquid separator was wrapped with 3
layers of felt to keep the heat galin at an absoluté
minimum,.

The manifold&, water storage tank, and vapor-liquiad
separator were wrapped with layers of hair felt and treat-
ed for @woisture in the same way. '

The 1/2 in. water piping was wrapped with two layers

of hair felt and tied on but not water-proofed because it
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had to be removed every time the tube bundle was changed.
The ends of the evaporator were wrapped in the same way.
Observation indicated that the amount of moisture which
penetrated to these surfaces was very small and it was
not felt sufficient to in any way destroy the insulating

properties of the material.

B. MEASUREMENTS

In order to make the required heat transfer measure-
ments it was necessary to know water inlet and outlet
temperatures for each test tube, Ireon liquid temperature,
tube wall temperatures, and water flow rates in each tube,
The tempersture, pressure, gnd flow rate of the injected
Freon gas also had to be known for those rTuns where gas was

introduced.

. FLO¥ MEASUREIENTS

1
(a) Wwater Rate
(1) ©Orifice 1Installation

Water flow measurements were made using orifices in-

serted in the half inch pipes. The assembly'is indicated
in Fig. 9. The plates were made of brass machlned 3/32 in.
thick with‘a 0.344 in. sharp cornered hole drilled and
reamed at the center. They fit into the gasketed seat of
an orifice union. Orifice taps were taken offt 3/4 1n;
above and below the plates by drilling through the screwed
ends of the union where they fastened onto the pipe with

a 1/8 in. drill. Three-sixteenth inch copper tubinz con-

nections were made from the orifice to a smaell menometer
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. tions. -rne ugu coerficiont (0.71.8 w" 0.765) 15 probve

»manirold made from 1-1/2 1n. pipe 8 1n.llong having iA
dnal sido ontlets ror aach oriricom» !bahioutlet hadﬁa

stop-cock sc that the flaw ratc In any wesired‘ori ¢

':easily be 1udieated on the nanamnterw‘ Thp tap or thﬁ"uani-~

rold had an air purge bock and tho bottam had ‘a oonnditlbn g‘fP
leading to ‘the manonator."-'f;i’"F"f”““‘ $  L Wj |
Tho mannneter rlnid waa marcury and the ateel’scale

was graduated 1n‘mn.d It was 130 an. long. ;~

(11) Oririce Calibrations S
| The orificas ‘were calibrated in placo with uatgr.afﬁu*t 2

1Hater fram the city nains uaa adnitted throngh the oriri .
at. any'desired oonstant rate and the tinn requirod rar a N
given weight of water to be colleoted was recorded, b"'a,?€
fice oonstanta were calealated rroa.tha rooprdud date» A
[H;plot ar the oalibration appears 1n Fig; 28 of Appondix .
' Ths oanstants ror~a11 orifiees ware practlcnlly ;

1dentioa1 so tha sane ourva was nsed tor all calcula;l;

» “:ab1y ar sult or the rttio betwoen the plate thidkn"’



rodpper tube. - Manometer conneetioh8~were similar to*thoéci*ei;?
used on the ‘water orifices. The menometer flnids were f

| glycol end mereury nnder Freon, and the eeale wae grednated

in tenths or an inch. Glycol wes choeen beoeuee or ite
density, 1.101 gu/oc. at 68 °F, and its extremely low -
.vepor pressnre wnieh eliminated contamination of the Freon;"

(li) Galibration I
| The oririoe was calibrated with air at roon.tempera-' o
ture. The ealibration data are plotted in Fig. 29 of
Appenlix c. Alr from a 90 p. s.i.g2. source was passed

through a Fischer-Porter critlcal flow prover, then through
the oririce being calibrated. The reading on a mercury
under air nanometer was recorded for any given set or
eonditions at the tlaw prover. The corresponding quantity
of air ‘was oaleulated from the tlou prover deta and from
this known quantity the aririee eonetent wee evaluated. |
These constants were used without further modification
ror ealenlating rates of flow ar Freon. The hole ln the ‘
oriflce plete was 0. 281 ln. and the plate was 3/32 ln. -

TEHEERATURE HEASUREHENTB

ter,'re?eratures | L f | o
erno-e exr lns ation » | .

Beekmann thermonetere gredneted in 1/100 c 1ntervale

N ]

4fwere used tor maeenring water temperaturee. One therno-
_lmter kae inetalled in the rourth tube rro- the bottom et
the inlet end one in eeoh of the botton rour tnbes at l_*f-ﬂ*“

b



V» . onto the rabbcr stopper to nake 1t. wat.or tig,ht. Anather

the ontiet.-- "l'he inlet thermometer was 24 1in, from the‘
evaporator and the outlet thermometers were 30 in. fro:n c )
the evaporator. They Were placed theee diatanoea %o over-
oone aechanical dirricultles adjaoent to the evaperawr ’
thre t.he 1/2 Ane pipes were less than 3/4 in. apert and
%’-\did net laavo roon ror the 1 1n. pipe tees in which tfh'e' :
t«hermeters were 1oeated. Another reascn ror the 1oeat.ton‘
‘downebroam ras to provide surﬁ.oient n:lxing distanoe ror thc
fluid 1eav1ng ‘l:ha evaporator berore :lt reaahed t.he thermo- P
- meter, In the bottom t.nbe, which ran straight fron the
evaporator to the manirold, a mixing chamber was located
‘ahead of t.he thermometer well. In all other pipes there |
'.wnre at least two elbowe ahead of the t.hermomet.er. 'A"ll ’- .
".pipins was thoroushly 1nsu1a ted between thermometers 1n , PR
x.';ithe mnner previoualy desoribed. - | .
; 'I'he nethod ot 1nstalling the Beokmanns 15 illmtrat-v
"jed 1n ﬁg. 10. A 3/1. 4n. n:lpple 3 in. 1ong was sorewed
jf into a 1 by 3/4 1n. bushing. A rubher stoppor, Vbored to
o 't,ake the Becmnn was then inserted into the top of the.
nipple and the Becmnn puahed thronsh A 3/1. in. pipo n
;{;-»onp. drilled to take t.ho Becknann. was thea screwed dewn.

R nore Loosely rit.ting rnbber r:lng waa themn pnshed 1nt.o the

L -'spaee around t.he bulb or ‘bhe themometer where it onergod

B rm; t.he bumins, " 'rhis acted as a epacer to give more

| ririgidity to the thernonetor and prevent lateral notian at

vthe betton.
| This type er installation is rocomended booanee 1t
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,with ice water alone, 80 & brine solution'was nsod..

,tho inlet was. taken as tha rererance and 311 others unro
'referred to 1t. It was rororred to a N,B.s. thsruanster

permita removal ot the tharnamgter 1n its asaamhly when- )

ever a ‘new setting 1avregnired., This avoids the neoessity o
of breaking.a rubber to élass seal oach tine.. Natnral

rubber waa uaed for all ths aoals\so that it conld ba dis-
solvod aut with benzene or. carban totraohloride 1r the
thermomsters. ever ‘had ta be removcd. o o -

A gnarﬁ made from a half aoctian or 1-1/4 in. brass

tuhing wag brazed. to the 3/4 in, eap. This was apperontly
erfective and proved very handy uhen moving the thermb-

meters around during resetting.

(11) Galibration | )

A large well-oiroplatednugter b&th'waé.usedffor
ca;ibraﬁing tha'tharmoﬁaterg. The'bath~was,cqoled down =
.rirst-of*all‘uith'ioe; The ten@erature~ﬁa§“théh3mhfntainod
at any desired polnt -on the Beokmann scale for the partion-'
lar setting by recirculating ioe water through a eoppar
coil in the bath. At law temperatures, ﬁhe heat 1nput

from the roen and the stirrer oould not be oompenaatod for

For purposes ar calibration, tha thorno.ator ueod at

_graduated in 0.1 G 1n$ervala to get the ahsolnte tenpera-~~"
_ture correaponding to the Backmann roaﬁing, The method or i

taking tho data was to hoLd tho bath as aloso as possiblu
to a rixcd tonperature anﬂ road the rarorance thornnn-tur
and each ot tha ather th»rno.oters alnnltanoously, -ntdns
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four pailrs of readings for the five thermometers. This
was repeated for three rounds at each calibration point
and the values averaged. These averages werse subtracted
to get the difference between each thermometer end the refer-
‘ence at the same tempersture. A typical cur ve appears in
Fig. 30 of Appendix C.

The trus temperature carresponding to a reading on
the reference Eeckmann was also plotted for each setting
that was used. One of these curves appears in Fig. 31 of
Appendix C. Similar curves were used to calculate the in-

let water temperature at each different setting.

(b) Freon and Tube \Wall Temperature

The installation of the thermocouples used for measur-
ing the tube wall and liquié F¥reon temperatures formed a
separate and rather special phase of the work and is treat-

ed fully in Appendix A.

3. PRESSURE MEASUREMENTS

Pressure measurements were taken at the evaporator

on gauge V, Fig. 1, for two reasons. They permitted a
check on the thermocouple readings of Freon temperature,
and they were used as a control during operation to tell
whether or not conditions were steady. A calibration curve
for this gauge appears in Fig. 32 of Appendix C.

A pressure gauge waé also used below the orifice in
the ¥reon gas line in order to record the‘pressure at
which the gas left the orifi6e. A calibration for thig

gauge appears in Fig. 33 of Appendix C.
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VIII. EXPERIMENTAL PROCEDURE

A. STARTING UP

1. WATER CIRCUIT

The water circult was always started up first. Con-
trol valves F and B, Fiz. 8, and vent H were opened wide.
Water form the city mains was then turned on at valve L
to fill ﬁhe system. Duriﬂg the filling, the by-pass valve
A and inlet valves C were closed so that the main 2 in.
lines would be flushed out with fresh water. When the
storage tank became nearly full the water was shut off
and the tank allowed to drain empty. This eliminated

rust which had collected in the system over the shut

down period. The drain valve on the tank was closed and
the system refilled with fresh city water to within a few
inches of the top of the sight glass on the tank. The by-
pass ﬁalve A and inlet valves C were then opened, the re-
versing motor switch put in the forward position, and the
pump started. As soon as the pump took suction, the by-
pass was adjusted until the manometer indicated about half-
scale reading. Each orifice lead was then opened separately
and}the coock on the top of the orifice manifold opened to
purge air from the lead lines. The cocks on the top of

the manome ter were then Openeg to purge air from the mano-
meter lines. ~The control val;es C were then adjusted until
as nearly as possible the same rate of flow was obtained in

each of tubes 1 to 4 (numbering from the bottom up). This

involved closing the lower valves slightly and was a triasl

and error procedure. Valves in tubes 5 and 6 wers left
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closed except at low'heat loads where the load on these
tubes made contrcl of the compressor easier. The by-pass
valve was then adjusted to get the desired rate of flow
in the individual tubes, and they were checked with ﬁhe
manometer to see if the rates were still the same.

It was extremely important that this procedure be
followed closely, especially when the Beckmanns were set
to read at 40 °F or lower. Unless the water at room tem-
perature laying in the pipiug were purged thoroughly from
the system before the pumps were started, the setting on

the thermometers would be lost.

2. FREON CIRCUIT

The operation of the Freon circuit will be desoribed
assuming the Freon to be in the evaporator at the required
level, about half way up in the top bull's eye. ' Additional
operating instructions pertaining to other phases of the
Freon circuit operation are presented in Appendix B.

Valves A, B, E, G, and Q, Fig. 1, were opened wide.
Valve R on the liquid-control line to the by-pass was
opened wide and the valve on the pressure gauge at IV was
cracked. By-pass valve I was opened about half way. Valve
H and all other valves were left closed tight. The import-
ance of keeping valve H closed at this stage should be

emphaslized because if 1t were left open the liquid from the
condenser would flow into the suction side of the compressor |
as soon as it were started up.

The compressor was then started. As soon as the cone-

denser had accumulated some liquid, throttle valve C was
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opened slightly to admit Yreomn to the separator. The
condenser water would automatically start to flow when
the pressure in the condenser had built up sufficiently.
The liquid in the evaporator would start to foam and
swirl over the top bull's eye as soon as C was opened.
Valve H was then opened gradually until the by-pass pipe
felt cold to the touch over most of its length. A hot
by-pass pipe with H open usually meant that there was no
liquid in the condenser. Pressure on the suction side
could then be reduced by shutting down on valve F slight-
ly until the suction pressure at gauge II started to de-
crease. The shut-off valve on gauge V was opened when
the suction was less than 60 p.s.i.g.

This was a rather critical stage in the operation
and the procedure here had t§ be followed carefully. The
0il 1n the crankcase was saturated with Freon at the crank-
case pressure. Any decrease in that pressure resulted in
the 0il becoming supersaturated with Freon at the new

pressure. The sudden release of gas causaed such violent

frothing of the o0il that it boiled right out of the
crankcase and went over into the condenser and evaporator
with the liquid. The o0il separator could not handle such
large volumes of 01l and became ineffective whenever this
frothing-over occurred. The way this could be avoided was
to decrease the suction pressure very slowly and keep ob-
serving the 01l in the sight glass on the crankecase. When
the pressure was not being decreased too fast; the o0il was
creamy but not frothy. After stable operation at a fixed

suction pressure, the o0il became its nstural color.
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At this stage in the procedure, it was usually neces-
sary to open the steam control valves E and I, Fig. 8,
slightly in order to meintain the water temperature. The
throttle valve C, Fig. 1, might also need adjusting to
keep the desired liquid.levels in the evaporator and con-
denser. The liquid lewvel in the ccocndenser was determined
by locating the level where it was cold to the teuch.

At this time the water circuit was operating, the
Steam was on sufficiently to hold the mercury on the scale
of the thermometers, and the compressor was operating at
approximately the desired suction pressure on direct ex-
pansion, that is, low pressure liquid asnd vapor were both
&oing to the evaporator.

The next stage involved adjustment of a liquid level
in the vapor-liquid separator so that only low pressure
liquid went to the evaporator. This was done by opening
valve ' slightly end observing the sight glass closely.
When Freon began to froth and foam in the glass, the valve
was closed momentarily or at least far enough to prevent
the liquid rising too far in the separator. This was an

extremely important point because if 1liquid were carri-a

over it would go directly to the suction side of phe com-
pressor. It was usually necessary to let the Freom foam
up and down in the glass a few times in order to cool it
down before a level could be held. Finally, the level was
adjusted by control of valves'C, I, H, and F. Opening
valve C or the by-pass F tended to depress the liquid level.

The level was also influenced by the adjustment of wvalve H,
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but not radically. The level had to be watched very closely
whenever other conditions were unsteady, and in fact, at
all times.

At this point the liquid in the evapqrator should
have become relatively quiescent and will be lower than
it was becauss of hold-up in the separator. 1ln the rare
cases where an extremely low heat load was used, valve A
had to be partially closed before the pressurs differences
were such that liquid would appeer 1n the separator.

The s&stam was now ready for final ad justment to the
exact conditions under which data were to be taken,

B. COLLECTION OF DATA

1. REGULAR RUNS

For the runs made to determine bolling coefficients
for the individual tubes, nothing remained but to hold all
conditions steady. ‘lhe water velocity seldom if ever need-
ed adjustment during the course of a run. It was attempted
to hoid the inlet temperature of the water constant within
0.03 °C, and to keep the Freon temperature constant. A
change in the ¥reon temperature was indicated immediately

by a change in its pressure. A rise 1in pressure resulted

from two things. The water temperature was either getting
too ﬁigh or not enough rreon was being sent to the evapora-
tor. These conditions were corrected by proper adjustment
of the steam or by-pass valves. It was very important to
keep the Freon temperature absolutely constant because of
the sensitiveness of the boiling coefficient to tempera-

ture difference.
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As soon as conditions had been steady for about 15
minutes and usually about 1-1/2 hours after starting up,
data were taken. The lower Frecn liquld thefmocouple was
read, followed by the tube wall temperatures for tube 1.
wWwhile the middle couple was being read, the inlet and out-
let water temperatures were also read. ‘his procedure ;as
repeated for the other three tubes, with the upper Freon
liquid couple teing read for tubes 3 and 4. Three complete
cycles of readings were mmde at each condition. The water

manometer was read at the beginning and end of seach run.

2. WILSON PLOT RUNS

During a series of runs for a VWilson plot, it was
necessary to keep the heat load as constant as possible by
leaving the compressor untouched during the entire course -
of data-taking for all the runs. The first run was made
at the maximum water velocity attainable with the Beckmanns
reading at the lower end of the scale. The water velocity
was decreassad for the next run and the inlet temperature

of the water increased until the new larger overall tempera-

ture difference was sufficient to transfer the same amount
of heat at the lower velocity and same Freon temperature.
The limitins velocity was determined at the low end by the
maximum temperature uifference permissable with the Beck-
mann setting, and at the high end by the size of the ori-
fices.

In all other respects the data taking for these runs

was the same as described above.
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3. INJECTION VAPOR RUNS

Runs taken with Freon gas being introduced bensath
the tubes were essentially the same as the others except

that the desired quantity of gas was introduced by con-

trol valves J and K, Fig. 1. No difficulty was encountered
in keeping the flow rates constant. The temperature and

pressure of the inlet gas were recorded when the menometer

was read.

C. SHUTTING DOWN

At the conclusion of data taking, valve D, Fig., 1,
and the steam valves were closed tightly. The by-pass
valve F was opened slightly and the control valve H closed.
Valves C and B were then closed rapldly and simultaneously
and the compressor shut off. The shut-off valve on gauge
V, the liquid line valve R on the condenser, and valve A
on the evaporator were closed.

The water pump was then turrned off and the system
drained through the storage tank. Valves B and F, Fig. 8,
were closed and a trieckle of water turned on from the
mains at valve L so that it would flow continuously through
the tﬁbes. This was done to prevent rust settling out on
the evaporator tubes during the shut-down period and to

keep the Beckmanns cool enough to hold their setting.
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IX. TREATMZENT OF LEIIPURIMENTAL DATA

A. INTRCDUCTION ANI PRELIMINARY ANALYSIS

When a relatively warm fluid is passed through a
tube surrounded by another colder fluid, heat is trans-
ferred from one fluid to the other through the tube wall.
It 1s possible to calculate an overall heat transfer co-

efficient for this process from an equation of the type

R TUAT - - - - - - - - oo - C (2)

where Q is the quantity of heat transferred in BTU/hr.,
U is the overall heat transfer coefficient in BTU/hr. sq.
ft. OF, A is the area in sq. ft. on which U is based, and
AT is the bulk temperature difference between the two
fluids in °F.

The heat load Q under these conditions can be calcu-
lated from the relation

Q=wc (T, - Tz) - - - - - == - == =-(3)

where W 1s the weight rate of flow in 1b./hr. per tube,
T,, the inlet temperature, T, the outlet temperature, and
C the specific heat of the fluid flowing in the tube 1in

OF .

BTU/1b.
In order to determine the separate so-called film

coefficients which make up the overall coefficient further

information is necessary. This information can be in either

of two forms. It can be in the form of additional experi-
mental information or in the form of independent quantita-
tive theoretical relationships which will permit calcula-
tion of the film coefficient from the known physical énd
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dynamic properties of the fluid under the conditions of

flow in the tube. A known relationship for the inside ofr
the tube would permit, under certain conditions, the calcula-
tion of the outside coefficient from the resistance con-

cept, which expressed mathematically take the form

1_1_A XA
T+ +
U R A h KA, 'f

T (4)
where h is the film coefficient on the outside of the tube
in BTU/hr. sq. ft. °F, A; 1s the inside area of the tube in
sq. ft., h;y is the film coefficient on the inside of the
tube in BTU/hr. sq. ft. °F, k 1s the thermal conductivity
of the metal in the tube wall, BTU/hr. ft. PF, x is the
thickness of the tube well in ft., A,, is the mean area of the
tube wall, and r¢ 1s the total resistance of the fouling which
may or may not be present on either the inside and/or outside
of the tube in °F sq. ft. hr./BTU.

The condition under which a measured value of U and
a calculated value of h; will permit the calculation of
h is thatg%shall be negligible or known. Serious error
may result if this condition is not fulfilled. Fig. 11
has been included to indicate the effect of even an ap-
parently small amount of fouling. The carbon tetrachlo-

ride which was originally used as the heating fluid inside

the tube sttacked the copper and the steel and deposited
a thin layer of powdery material on the inside of the
tubes. The curves in the figure indicete the dif ference
in overall coefficients obtained for these tubes bafore

and after the deposit had been cleaned off,
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A relationship for calculating the coefficient on

the inside of the tubes is known to be of the farm

D DV (cuV - - - - - - - -~ -
9;—=B(7£)a(vé'—) (5)

where D = inside diameter of the tube, ft.
k = thermal conductivity of the fluid, BTU/hr. ft. °F.

B = a8 constaunt depending largely on the geometry of

the system, generally assumed to be 0.023 for long smooth

tubes.

= velocity in the tube, ft./sgec.

v
/o.z density of the fluid, 1b./cu. ft.
//l=.viscosity of the fluid, 1b./ft. hr.
C = specific heat of the fluid, BTU/1b. °F.
a = a constant generally assumed to be 0.8.
b = a constant generally assumed to lie between 0.3
and 0.4, with 0.3 being recommended for cooling (8).

The ratio >f length to diameter of‘the tubes in the
evaporator was 58, which does not permit them to be con-
sidered as long smooth tubes with negligible and effects.
Therefore it cannot be sald that the constant B was known.
This prevented a direct calculation of the inside coeffi-
cients even with the assumption that Te = O and that the

constant a= 0.8 and b= 0.3.

Due to the method of Wilson (16) this difficulty can
be avoided under certein experimental conditions. The con-
ditions are thet h be a constant for a series of runs made

at different velocities, that :f be known, and that the
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constant a be known accurately. For the case of bolling
a given liquid on a given tube surface at a constant
temperaturé, in the presence of no or constant external
disturbances in the liquid, Eqn. (1) indicates that Q

is a function only of the temperature dir "ference between
the boiling l1iquid and the outer surface of the tube wall.

The reasoninz for this is as follows:

Q = bA (AT,) -----------omommo- ————— (6)
and since h =§E (ATb)'n ......................... (1)
. Q = EA (AT,) T mmmm e e e (7)

If Q is held constant it follows that AT, must be
constant. If AT, is constant, then h must be constant
from Eqn. (l1). Holding Q constant would therefore ful-
111 the first condition required to make a Wilson plot.

For copper tubes that have been thoroughly cleaned
and used with non-corrosive liquids such as water it may
be reasonably assumed that Te equals zero. However, this
condition was not fulfilled when carbon tetrachloride was
used as the heesting fluid and ry was therefore an unknown,
although probably nearly a constant for any given series
of runs at constant heat load. The constant a was still
an unkown but assumed to be 0.8.

Several series of runs were made using carbon tetra-
chloride inside the tubes =nd the data were analysed by
the V/ilson plot method and.also by using a relation of
the type in kgn. (4) and (5) with the accepted constants.
The boiling coefficienté obtained by the Wilson Plot
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method were from 50% to 100% higher than those obtained
by using Egqn. (4) and (5). Furthermore, wheﬁ the boiling
coefficienté obtained by the equations were plotted as a
function of the Reynolds number inside the tubes, they
were observed to increase considerably as the Keynolds
number increased at constant heat load. Theoretically
the Reynolds number on the inside should have no effect
on the boiling coefficient at constant heat loead.

The conclusions drawn frcm these results were that
the power a on the Reynolds number in Eqn. (5) was not
0.8 but some higher Aumber, and that until this power
were known accurately, neither the Wilson plot nor Eqn.
(5) could be used to analyse the data to obtain boiling
coefficients.

Accordingly, it was evident that the further informa-
tion necessary to calculate boiling coefficients must be
in the form of additional experimental information which
would permit direct computation of boiling coefficients

from the relationship expressed by Eqn. (6). Thermocouples

in the tube wall gave the necessary data for this computa-

tion and also for the calculation of inside coefficients

from the relation

Inéide coefficients so calculeted coulé¢ then be used
to determine accurately the power a on the Reynolds number
in Eqn. (5). This power could then be used'to make a
Wilson plot analysis and check it with the coefficient ob-
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~

tained by direct calculation. This 1is the method of analy-
sis which was followed for ths entire data which is pre-

sented in Table II of Appendix Co,

B. BOILING COEFFICIENTS

l. EFFECT OF AGITATION

The effect of agitation was studied under two condi-
tions. First of all the effect of the position of one
tube relastive to the others in the tube bundle was studled,
and secondly the effect of agitation resulting from arti-
ficially introduced gas was lnvestigated.

(a) Effect of Tube Position

The conditions under which these data were taken are
as follows:

For any given setting on the Beckmann thermometers
boiling coefficients were determined at various tempera-
ture differences for the four tubes by varying the evaporat-
ing temperature of the Freon, the water velocity, and the
inlet water temperature over as wide a range as possible.

Three different settings on the thermcometers were used,

ths first readinz between about 59° and 68° F, the second
betweén 38° and 47° F, and the third between 68° ana 79° F.
The boiling coefficients were calculated by using Eqn.
(6). The calculated values appear in Table II of Appendix C.
The heat load, Q, was obtainea by use of Eqn. (3). The boil-
ing temperature difference, Aﬂk, was obtezined from the diff-
erence between the tube surface and Freon temperatures. The
temperature of the tube wall was calculated by averaging the

three thermocouple readings for each tube. The temperature
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so obtained was assumed to be the_temperature‘at the center .
of the tube wall. The temperature drop across the copper
tube wall, AT.,, was calculated for the given heat flux,

and half of this drop added to the tqmperatura obtained by
the thermocouple readings. This temperature was then used
as the surface temperature in evaluating AT, . Half of the
drop across the copper tube was subtracted from the tharm6-
couple temperature to get‘the inside surface temperature

for avaluéting AT, .

_ In the bottom tube, the thermocouples were placed on
the bottom, side, and top. The thermocouple in the top
read up to 4% higher than the one in the bottom, and the one
in the side read up to 4% lower than the bottom. However,
the individual readings of thermbcouples in the tubes where
the Jjunctlons were all at the bottom differed by as much as
+ 4% from the average. Therefore it was not felt justifi-
able to make any definite statement regarding the tempera-
ture gradient which may or may not exist around a tube wall
surrounded by a boiling liquid. For this reason no correc-
tion was applied to the thermocouple read;ngs for tubes 2;
3, and 4 and it was assumed that the average tube wai
temperature was given by the thermocouples which were all
in the bottom of the tube.

The coefficients for each tube were plotted as a
function of the temperature difference across the boiling
film as in Fig. 12. This plot includes the data for runs
103-127 inclusive and run 180. 'These runs were selected

for studying the effect of tube position for reasons out-

lined in the discussion on surface stability.
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Run No. 180, taken on June 23, requires further ‘ex-
planation. It was made while using a small 1/4 ton Freon
compressor. The capacity was insufficient to keep a
steady state in the evaporatcr because the heat input
from the pump and the surroundingswas greater than the
heat that could be removed by the compressor. Conssesquent-
ly, the Freonh and water temperatures both gradually in-
creased during the course of the data taking which lastéd
about half an hour. The inlet water temperature changed
from 61.72 to 62.35 °F, and the ¥reon from 54.60 to 55.60 °F.
It is understandable that the data may be in considerable
error when it 1s remembered that the heat load per tube was
only about 575 BTU/hr., the water temperature drop as low as
0.35 °F,and the measured temperature differences from 4.4

OF. The data for this run have bsen included, how-

to 5.4
ever, because they follow the trend that would be expected
at very low temperature differences. The curves heave been
dashed where they pass thrcugh the points for this run.
The influence of one tube on snother 1s clearly shown
by the spread in the coefficients obtained for different
tubes. At the high temperature differences, where agita-
tion of the liquid is relzatively high, the effect of one
tube on another is negligible. At medium temperature
differences, the ;apor rising from the bottom tube creates
additional agitation arocund the second tube which results

in a higher coefficient. The combined vapor from tube 1

(bottom tube) and 2 effects tubes 3 and 4 in a similar way.

No significant difference is observed between tubes 3 and

L in this region. Apparently the effect of the agitation
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had reached an optimun for the tube arranzement by the time
the third tube had been reached. Beyond that the benefi-
cial effect of increased agitation was perhaps countered
by the detrimental effect of the surface being partially
blanketed off by bubbles of vapor. At the lower temperature
differences, the amount of vapor rising from the bottom tube
is so small that 1t has a diminishing influence on the co-
efficient for tube 2. On the other hand the combined vapors
from tubes 1, 2, and 3 are sufficient to increase the agita-~
tion around tube 4, but not to btlanket it off. It was only
at the very low temperature differences that any significant
difference was oObserved between tubes 3 znd 4.

At a constant AT, of 6 OF, it may be seen that the
coefficient for tube 2 is about 65% higher than for tube
1l and the coefficient for tubes 3 eand 4 1is about 125%
higher than tube 1. A plot could be made showing the
percentage lncrease in coefficlent for the different tubes
at a serles of temperature differences. However, this
would have little significance with regard to the perfor-
mance of commercial equipment where the evaporating tem-

perature, water inlet temperature, water velocity, and

consequently the inside coefficient for each tube would

be approximastely the same. If for some reason an external
influence such ss vapor agitation tended to increaée the
outside coefficient for a particuler tube, then the AT,
for that tube must decrease. This follows from the fact
that as Q/A increases AT; must increase; but if AT is
constant, then AT, must decrease. Therefore there is

no use comparing the effect of vepor agitation on boiling
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coefficients for'individual tubes in a commercial type unit
on the basis of the same AT,.

The order of magnltude of the change in”ATb for differ-
ent tubes may be seen by referring to Fig. 12. This point
may be emphasized by referring to the data ©r run No. 127
where the effect of tube position was a maximum. The co-
er'ficlents for tubes 2, 3, and 4 showed an increase of 37,
61, and 69% over the coefficient for tube 1. However, the
boiling temperature cdifference decreased for each tube, with
the net result thet the heat flux only increased by 21.8,

33.5, and 4l1.6% respectively.

(b) Artificially Injected Vapor

The first data taken to study the effect of intro ducing
vapor bsneath the tube bundle were runs 128-131. Stable
conditions were reached in the system and measurements made
on all four tubes. Vapor was then injected beneath the
bundle, with the water inlet temperature, evaporating tempera-
ture, and water veloclity held constant. Measurements were

again made on all tubes. 'This process was repeated for thrse

different zas rates.

The volumes of gas injected in each run were calculated
from the data taken at the Freon orifice. The volume of gas'
flowing through the orifice at the downstream conditions was
calculated from the denslty data for Freon and the calibra-
tion curve in Filg. 29 of Appendix C. Since the gas came
from the compressor 1t was superhested reletive to the vapor
in the evaporator. Each pound of injected gas would result

in slightly more than one pound of vapor generated in the
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evaporator because the desuperhsating would evaporate some
liquid. The calculztions of the volumes of vapor generated
in the evaporator are shown in Table III of Appendix C.

Fi;z. 13 indicates the relative values of the boiling
coaefficients for the separate tubes for different gas.rates.
The rates of gas injection and boiling temperature differ-
ences for the bottom tube are indicated on each curve. The
boiling temperature difference was not constant but decreased
for the reasons outlined atove from 8.06 Op at no gas flow
to 5.95 OF at maximum gas flow,

‘Another seriss of data was taken in a similar manner
but starting with an initially higher boilins temperature
difference and using more gas rates. The different values
for these runs No. 132-137 are indicated in Fig. 1l4. The
temperature difference changed from 8.65 to 6.99 °F as gas
was introduced. A third series at still higher boiiing
temperature differences was taken. The values are shown
in Figz. 15.

The coefficient for the bottom tube is ssen to have
increased considerably as gas was introduced, while the
coafficients for the other tubes generally decreased.

This is probably because the injected vapor partially

blanketed off part of the surface without meterially in-
creasing the agitation. IThe method of introducing the
vapor benesth the tube might have deflected the bubbles
off the tube in such a way that no beneficial effect re-
sulted on the tubes higher in the row.

An attempt was then made to operate the equipment in
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a way thet would permit study of the effect of vapor in-

jection on the coefficient at constant temperatﬁre differ-
ence. These runs were No. 151-153. 1In this way‘it-was
felt ﬁhat the effect of vapor‘jnjection alone would be
shown. However, difficulty in getting the same tempera-
ture difference at different conditions and gas rates
made this type of data too difficult to take. Calculations
for the attempted runs appear in Tables II and III of
Appendix C.

The final and most successful series of runs with
vapor injection were made as follows. Five different
rates of injection were used for four different 1initial
conditions. The inlet water temperature, Freon tempera-
ture, and water velocity used for the initial conditions
were held constant for each of the five different rates
of injection. Measurements were only made on Tube 1.
Glycol was used in the manometer for the tﬁree lower rates
and mercury for the two higher rates of injéction. Only
three rates were used at the highest initial boiling temp-
erature difference. The data for the two higher rates were
taken 24 hr. after the data for the low rates. The bdil-.‘
ing temperature differences for each of the four initial
conditions covered as wide a range as possible.

A plot of the data for runs No. 154-175 appears in

Fig. 16. The plot is boiling coefficlent versus AT, and
‘the parameter is rate of injection of gas. ‘lhe effeét of

the injected gas on the boiling coefficient is,éeen to be -
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very large at low temperature differences and to drop off
to zero at higher temperature differences. This 1s 1n
agreement with the previously'observed behavior for the
case of the four tubes in a vertical row where no difference
between coefficients was observed for different tubes at
high temperature differences. The same explanation would
also apply.

Fig. 17 is a plot of boiling coefficient versus rate
of injection.at constant AT, obtained by cross-plotting
the data of Fig. 16. The calculations appear in Table IV
of Appendix C. Each curve at constant boiling temperature
difference is apparently asymptotic to some upper limit
but it is not possible to say for sure whether or not the
limiting coefficient of about 1850 BTU/hr. sq. ft. °F
would be reached in‘all cases. In fact it appears as
though some limiting value would be reached for each temp-
erature difference beyond which no further increase in
agitation would cause the éoefficient to increase. This
would be contrary to the work of Austin (3) for purely
mechanical agitation. It would establish AT, as a funda-
méntal vafiable which affects the boiling coefficient.

If, on the other hand, the limiting value is 1850 BTU/hr.
sq. ft. Oy for tﬁe particular liquid ahd surface for ail
temperature differences, then temperature difference is
shown to be purely a measure of the state of agitation of
the liquid and not a fundamental variable.

The same remarks which were made previously on the

significance of constant boiling temperature difference
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in a commercial unit still hold. In.the present case,
however, the plot at constant'temperature difference is
significant in that it permiﬁs to soﬁa extent a study or‘
the fundamental variables affecting the boiling coeffi-
clents. ' -

" Fig. 18 is a plot of the percent increase in the
coefficients resulting from the introductiqn of gas ver-
sus the rete of injection at constant boiling tempera-
ture differences.  The calculations appear in Table IV
of Appendix C. Also included in this plot are three
points taken from Fig. 12. The volume of vapor generatéd
.by tube 1 was calculated at boiling temperature differences
of 6, 8, and 10 OF. The pércent increase in the coeffi-
cient for tube 2 was also calculated. These points were
then plotted on Fig. 18 to compare the efréctiveness of
the naturally genersted vapors with the artificially in-
troduced vapors in increasing the coefficient. Iﬁ is
seen that the naturally generated vapors have caused a
greater percentege increase in coefficient at the same
boiling temperature differende. From this it may be con-
cluded that the manner in which the vapors strike the tube

is significant,

2. EFFECT OF SURFACE CONDITIONS

After about half the data had been assembled it be-
came apparent that the condition of the surface of the

copper tubes was having a pronounced effect on the co-

efficients.
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| Rhns No.'loo-lo2vwere taken on June 17, the first day
the tubes had been in the evaporator after belng clesned
with cleaning sclution. Runs No. 103-106 were taken on
June 19 and were observed to give coefficlents which fell
below those for the first runs. It was thought that these
first points might have been in error because of imperfec-
tions in operatins the equipment for the first time. From
June 21 to June 25, runs No. 107-126 were made at‘boiling”temp-
'erature differences from 7.1 to 15 °F. The points taken at
the lower temperature differences were reasonably cohsis-
tant, although the general trend was for them to get lower
from day to day. The polnts taken at higher temperature
differences were in a region where the coefficients were
changing very rapidly withAATb, and it was difficult to
tell whether or not the coefficients were agreeing witht
each other from day to day.

The Beckmann setting was changed on June 27, apd data
were taken at low temperature differences from then until
June 30. During this period the majority of tests were
made with gas introduction. Runs No. 128 and 132, which
were made without any gas, fell below the previpus data.
The Beckmann setting was again changed and runs No. 140,
144-149, and 150-151 were taken between July 2 and July 8.
All these points fell significantly below the data for the
same boiling temperature difference which had been taken
from one to two weeks previously. The effect was particu-
larly noticeable at ﬁhe higher temperature differences.

Runs No. 154, 158, 162, and 166 were taken on July 13,

and No. 176-179 on July 19.
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' Fig. 19 is a plot of the coefficients for the bottom
tube for each of the above mentioned runs. The consis-
tent downward trend is obvious. The effect is much
greater at higher temperature differences than at lower
temperature differences, and does not seem to have reach-
ed its minimum after the 32 days standing in Freon. The
tubes appeared as clean to the naked eye on the last day
as they did on the first. These results are in general
agreement with the work of Pridgeon and Badger (15).

Only the data for runs No. 103-127 have been includ-
ed in Fig. 12 because these runs were all taken in the
épéce of one week and consequently were the only runs that

could be reasonably compared on a tube to tube basis.

3. BOILING COEFFICIENTS FOk FREON 12

Boiling coefficlients have been determined for Freon
12 for a copper surface that had not reached stebility
at the end of the runs. It is not expected that the sur-
face would change much more before reaching a stable condi-
tion. The significant feature that has been brought out -
by the data is that thq_coeffiéients are less than about
300 BTU/hr. sq. ft. oF at temperature differencesbless
than 7 °F. This would be in the range of commercial opera-
tion. With water velocities of six ft./sec. inside the
tubes, inside coefficients would be about 1100 BTU/hr. sq.
fﬁ, °F. This would suggest advantages for a tube having a

moderate amount of extended surface on the outside.
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C. INSIDE COEFFICIENTS

1. CORRELATION OF EXPERIMENTAL DATA

Inside coefficients for all runs were calculated znd
are shown in Table II of Appendix C. They are based on
the outside area of the tubes.

Fiz. 20 is a plot of the experimental Nusselt number
divided by the Prandtl number to the 0.3 power versus the
Reynolds number. The data for this figure appears in Table
V of Appendix C. The inside coefficients 1in this table
are based on the inside area and only those runs which
were maede at different velocities and water temperatures
or on different days are included. Vhen a series of runs
such as No. 138 and 139, or 154-157 were made at constant
water conditions on the same day, the values were averaged
and appear as run No. 138 or No. 154 resnectively in Table
V and on the plot. In all other runs the coefficients for
the four tubes were averaged.

The slope of the curve through the data 1in Fiz. 20
is 0.88. The equation for caloulating the water coeffi-

cient then becomes

{1_'k_D_ - 0.0134 (%)0'88 (%L‘)O°3 __________ (9)

A line representing the equation

h:D =0.023 /[DV 0.8 /¢ 0l e (10)

is drawn for comparison.,

The unusually high power on the Reynolds number might



7he

300}

, 0.8 _03

=0.023 RE

10
400

.
!

i
i

. .
| ;
;

! '
’ i

i
|

10000

30000
RE

60000

FIG.20 GCORRELATION OF INSIDE COEFFICIENTS

100000




75.

be explained by the fact that the orifices were relatively.
close to the inlet of the tubes. Tubes 1, 2, 3, and 4 had
orifices which were 27, 24, 21, and 18 diameters upstream
respectively. The added turbulence resulting from the ori-
fices wculd result in higher coefficients. These data con-
firm the indication of the preliminary tests with carbon

tetrachloride that the pbwer should be greater than 0.8.

2. WILSON PLOT ANALYSIS

When the power on the Reynolds number has been es-
tablished and>the tubes are perfectly clean, it becomes
possible to determine the boiling coefficlent by use of
a Wilson plot. The data for runs 123-126 and 144-1.47 were
taken to make VWilson plots. The calculations appear in
Table VI of Appendix C, and the points are plotted in Fig.
21 and 22. The information obtained from the plots is |
tabulated below in Table I, and the coefficlents are com-

pared to those determined by direct calculation.

TABELE I. WILSON PLOT ANALYSIS

gg?f gg?e fatercept giéﬁéﬁgg gigzon gg{g?tAv bif?érenoe
=0 Sictance Plot __ Calc.(Avg)Difference
123- 3 0.000675 0.000648 1542 1541 -—

126 4 0.000650 0.000623 1603 1551 3.3

144- 1 0.001110 0.001083 923 908 1.6

147 2 0.000886 0.000859 1163 1084 7.3

3,4 0.000845 0.000818 1220 1161 5.1
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The tube wall resistance for the evaporator tubes was
calculated to be 0.000027 hr. sq. ft. °F/BTU and was sub-
tracted from each of the.intercepts.

As was explained earllier, considerable difficulty
was experienced in keeping the heat load constant. Run
No. 123 was practically ignored when locatins the lines
in Fig. 21 because the heat load was 8% higher than the
averace 0of the other three runs. The deviation of the
points from'a straight line 1s even more apparent in Fig.
22 where the heat load was more erratic. This empha-
sizes the necessity of keevring the heat load constant if
the Wilson plot is to be used successfully. A slight trend
of the hest load uniformly in one direction might give
points 1lying in a straight line, but the value of the in-
tercept micht be considerably in error because it is ob-
tained by extrapolation of a line having the wrong slope.

" No correction has been made to the abscissa values
for change in properties of the water because the averagse
water temperature never changod by more than 9 °F for a

series ofruns. The change in properties over this range

of temperature did not Jjustify any correction.
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D. ACCURACY OF MEASUREMENTS

At low flow rates, giving a manometer defiection
of 100 mm or less, the error 1n water flow was probably
about + 1%. At higher flow rates, with larger manometer
readings, the errof-resulting from inability to read the
manometer scale would be less, but unsteadiness in the posi-
tion of the meniscus prevented any more significant accuracy..

The Beckmann thermometers could be estimsted to 0.001 °cC
and it 1s felt that the readings were accurate to within
+ 0.010 °F after making corrections for differences betwsen
thermometers. The minimum temperature difference reported
(exclusive of run No. 180) is 0.394 °F, which would there-
fore have a possible error of 2.5%. Thelaverage}error would
probably be less than 14, 7

The thermocouples could be estimeted to 0.1 °F. Since
the boiling temperature difference was determined;py differ-
ence in thermocouple readings the maximum error would be
+0.2 OF. fThe minimum boiling temperature difference used
was 4.98 OF, which could therefore be in error by 4.0%.
The maximum te@perature difference is 19.9 OF, with an error
of 1.0%. |

A check on the accurady of the thermocouple readings

was possible each time several different boiling conditions,

were used for & given set of inside conditioﬁs; If the
inside coefficient calculeted from the tube wall tempera-
tures remained the same for the various outside conditions
it was felt the temperatures of fhe tube.wall were accurate.
For example the boiling coefficient for runs 166-169, and
174-175 changed by 194%, but the calculéted water coeffiQ
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cients only changed by 1;2.3%_from the averace value_obtéined
for the same inside conditions.

The temperature measurements have bgen'carried'to
four figures in all cases because three sets of data
were averaged to get each tempsrature, It is recog-
nized, however, that the last figure is not signiricant,
and thest the combined maximum error in the experimenfaily
determined coefficisnt resulting from a 2.5% error in water
temperature, a 4.0% error in temperature difference, and
a 1% error in flow measurement could be 8.7% for the low
boiling temperature differences and water velocities. For
most runs, at higher boiling tempereture differences and

water velocities, the maximum error would not exceed 3 or

L%
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X. CONCLUSIONS

A. FACTORS INVLUENCING BOILING COEFFICITENTS

The results of this investigation show cleariy some
of the fundamental variables that must be considered
when attemnting to correlate boiling coefficients. The
profound change in coefficients with time has confirmed
the fact that surface is a significant variable which up to
this time has been denied quantitative description. The
fact that the coefrficients changed markedly at the same
boiling temperature difference vwhen the boiling liquid.was
subjected to external agitation effects'indicates that
boiling temperature difference is by no means a unlque
variable which will define the boiling coefficent for a
given liquid on a given surface. At the same time, the fact
that unlimited agitation does not appear as if it would make
the coefficient independent of temperature dji fference for
a given liquid and surface suggests that temperature,dif{er-
ence is one of the fundamental variables. Liquid properties
are also significantly important variables (5). From this
it is concluded thzt the boiling coefficlient is a function
of surface ccndition, liquié properties, state of agitation
of the liquid, and boiling temperature difference. This
is analagous to saying that the inside coefficlent 1is a

function of liquid propertles, liquid agitation, and geome-
try of the system. In the latter case the state of agi-

tation may be defined by the keynolds number, and the liquid

properties and geometry by the Prandtl and Nusselt numbers.

No such generalized groups have as yet been developed for
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correlating boiling coefficients.

correlating bolling coefficients on the basis of
boiling température'differences alone 1is analégous to
correlating inside coefficients for a fixed system on
the basis of inside temperature differences for data
.taken when the Reynolds number and heat load are simul-
taneously'increaséd>in the same proportions. Boiling
temperature differehce for a given system is largely a
measure of the state of agitation which necessarily in-
creases mors or less uniformly as heat flux increases in
the nuclear bolling region.

One might theorize somewhat on the mechanism of boil-
ing. Vapor generation may be said to take'place at an
active center on the surface of the tube. The activity
of this center may be due to temperature difference or to
temperaturs difference and agitation of the sufrounding
liquid. Variations in the measured boiling coefficients
result from various éegters becoming active or inactive
as the conditions change. The greater the number of éctive
centers per unit of surface area the higher will be the
coefficient. From this point of view, both boiling tempera-

ture difference and agitation are significant variables.
At low temperature differences, it seems unlikely that any
degree " of agitation would cause the coefficient to reach
the same high falue as for the higher temperature differehces.

The effect of time is to reduce thé activity of ali
'denters and hence reduce the maximum coefficient. This 1s
in accordance with the observed downward displacement of

the coefficients in rig. 19. It is believed that the
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effect of agitation would be relatively the same with res-

pect to any of these displaced curves. In other words a

family of curves similar to the one in Fig. 16 could be

obtained for any condition of the surface. The observed

eflfects of agitation may therefore be quantitative when

prlaced on a percentage basis as in Fig. 18.

B. CONCLUSIONS SUMMARIZED

A method has been developed for satisfactorily
measuring the temperature of thin tube walls when
heat is being transferred through the walls. The
method is suitable when the tubes are enclosed in

equipment under'pressure and it minimizes many of

the errors inherent in other methods of installa-

tion.

The effect of aglitation of a boiling liquid on
the boiling film coefficient has been studied quanti-
tatively for the case of vapors naturally rising from
one tube to another in a vertical row of four tubes,
"and for the case of gas artificially injected beneath
the bottom tube in the bundle.

For the naturally rising vapor, the effect was to
increase the coefficient of the secondtube over that

of the bottom tube, and to increase the coefficlent of

the third and fourth tubes over the second to a lesser
degree. No significant difference was observed between
the third and fourth tubes except &t very low boiling

temperature differences. The effect of onevtube on an-

other was negligible for high temperature differences.
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For artificially introduced vapor, the effect
was to increase the coefficieets markedly at loﬁ |
temperature differences and hot'at all at high tempera—
ture differences. The coefficients became increasing-’
ly higher for greater volumes of gas injected but in-
dications are that a miximuﬁ is reached for any given

temperature differencs.

The effect of a changing conper surface on the
boiling coefficient has been observed‘over a period
of 32 days of intermittent operation. At a tempera-
ture difference of 11.5_°F,‘coefficients changed from
1750 BTU/hr. sq. ft. °F for a freshly acid cleaned sur-
face to 580 BTU/hr. sq. ft. °F at the end of the period.
The effect was less at lower temper:ture differences.

The condition of the surface was controlled by time onlyQ

Bolling coefficients for Freon 12 have been deter-
mined for a copper surface that had been in contact with
Freon for 32 days. The coefficients range from 260 at a

temperature difference of 7 F to 1600 at = temperature

~d1frerence of 19.5 F.

The low outside coefficients at boiling temperature'
differences less than 7 °F, when compared to the»higher
inside -coefficients obtained et moderate water veloeites;
weuld euggest that'significant advantages would be gaiped~
in commercial practice by usingetubee having extended .

ocutside surfaces..
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_ Heat transfer coefficients for water flowing in
copper tubes 0.620 in. inside diameter, 38 in. iong,
with orifices from 27 to 18 diameters upstream have

besen found to fcllow the equation

0.88 0.3
h. = 0. 0134
-0 () (5
The Wilson plot method can be used satisfactorily
to evaluate boiling coefficients provided the heat

‘load, surface cohditions, and state of agitation of

the 1iquid can be held constant for the required range
of water velocities, and provided the power to which the
Reynolds number occurs in evaluating the inside coeffi-

cient is known accurately.

It has been concluded that a satisfactory correla-
tion for boiling coefficients will inélude the tempera-
ture drop across the boiling film, and & number or group
of numbers that describe the physical propérties of the |
fluid; the state of agitation of the fluid, and the sur-
face from which boiling is taking place.
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XI. APPENDIX A

THE INSTALLATION OF THERMOCOUPLES IN
THIN-WALLED COPPER TUBES.

A. INTRODUCTION

Numerous attempts have been made using a thermocouple
to measure the temperature of a tube wall through wpich
heat is flowing. The conditions which must be satisried
by any particular installation have been recognized by
practically all authors (4, 10, 14), but it canhot be
sald that these conditions have all been satisfied by the
proposed instailations. The fundamental difficulty that

arises in any thermocouple installation in a tube

wall is in getting the temperature at the point where the
thermocouples first make contact the same as that at any
other geometrically similar point in thé tube wall where
there has been no interruption of the me tal or surface re-
sulting from the installation.

Interruption of the metal and octher mechanical details
of the méthod can influence this temperature in a nu@ber
of ways. One of these is by interrupting a high conductiv-
ity metal such as copper with a core or groove filled with
a low conductivity metél such-as solder. Such a discbntinu-

ity would have a-profouhd‘effect on the pattern of the flow

of ‘"heat at the interrupted point end consequently on the
temperature. This condition is certainly present in the in-
stallation proposed by Hebbard and Badger (10) where the
heat flows through.a'plug of lead between the junction and

the tube wall surface.
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Another way in which the temperature mmy be influenced
is to have the tip of the thermocouple Jjunction suitably
located to gzive a releatively correct température, but at
the same time to have the wires in contact a quarter of an
inch or so back from that point. The temperature indicated
is of course tle temperature at the first polnt of contact.
An illustration of this may be found in the 1nstallation of
Baker and Mueller (4) and Mohun and Peterson (14).

Two other ways in which the temperature mmy be affected
are in having conduction of heat alodg the leads to or from
the junction, and in having the junction at some unknown
position relative to the surface of a comparatively thick-
walled tube across which the temperature difference qqnnpt
be neglected. ‘the effect of conduction has been wellﬁaéil
counted for in the above installations. It is unimportant
when small wires are used sznd when temperature differences
along the wire are smell. Mohun and Peterson (14) give an
excellent analysis of the problem regarding location rela-

tive to the surface.

Akin (1) has reported an installation using a single
constgntan{wire in a copper tube which has many desirsbdble
features. It was impractical in the preéent case because
the leads could not have been taken through the equipment

und er pressurae,

B. METHOD OF INSTALLATION

Briefly, the method was to measure the temperature
of the tube wall at three different places, using a copper

and a constantan thermal junction in indirect contact.
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The leads were to be brought through the end € the evapora-
tor enclosed in individual stainless steel tubing. Each
couple was to have a separate cold junction. The am.f.

was to be measured with a lLeeds and Northrup portable pre-
cision potentiometer.

The installation may be resolved into five more or
less distinct operations, namely, the preparation of the
tubes, the assembly of the individual thérmal elements,
the assembly of the elements and the tubes, the packing
of the lsad wires, and the switching arrangement.

1. PREPARATION OF THE TUBES

Fig. 23 shows the detail of the thermocouple assembly.
Two holes 0.035 in. in diameter were drilled opposite each
other at an angle of 120°, the ’C)pen ends of the holes fac-
ing in the opposite direction and the bottom of one hole
near the bottom of the other. ‘<These holes were diilled
at three places; the middle aznd 5 in. from each end of a
38 in. evaporator tube. A small square steel block, drill-

ed and reamed Jjust large enough to slip over the outside

of the tube, was used for a Jjig while drilling the small
holes. .

Fig. 24 1llustrates this jig. The method of locating}
the correct position for the small guide hole was largely
trial anderror, after unsuccessful attempts at location
by measurement. A hole was drilled at supposedly the ccrrec¥
.place in the jig. The drillﬁwas then pushed through the
hole in the empty jig, and é tube inserted until it butted

up against the drill to see exactly where the drill would
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go in the tube wall. This procedure was repeated until

g

the desired position was found. Lard oil was found success-
ful as a drilling fluid. 'rhe tubes were annealed copper
which had a strong tendancy to tear and clog the drill with
resultant breskage of the drill and ruin of the tube and
the hole in the jig.

The holes in the bottom tube were located so that
the measured temperature at one end would be on the bottom,
in the middle 1t would be on the side, and on the other end

it would be on the top.

2. ASSEMBLY OF THERMAL ELEMENTS

Each thermal element consisted of a single wire inside
a stainless steel hypodermic needle tube. 'lhe staiﬁless
steel tubes were 0.032 in 0.D. and 0.020 in I.D. The
lenzth of the tubes necessary ranged from 17-1/2 in. to 50
in. A single No. 30 thermocouple wire was pushed through
each of these tubes. The wires were covered with baked
enamel and silk and had an overall O.D. of about 0.013 in.
It was impbssible to push untreated wires through the
tubes without the insulation unravelling at the end. Ac-

cordingly, twelve wires each of consteantan and copper were

cut to length and the ends given & thin coet of red Glypta;
No. 1201 enamel to hold the silk tightly in place during
the pushing operation. 1t was absolutely necessary that

no bumps should appear on the surface of tpis enamel and
that no kinks of any kind occur in the wire in order that
it could be pushed through the tube. Each wire was pushed

through until about 2 in. protruded at one end. They were
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long enough so that about 3 ft. were left at the other end
to make connections to fhe cold Jjunction or switch.

After being pushéd‘through, the long ends of the wires
were covered with two coats of Glyptal No. 1201 emamel toO
prevent short circuits developihg during the remainder of
the operations, and to give the wires a certain amount of
rigidity. All assemblies were tested for short circuits

between the wire and the tube but none was found.

3. ASSEMBLY OF THE ELEMENTS AND TEE TUBES

The drilled holes in the tube wall were cleansd out
with carbon tetrachloride to remove any of the cutting
fluid before the thermal elements were soldered in. Each
hole was then filled with very small chips of tin solder
mixed with some resin flux. The tube was then mounted in
clamps with the holes in the bottom so that the solder
would not run out when it was heated.

The short ends of the thermocouple wires were cut off
with a pair of scissors about 1/32 in. from the end of the
stainless tube. None of thg insulation was interrupted at ;
any other place so that the only place the wire was bare

and able to make electric contact was over a cross section

at its very tip. The end of the wire was then tinned with
a needle poiﬁt soldering iron. The end of the stainless
tube was also tinned up to about half an inch from the end.
The flux for this was a mixture of hydrochloric and acetic
acid. .

The two thermal elements, one copper and one cons tan-

tan, which were the same correct iength for the position
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in question in the copper tube were then taken, one in
each hand, and held ready to insert in the holes. The tube
was then heated with a small flame until the solder melted
in the holes. Vhile it was molten, the ends of the elements
were plunged into the holes and the flame removed immediate-
ly. The circuit was then checked for electrical contact.
In one such case, where no contact was made, the element -
had to be removed. This gave azn opportunity to examine
its condition after hesting, in fact after excess heating.
No apparent change had taken place in the enamel insulation,
although the silk had charred. ''he tip of the wire was the
only place where solder was sticking.

The long'stainless tubes ﬁere then bent up and over:
so they ﬁould be in the right position to go through the
composite packing =zlsnd in the end of the evaporastor. The
copper tubes were then thoroughly cleaned with a very dilute
solution of potassium dichromate in sulphuric acid. Any

excess solder near the junction of the stalnless steel

with the copper tube was carefully scraped away. The tubes
were then rolled into the tubesheet with the stainless steel
tubing containing the thermocouple lead wires protruding
through two 3/4 in. holes drilled near the top of the tube-
sheet. The tubes contalning the copper wires were all
brought out through one hole and those containihg the con-

stantan wires at the other.

4. PACKING OF THE LEAD WIRES
Fig. 25 illustrates in detail the packing gland

assembly 1n the cover plate on the unpacked end. A 3/4
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in. hole was drilled 1/2 in. deep at two places in the front
of the cover plate, and the bottom cleaned out with a flat-
bottomed drill. Thirteen holes 1/16 in. in diameter were
then drilled all the rest of the wvay through the plate to
take the individual tubes. The tubes containing the copper
wires were all brought out at one gland ané the tubes con-
taining the constantan wires at the other.

A packing follower for each hole was made from &
block of brass so that it would just fit into the hole in
the cover plate. Thirteen holes which exactly matched
the small holes in the cover plate were édrilled all the
way through as shown in rig. 26, ‘he flange was designed
to take four 1/4 in. stud bolts. Companion holes were
drilled and tapped in the cover plate.

A neoprene rubber plug for packing in each 3/4 in.
hole was then cut from a rubber stopper and it likewise
was drilled with 13 holes in an identical pattern.

+he assembly of this packing gland was extremely
tedious. ‘he tube bundle was inserted in the evaporator
with all the stainless tubes prbdtruding about 4 inches

through the 3/4 in. holes in the tubesheet. The cover

plate was then suspended in front of the evaparator and
the wires and tubes all pulled through the individual
holes'in the cover plate, which was then bolted in place.
ihe follower and packing were then suspended in front of the
cover plate as in the photograph of rig. 27. The wires were
threaded through the holes in the rubber plug and follower

corresponding to those in the cover plate. The method of
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FIG. 27 PACKING GLAND INSTALLATION
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inserting the wire through the rubber was to insert a

short length of stainless tubing 0.042 0.D. by 0.027 I.D.

into the hole. The wire was pushed through the tudbing,

the tubing then pulled the rest of the way through the

rubber, and all the way off the end of the wire.

The pack-

ing and follower were pushed on over the ends of the small

stainless tubes and fastened in place.

The assembly was tightened up once and never gave any

trouble with leaks.

5. SWITCHING AKRANGEMENT AND COLD JUNCTION

rach thermocouple had a separate cold junction. The

constantan lead wires were cut to the right length and

fastened tc a piece of copper wire by twisting and soldering.

The two copper wires vhich resulted, one from the hot and

one from the cold junction, were then soldered to the posts

of two 2-gang switches. The cold junctions were thoroughly

coated with Glyptal No. 1201 enamel.

They were placed in

a thermos bottle full of cracked ice while readings were

taken. One switch was used for the bottom two tubes and

lower liquid temperature and one for the rest.

Switch A,

on the left of the panel, and switch B, on the right of the

panel had the following arrangement:

Switch A
Tube 1 Upstream
Middle
Dovnstream
Tube 2 Upstream
Middle
Downstream

Freon

Position

4
3
2

N VO

(bottom)
(side)
(top)




. AlL.

Switch B.
Position
Tube 3 Upstream 6
middle 7
Downstream 8
Tube 4 Upstream 3
Middle A
Downstream 5
Preon 2

6. FREON LIQUID COUPLES

''he rreon liquid couples were made by pushing one
constantan and one coppar No. 30 insulzted wire through
a stailnless steel tube 0.042 in. C.t. and 0.027 1.D., and
soldering completely over the end where the tips of the
separate wires were bared. Otherwise the method of in-

stallation was the same.

One liquid thermocouple was located beside tube 2 and

the other beslde tube 4.

C. CALIBRATION

Mechanicel difficulties precluded the possibility of
calibrating the couples before the installation was com-
plete: It was 1mp6§sible to arrange the cold Jjunction
and switches before the tubes were inserted in the packing
gland.

The method used to callibrate was to pass city water

through the tubes at a known tempereature far a period of

about 24, hours, with nothing in the evaporator, and to take 2
readings at the end of thet time. The readings were assumsd
to be those corresponding to the water temperature. All
couples read the same within the accuracy of measurement

which was 0.002 mv. or 1/10 °F on a Leeds and Northrup port- -
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able precisbn potentiometer. The average deviation from
the standard Leeds and Northrup 38 calibration was - 0.2 Or.
The cur ves used for getting temperatures from potentiometer s -
readings are shown in Fig. 34 of Appendix C.

Although the couples were only calibrated over a limit-
ed range of temperature, it 1s not felt thet the e.m.f. per
degree would change significantly over the range for which

the couples were used, 32 °F to 80 °F.
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XII. APPENDIX B

AUXILIARY OPERATION CONNECTED /ITH
THE FREON CIRCUIT.

A, CHARGING LIQUID TO THE EVAPORATOR

Liquid is charged to the storage tank from a commser-
cial cylinder by connectins the cylinder to the tank at
valve O, Fig. 1, elevating the bottom end of the cylinder,
épening valves 0O, P, and A, and turning on the compressor
so the tank is under reduced pressure. Liquid then flows
into the tagk from the cylinder.

Liquid is charged to the evaporator by adjusting
valves N, M, P, and B, Valve P is closed tight and valves
N, M, and B are opened slightly. With the compressor on,
a small amount of liquid will flow into the evaporator.
valve B is then shut off'and the compressor left on until
the evaporator gets cold., Valve B is then reopened, ad-

mitting the liquid from the tank to the eveporator as a

result of ths pressure difference in the two vessels.

B. REMOVING FREON FROM THE SYSTEM

If o1l should get into the ¥reon in the evaporator,

or if for any other reason the Freon has to be removed, the
following procsdure is suitable,

A 45 gal. drum 1s placed on a scale near the compressor
with a commerciel Freon cylinder standing in it. The drum is
partially filled withvcold water at a definite level and the
scale balanced, The-cylinder is connected to the Freon
condenser at the leasd-off for gauge 1V, Fig. 1. Valves C
and D are closed tightly and the compressor started. Liquid
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will be forced from the condenser into the cylinder. It may
be necessary to adjust the automeatically controlled water
valve so that the condenser pressure is high enough to
force the liquid into the ecylinder. lihen about 125 lb. of
Freon have been collected the cylinder should be changed.
A steam hose used on the storage tank enables the Freon to
be re@oved moré rapidly.

The last bit of Freon is removed with the small 1/3
h.p. comprassor using its air condenser and discharging
liquid to a small commercial Freon cylinder.

Precaution must be taken in all these operstions to
purge air from all connecting lines.

The 0il can be drained if necessary from valve QO or

at the sight glass in the storage tank when the Freon has

been removed.

C. CHARGING OIL TO THE COMFRESSOR

The compressor may be isolated from the rest of the
system by closing valves Q, G, f, and £, Fig. 1. Vith
these valves closed the Freon gas can be removed from the
main_compressor using the small 1/3 h.p. compressor con-
nected to the main'compressor valves. When the préssure
has reached atmospheric, the small compressor is stopped,
the o0il line to the top of the differential 0il pressure

switch discohnected,'and put beneath the surface of the

011l in a container. The small compressor 1s then restarted
and o1l drawn into the crankcase by suction to the desired
level. The compressor is then stopped and the oil line

left in the contaipner until atmosphe ric pressure 1is again
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reached. It may then be reconnected to the differentisl

switch,

D. ADJUSTMENT OF COMPRESSOR OIL PRESSURE

This procedure is outlined fully in the Carrier

instruction sheets.




XIII. APPENDIX C

EXPERIMENTAL AND CALIBRATION DATA
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TABLE III

GAS INJECTION CALCUIATIONS

Manometer Rdg. Prossure Temp. Pressure Temp. Volume
Run In Glycol In Hge at at in in Saturated
lloe ‘ Orifice Orifice Evap. Evar. Vapor

DeSelege OF PeBeleie or CUoftA".l‘o

128 17.45 32,8 105 31.0 32465 10345
129 5459 32.1 106 31,0 32465 61.0
130 27455 34.0 106 31.0 32485 13045
133 2002 31le3 33 31.0 32406 3«4
134 CelO . 3240 o7 31.0 32455 730
135 14,58 3340 95 31,0 32465 96,48
136 26464 34.4 98 31l.0 32.685 131.0
137 18,41 7840 108 31.0 3288 15742
138 28,03 54.4 99 31l.0 32480 131.4
139 25,91 79.6 104 31,0 32.65 186.2
141 4079 4G.4 103 4565 404,00 5047
142 14,25 47«3 110 4545 45,00 £7e9
143 . 26437 4848 115 4545 403,00 1086.,0
182 17.50 44,8 103 42,4 5948 159.0
153 4,16 4346 110 43,0 5032 81,8
155 353 37.8 104 374 39465 46,9
158 10.06 Ze5 110 37ed 3Ge65 765
157 21,66 40,0 1156 374 39465 110.0
159 355 38.8 100 3845 40,80 48,1
l61 2l.88 41,0 108 3Ce5 40490 11342
183 392 4604 105 46,0 48,70 47.1
164 12 422 4748 105 4040 43,75 T8e4
1686 25.31 49,3 107 4640 46.65 110.0
167 4,65 5243 107 52,0 54,10 47.3
168 12 .66 6349 107 65240 54.15 7842
169 28443 5569 100 520 54,10 10G.1
170 . 4,60 45,0 110 388 40,90 1735
171 774 5243 114 388 40,95 23440
172 5.17 536 100 46,0 48,70 172.,5
173 9.03 63.0 103 46,0 48,75 250.4
174 6.02 6l.0 98 S52.0 54.17 1765

175 10.17 7065 106 52.0 54.17 217.0




TABLE IV

CROSS PLOT CALCULATIONS

AT,

oF

10

13

16

18 -

Rate of Injection

Cue

0 47 78 110 175 235

h 245 357 483 591 700 780
2 Increase 45,7 | 97.0 - 141,0 186.0 218.,0

374 485 550 668 756 830
29.7 | 577 7846 104.0 122.0

521 618 700 760 835 900
18,6 | 34.4 45.8 6043 7247

774 835 896 948 1030 1075
7.8 | 15.8 22.5 33.1 3849

1120 1165 [1230 1275 1350 1400
2.0 ] 9.8 13.8 20.6 25,0

1600 1675 1720 1740
4.7 7e5 8475
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CALCUIATION OF INSIDE COEFTFICIENTS

TABLE V

Water Avg.Water hsD ¢, 3 D v
Run Velocity Temp. BlltUiﬁzr F_.} (—Lj (hi "=
No. ft/sec. oF OF sq.ft. k/ Nk - M
(inside aresa)
100 7615 85444 1561 237 l.820 13Ca1 33000
101 He24 65,78 1184 179 l.818 9845 24300
102 9.96 66455 2210 334 l1.812 184.3 46700
103 11,50 65413 2240 339 1.820 186.2 52800
104 1.94 62.89 480 73 1.848 395 8650
106 4.84 63.26 1080 166 1.840 89.9 21700
107 l.86 62,50 452 69 l1.847 372 8240
108 11.70 65.44 2350 356 1.818 195.6 54200
109 J36 62.66 793 121 1.843 GS5e4 14980
110 1,94 63.72 502 78 1.835 41,5 8750
111 54,31 64,01 12867 192 1.832 104.6 26300
112 3632 63 .85 905 137 l.834 7560 17720
113 2,01 6l.10 501 76 1,864 40.8 861C
114 10,71 66416 2220 3356 le.812 185.0 50200
116 303 6le26 748 114 1.861 €le2 13820
117 10.63 61.97 2170 330 1.850 17845 46800
118 5e.21 60484 1162 177 1.860 95.3 22600
119 16,00 66412 2120 323 l.812 178.2 46600
120 11.57 6G«97 2280 344 1.307 13Ce3 54400
123 11,93 59.04 2510 384 1.877 20540 54400
124 1G.26 60410 2150 328 l.865 175.6 44000
125 766 63,63 1655 2562 1.836 137.3 34500
126 5047 67 .00 1252 189 l.812 104.3 25600
127 5.06 44,74 1012 162 2.042 78.2 17000
128 4,43 45433 818 128 2032 6248 15030
138 4,37 45.36 841 131 24032 64.6 14820
140 8461 71.83 19505 286 1.769 1€1.6 43500
144 10.86 68,22 2410 363 1.798 202.0 52100
145 912 6537 1954 296 1.818 162.5 42200
146 6.85 76.91 1500 225 1.737 12646 34100
147 4.59 T4.52 1085 162 1.753 0243 23900
148 10,30 76422 2090 312 1,742 17%.5 54800
150 9,16 63436 1370 297 1,790 16660 44600
151 9,08 69,32 1793 270 1,788 151.2 44300
152 9,12 71,90 1840 276 1,770 15641 46000
153 9,08 69,75 1867 281 1.7856 157 .4 44500
154 1l.15 76466 2210 330 1,730 190.6 59500
158 591 68,74 1252 189 1793 1053 28600
162 376 69.70 870 131 1.785 73«4 18400
166 2403 69.81 - 531 80 1,785 44,8 9940
170 5.91 68,68 1244 188 16795 104.5 28500
172 383 69460 873 131 1.786 736 18730
174 2005 69452 523 78 1.786 44.1 10030
176 1l.21 7673 2250 335 1.731 152.4 59900
177 5.91 68,81 1260 190 1,793 1057 28600
178 3«76 69.73 213 138 1.785 7Ge9 18400
179 2.11 6993 571 86 1.784 48,2 10340
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XIV. NCMENCLATURE

A numerical constant.
E numerical constant.
Boiling film coefficlent, BIU/hr. sg. ft. °F.
Inside film coefficient, BTU/hr. sq. ft. Op,
Thermal conductivity, BTU/hr. sg. ft. °r/rt.

A numerical constant.

ALO

Resistant of foulins on tube walls, hr. s3. ft. ®y/BTU.

Thickness of tube wall, ft.
Qutside area of tube, sq. ft.
Inside area of tube, sq. ft.
Mean area of tube wall, sg. ft.
A numerical constant,

Specific heat, ETU/1b. Oy,
Inside diameter of tube, ft.

A numerical constant.

Quantity of heat transferred, BTU/hr.

Inlet temperature of fluid flowing in a tube,

Qutlet temperature of fluid flowine in a tube, °r.

Bulk temperature difference between fluids inside and

outside a tube, °F.

' o
Temperature drop across the boiling film, F.

O

Temperature drop across the inside film, "F.

Overall heat transfer coefficient, BTU/hr. sq. ft.

Velocity of fluid flowing in a tube, ft/sec.

Weight rate of flow of fluid in a tubes, 1b/hr.

Viscosity, 1b/ft. hr.
Density, 1b/cu. ft.

Op.




5.
60
7.

9.
10.

11.
12,
13.
14.

15.

16.

ALl

Xv. BIBLIOGRAPHY CITED

Akin, G.4., and W. H. MeAdams, A.I.Ch.Z., 35, 137, (1939).
Ashley, C.M., Journal of the A.“.R.X., 43, No. 2, (1942).

Austin, L., Mitteilun:sen uber Forschungsarbeiten auf dem
Gebeite des Ingenieurwesens, 7, 75-86, (1903).

Baker, E.H., and A.C. Mueller, Ind. Eng. Chem., 29, 1065,

(1937).
Bonilla, C.¥., and C.%., Ferry, A.I.Ch.i., 37, 685, (19L1) .
Crydsr, D.S., and A.2. Finalborgo, 4H.I1.Ch.X., 33, 346, (1937).

cryder, D.S., and E.EK. Gilliland, Ind. Zng. Chem., 24, 1382,
(1932). -

DPittus, F.''., and L. M.K. Boelter, Univ. Calif. Pub. in Enz.,

pPrew, T.P., and A.C. Mueller, A.I.2h.E., 33, 449, (1937).

Hebbard, G.!1., and !''.L. Badger, Ind. IZng. Chem. Anal. Fd.,
5, 359, (1933).

Insinger, T.H. Jr., and H. Bliss, A.1.Ch.E., 36, 491, (1940).
Jakob, M., Journal of the A.U .M. ., 58, 648, (1936).
Jones, V.., Journal of the A. .R..., 41, 413, (1941).

Mohun, ‘i.4., ané VW.9. Peterson, Can. Chem. and Proc. Ind.,
_3_1_'.’ 908’ (1947)0

Pridgeon, L.A., and W,L. Badger, Ind. ng. Chem., 16, 474,
(1924) .

wilson, E.E., Trans. Am. Soc. Mech. Zng., 37, 47, (1915).




