s. INST. T
%}5 £, cé.,

NMAY 28 1942
LIgRaRY

- HEAT TRANJSFEZER TO BOILING LI«UIDS

UNDER VACUUM
by

Richard Harding Braunlich
BoSo’ MeITe

1940

Submitted in Partial Fulfillment of the
Reyulrements for the Degree of

Master of Science
from the

liassachusetts Instltute of Technology

1941

Signature of Author

- v v

Department of Chemical Engineering, May 10, 1940

Signature of Professor in Charge of

—

Research

—

Signature of Chalrman of Departmant Committee

on Graduate Students

———

{



M.I.T. Graduate House
Cambrldge, Mass.
May 16, 1941

-
Professor George . Swett -
Secretary of the Faculty
Wgsgachusetts Institute of Technology

Cambridge, liassachusetts

Dear Sir:-

In partlal fulflllment of requlirements
for the degree 6f Master of Science, I submit
herewith a thesls entitled "Heat Transfer to
Boiling Liguids ¥nder—Vacuum."

Very truly yours,

Richard H. Braunlich



ACKNOWLEDGMENT

The author acknowledges with gratitude the
kind assistance and advice of Professor wW.H.McAdams
and Mr. G.W1lllams under whose dlirectlion thls research

was done.



I.
iT.

IrT.

TABLE OF CONTENTS

SUMMARY

INTRODUCTION

PROCEDURE

RESULTS

DISCUSSION OF RESULTS

CONCLUSIONS

RECOMMENDATIONS

APPENDIX

A. DETAILS OF BOILER CONSTRUCTION
B. THERNOCOUPLE INSTALLATION

C. WOMENCLATURE

D.  SAMPLE CALCULATIONS

DD. SULMARY OF DATA AND CALCULATIONS
. PRECISION OF MEASUREMENTS

F. BIBLIOGRAPLHY

Page

o)

13
26

56

53
56
57



TABLE OF FIGURES

Figure No.

I.
II.

ITT.
IvV.
V.
VI.
VII.
VIII.
IX.

Ko
XI.

XII.

DIAGRAM OF APPARATUS
DIAGRAN OF BOILE

HEAY PLUX VS. TEMP. DIFF. SHOWING
CONSISTENCY OF RESULTS

LOCATION OF ATM. CHECK POINTS WITH HESPECT
TO STANDARD ATM. CURVE

HEAT FLUX VS. TEMP. DIFF. FOR WATER
BOILING AT 212°F.

HEAT FLUX VS. TEMP. DIFF. FOR WATER
BOILING AT 190°F.

HEAT FLUX VS. TEMP. DIFF. FOR WATER
BOILING AT 170 & 110°F.

HEAT FLUX VS, gEMP. DIF¥. FOR WATER
BOILING AT 150°F.

HEAT FLUX VS. TEMP. DIFF. FOR WATER
BOILING AT 130°F.

COMPOSITE OF FIGURES V TO IX
MAX. HoaT FLUX VS. BOILING TEMP.

OVERALL COEFFICIENTS VS. OVERALL TEMP,
DIFF. - STEAM TO WATER

XIII-XVL.VARIOUS METHODS OF PLOI'ING THE DATA

XVI.
AVIT.

XVIITI,

CALIBRATION OF STEAM GAGE
DETAILS OF THERMOCOUPLE INSTALLATION

THERMOCOUPLE CALIBRATION

15

16

17

18

19

42
47
48



SUMMARY

The purpose of thls investigatlon was to contin-
we the work of C. K. walker® who deslgned and bullt

an experimental boiler iIn 1940 for a study of heat
transfer to boiling liqgulds under vacuum.

Distilled water was bolled in the all copper
cvlindrical boller by means of a horizontal, submerged,
chrome-plated copper tube internally heated by steam.
.Using a vertical reflux condenser, heat flux was meas-
ured for various values of At (temperature drop from
the side surface of the tube to bollling water) and for
various boiling temperatures. The followlng results
were obtalned:

l.) For a giﬁenbt , the heat flux obtained with
a clean tube was reproducible within *15%.

£.) For values of At ranging from 12 to 350°F., a
slight foulilng of the surface increased the
heat flux 40% above that obtalned for the clean
tube. Thls agrees quantitatively with a sim-
1lar finding by Akinlt.

$.) For values of At ranging from 13 to 35°F.,
the heat flux varles approximately as the 2-2.5
power of At, depending on the boiling temper-

ature.



4.)

S.)

The maximum flux occurs at a Bt of 45°F. for
all boiling temperatures used (110 to‘iiﬁoF.),
and 1s an exponential function of the boiling
teﬁperature rather than of the absolute press-
ure or viscosity of the bolling ligquid alone.
For a given At over the range of 45 to 150°F.,
the coefficlents and also heat flux decrease
wlth a decrease in the bolling temperature.
Using octyl thiocyeanate to promote the 1nside
copper surface, very high steam slde coef-
ficients were obtained. The slde surface
temperatures of the tube wall were practically
the same at the three points as shown 1n KFig-

ure XVII.



II. INTRODUCTION

'he use of evaporatlion as an lmportant part
nf many industrial processes has naturally led en-
cinecrs to a study of heat transfer to bolling
1iguids. The designing engineer 1s greatly alded
bv experimental data in designing and predicting
the performance of new egulipment. ''he wide use of
multliple effect evaporators, requlring bolling at
pressures lower than atmospheric 1llustrates the
importance of data on neat transfer to ligyuids boil-
ing under vacuum.

It has been only recently, however, that any
work has been done on the subject so that today the
phenomenon of boiling under wvacuum still remains
one of the most lmportant phases of heat transfer
about which our knoWledge is guite meagre,

Zarly investlgators in the field of boiling
liguids studled the phenomenon at atmospheric pres-
sure and at low temperature differences; l.e., the
temperature of the heating surface was very near
that of the boiling ligquid. These workers found
that as the temperature difference between the heat-
ing sufface and the 1igquid was increased, the conef-

flcients of heat transfer increased markedlv.
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Later 1t was found that as the range of tem-
perature difference ls Increased beyond that studled
by the first investigators, a point is finally reach-
ed at which the heat transfer rate becomes a maxi-
mum. The temperature difference corresponding to
this point is often termed the "critical® value. iis
the temperature of the heating surface is still
further increased, the rate of heat transfer falls
off at a rapld rate.At temperature differences below
the critical value, the bolling i1s vigorous and has
been described iIn the literature as "nuclear' boll-
ing, while above the critlcal value boiling 1s much

glower and has been called "film" bolling because

‘the heating surface 1s insulated bv a film or blan-

ket of superheated vapor of the liyuid beling bolled.
The feactors affecting neat transfer to boll-
ing 1liyuids are numerous and very 1llttle 1Is known
as to the degree 1in variation of heet transfer caucged
b varlation of these factorae. The most important
factors seem to be temperature difference, absolute
pressure, viscosity, surface tension, surface wetting,
thermal conductivity, and surface roughness. Yum-
erous eyuations nave been pronosed to correlate ex-

isting data on heat transfer to boiling liguids,



but no one equation flts all of the data.

| The general effect of pressure on heat trans-
fer to boiling liguids has been studied in the past.
Claassenl, in 1902, using an experimental coil
evaporator, showed that the overall coefficilents
f'rom steam to boiling lilyuld decreased with a de-
crease in the pressure on the liguid. For the same
rate of heat transfer the overall coefflcient obtain-
ed for weter bolliny at 158°F. was 25% lower than
that obtained at z12°F.

Badger and Snepardl, using & vertical tube,
basket ﬁype evaporater, found a 30 to 45% decrease
under the same conditions.

Crvder and Finalborgoé, using an electrically
heated copper tube bolled various ligquids under
vacuum. Thelr results show a decrease in coefficlents
as the pressure was lowered, obut theldata were ob-
talned over a low range of temperature drop ( tube
wall to boiling liguid).

Sherman and Kaulakisa, using a steam heated,
nickel-nlated coprer tube, bolled several alcohols
and water under vacuum. Yhelr results also show a
marked decrease in coefficlents with decrease in
pressure. The lowest bolling temperature reached

. _.0
in runs with water was 155 F.



Insigner and Blis§6, using an electrically
heated, chromium-plated cownper tube, bolled water
under vacuum. The highest temperature difference
used was 16.60F., and the lowest bolling noint was
127°F, Their results show a marked decrease in
coéfficients with vacuum in splte of the low tem-
perature difference range.

In 1940, C.K. Welker® designed and bullt an
experimental boller housling a horizontal, steanm
heated, chromium-plated copper heating tube. He wasg
able to obtain pressures 1bw enough to boll water
at 78°F. as time was short he was uneble to obtain
data of a comprehenslve nature. An examination of
the original data indlcated that measurements had
been made before equllibrium conditions had been
reached in the boller.

It was the purpose of this investigation to
continue the work of Walker wlth the same apparatus
exploring wide ranges of temperature difference and

pressure.
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III. PROCEDURE

A.) Descriptlon of apparatus

The apparatus used In thls investigation was

designed and built by C. K. Walkerg

in 1940. It
consists primarily of a cylindrical copver boller
contalining a horizontal, chrome-plated, copper

tube Internally heated with condensing steam. Vapors
are totally condensed in a vertlcal copper reflux
condenser. 4 diagram of the apparatus is shown 1in
Figure I. The details of the boliler construction

are presented in section A of the appendix.

The steam line consists ( in order from the
steam main) of a condensate trap, a two inch high
pressure tee contalning glass wool for flltering
purposes, a pressurevregulator, a thermometer well,
a Bourdon pressure gage, the heating tube itself,
another thermometer well, two auxlliary condensers
to aid in condensing steam under vacuum, and a vent-
ed condensate trap flitted with a water driven asnir-
ator to draw vapor out of the trap when the steam
line 1Is run under vacuum.

‘“he boller 1s about a foot long and elght
inches 1n diameter., The heating tube 1s standard
half-inch copper nlpe, chrome-plated outside, 0.840
Inches in cutside dlameter, 0.109 inch wall thick-

ness, 121z Inches in lenpth, giving an outside
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neating area of 0.228 sguare feet. Thermocounles
zre Installed in the side tube walls to measure
surface temperatures. Jetalls of the thermocounle
inetallatlon are vresented 1n section.2 of the
anpendli.

e vertical reflux consiegts of &« ULwo inch

- - > > :",{5 2 .. . PR PR - L -~ -
copper tube inside a <7z incua steel water Jacliet.

Tiie cundeiislig ares ls 2.4 sqyuece Teel.

A wever cavlirator ls used to meintain o given

vacuum on uthie noller, the vacuum belng reguluted

L

v & needle valve wund £ vocuum regulator ( a pressure

re; L 2bor with the connectlons reversed ).

B.) Experimental Procedure

Before each run ( runs 10, 18,19,20 excluded)
the heating tube was removed from the boller and
cleaned on both sides. The chrome-plate was polish-
ed lightly with medium grade steel wool. The inslde
was cleaned with a stiff wire brush and then coated
with octyl thlocyanate by means of a bristle brush
which had been dipped in the promoter. Promoter was
also added to the fllter from time to time. The
boller was filled with distilled water until the
top of the heating tube was submerged to a depth of

about 13 inches. If the run was to be a vacuum run
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the‘vacuum 1ine was connected to the top of the
condenser and the water asplrator started. If low
temnerature steam (below 2120F.) was desired a
water aépirator wag applled to the condensate trap
T. The steam valve was then cracked to glve the
desired pressure 1n the heating tube. After bolling
had started the vacuum on the boller was adjusted |
roughly wlth the vacuum regulator and accurately
bv adjusting the coolling water rate. The cooling
water rate was regulated so that there was never
less than a 20°F. rise from inlet to outlet.

Tube wall temperatures were measured by use
of thermocouples and a quwn portable potentiometer,
Department Serial Ho. 150 & thermocouple located
about two inches from one side of the tube gave
the beilling temperature.

Heat flux was measured by noting the rate of
flow and the temperature rise of the coollng water
flowlng thfough the condenser. The rate of flow was
measuréd by determining the time, using a stop watch,
to fill & 1000 cc. graduated cyvlinder. If the rate
vas too high to give sufficlent accuracy, a calil-
brated bucket ( 8100 cc. ) was used in place of the
1000 cc. cylinder. Thermometers in the inlet and

exit water lines of the condenser cave the temper-
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ature rise.

A run consisted of obtalning values of heat
flux at various Bt!'s (temperaﬁure drop from tube
wall to 1liquid) for a particular boiling polnt. In
all instances, at least fifteen minutes were allowed
to elapse between takling data for two pointes in
order that the apparatus might reach a steady state.
-Data for water bolling at 212°F. were taken first
and served as a clhieck on the reliabilitv of sub-
seyuent vacuum runs. After each vacuum run one or
two atmospheric points were taken and compared with
the atmospheric curve. If these points checked the
curve within 15% the vacuum data were considered
reproducible. Data were taken for water boiling at
£129,190°9,170°,150°,130°, and 110°F. A slight foul-
ing of the tube at one period resulted in increased
values of heat flux. Runs 18,19 and 20 were made

to learn more 1f possible about this phenomenon.



-] B

IV. RESULTS

The results of this Investigation are shown
in Figures III to XV. The followlng summary will

expedlite a study of the results.

1l.) For a given At from tube to distilled water
boiling at £12°F., Figures IIT and IV show that

- the heat flux varies less than%15% for a clean

tube and is increased 40% by a slight deposit of
scale.

2e) Figure V is a plot of heat flux versus A t
from heating surface to bolling liquid for distilled
water boiling at 212°F. Data of other observers are
included and run as low asvseven-tenths of the wvalues
obtained by the author below the criticallAt (45°E)
and three-tenths &t the highest At (90°F.).

3e) Figures VI to IX present plots similar to those
in Filgure V for water bolling at 190°, 1700, 1500,
1500, and 110°F. In general, the data of other ob-
servers lie below the present data.

4.) Figure X 1s & composite of the authors data

given in Filgures VI to IX. The effect of reducing

the bolling point by the use of vacuum, which in

general reduces the flux at a givenAt, 1s shown.
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5.) Fisure XI shows that the maximum flux may

be correlated by an exponentlial function of the
boiling temperature. Contrary to the statement in
the literature the maximum flux was not found to

be an exponential fumction of the absolute pressure;
nelther was 1t found to be an exponentlal function
of the visgcosity of the bolling liguid.

Gao) Figure XII shows that the overall coefflcients
depend on the overallAt ( from steam to boiling
ligquid) and the boiling temperature. Overall coef-
ficlents as high as 6000 were obtained at atmos-
pheric pressure,.

7.) Figures XIII to XV show the three usual meth-
ods of plotting the data. ﬁor values of At ranging
from 13 to 350F., the slopes of the three curves

are as followa:

d(q/a)/A(Bt) = 2.5 =n+l
d( h )/d(At) = 1.5 an
d(h)/d(({/f&) = O = n
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V. DISCUSSIVN OF RESULTS

when C. Ko Galker designed the boiler which
was used in this invegtligation he assumed that the
heating tube would remaln clean as long as the 1liy-~
ulds emploved were free from contaminatlon - the
boiler and condenser having been carefully cleaned
initlally. Therefore, he made no allowances in the
final design for an ceccasional removal of the heat-
ing tube for cleaning. After a short perliod of oper-
ation he ftound it necessarvy to dlssemble the boller
to replace a broken thermocouple and he observéd a
thin scale on the heatling surface. 'he character of
the heating surface had changed in splte of all hils
preceutlons. when the tube was removed again during
a reconditioning of the apparatus for this investi-
gation, a thin greenlsh scale was observed on the
surface., It was suspected that scale formatlion had
been the cause of the trouble iWalker experlenced in
attempting to obtain consistent data and for this
reason considerable time was devoted to making changes
in the apparatus which would facilitate frequent
cleanings of the boller and heating tube.

The heating tube was cleaned on both sides
prior to each of the first four runs and the data

were consistent ss is evidenced by Figure III. The
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boiler was not shut down after run 4 but allowed to
run overnight. Atmospheric run 5 was made on the
following dav and the polnts obtained checked those
of the filrst four runs within 10% (Figure III). It
was then thought that good résults might not require
a cléaning of the tube before each run.if the boll-
ing were maintained between runs. Therefore, boiling
was malntalned between runé 8,9, and 10. The four
polnts obtalned in run 10 are shown in Figure III
and are connected by a dotted line. These pocints,
strangely enough, represent an approxlimate increase
cf 50% in heat flux. &n examination of the heating
tube revealed a thin, brownlsh scale which proved
that forelgn materlal may deposit on a heating surface
desplte the violent agitation provided by rising

1 experlenced the same phenomenon

vapor btubbles. akln
with a similar apparatus. He noticed that a scale
formed on the heating tube 1f water were allowed

to stand 1n the boller for any length of time. A

run made to determine the effect of the scale resul-
ted in extremely high coefficlents. This phenomenon
mignt be the result of Increased wetting of the heat-
ing surface due to the chemical nature of the scale.

It is a well known fact that Increased wetting of

e heating surface i1s accompanied by smaller bubbles



and correspondingly higher heat fluxes.

Runs 18,19, and 20 were made to determine, 1if
possible, the effect of scale formation over a long-
er perlod of time. The bolling was continued at the
conclusion of run 17 and runs 18-20 were made at
intervals of.two days. The points obtained in these
runs are plotted In Figure IV against the standard
atmospheric curve. The meximum deviation 1is seen to
be less than 15%. The heating tube was examined at
the conclusion of run 20 and found to be perfectly
clean. It is felt that the scale formation 1in earlier
runs was the reéult of dirt from the condenser which
gradually worked down into the boller. All of the
satmospheric points including vacuum check points are
shown in Figures III and IV. All of these polnts,
with the exceptlon of those obtained in run 10, are
consistent, the maximum deviation from the curve being
leas than 15%. It 1s concluded that for a givenAt
(tube wall to bolling l1liquid), the heat flux cbtained
with a clean tube 18 reproducible within<15%, and,
that for vaglues of At ranging from 12 to .’5OOF., a
slight fouling of the surface may Increase the heat
flux 40% above that obtalned for the clean tube.

Figures V to IX provide a comparison of the

curves obtalned in this ivestigation with those ob-



talned by Sherman - Kaulak138 and ﬁalkerg. The at-
mosvheric curve agrees very well with that obtalin-
ed by Shermen - Ksulakis with a Ni-Pl. copper tube.
Bhe curves deviate from each other to the right of
the hump and 1t 1s seen that this 1s also a char-
acteristic of the curves obtained wilith vacuum. The
curves obtalned by Sherman - Kaulakls are lower than
those of the present investigator without exception.
The best agreement 1s found between the atmospheric
and 170°F. curves; Walkers curves are always lowest.
This 15 undoubtedly because he falled to clean the
heating surface. The scale which continually accum-~
ulated acted as a resistance to heat transfer and
reduced the flux. The Sherman - Kaulakls and Walker
data for water boiling at 130°F. agree very well as
is seesn in Plgure IX.

Pigure X 1s & composite of the authors data
pregented in Figures V to IX. In sgreement with pre-
vious work these results show that in general the
heat flux at any given temperature difference 1s
lowered as the pressure on the boiling liquid 1s de-

creased, but that the critical temperature differ-

ence, corresponding to the point of maximum flux, 1is

in 211 cases, approximately the same at a value of

about 45°F. This value agrees with that reported by



many cther Investigators. Heat flux 1s lowered
roughly «0% as the boiling point 1s decreased from
212 to 190°F., 40% from 212 to 170°F., 50% from

212 to 130°F., and 65% from 212 to 110°F. It must

be remembered that these percentages are only approx-
imate and applv only to heat flux es determined in
this 1vestigation. The curves are all straight lines
to the left of the hump. The slopes of the 212, 190,
and 170°F. curves are about equal beilng £.48, 2.55,
and Zeox respectively; The slopes of the 150, 130,

and 110°F. curves are l.77, £.19 and 2.00 respective-
lve It 1s noticed that thé 150° curve crosses the

170 and 190° curves. This unreasonable and not easily
explained. The original data yleld no source of error
and as consistent check points were obtalned upon
three different occasions (see Flgure VIII) 1t is
felt that thls condition may actually exist. As the
boiling polnt of water changes, physicai properties
such as thermal conductivity, viscosity, densitv, etc.
also change and it 1s possible that heat flux may
increase with decreasing pressure In the vicinlty of
l&OOF. The 130° curve also has a tendency to cross the
other curves. Refering to PFigure VIII we see that the
slope of the 150° curve obtalned by Sherman and Kaulakls

1s even less than the slope of the curve obtained by



the present investigator while the slope of Walker's
curve 1s about the same.

Maximum heat flux may be correlated with boil-
ing temperature by plotting the former against the
latter on seml-log paper as shown in Flgure XI. The

equation of the stralght line through the points is:
Log (Q/Ao)max - 00058 T - 4076

where T 1s expressed In degrees F. and heat flux as
Beteu./(hr.)(sq.ft.)( « An attempt to correlate max-
Imum heat flux with absolute pressure as done by
Wwalker and Insligner - Bliss was unsuccessful. & corr-
elation with viscosity was also unsuccessful.

is the slopes of the curves shown In Figure X
vary widely,1t 1s useless to attempt a correlation
of heat transfer with bolling temperature by an equa-
tion of the type pronosed by Cryder and Finalborgo4,

which i1s in the form:

Log h/h, = b(t-ty)

where h and h, are coefficients of heat transfer at

temperatures t and t,, where ty is the boiling noint

at atmospheric pressure, and b i1s a constant.
Overall coefficlents are nlotted against over-

&1l temperature drop in Figure XIII. The shape and



location of the curves are consistent with the dats
8.8 gﬁown in Figure X leaving no doubts as to the
reliability of the thermocouvle readlngs.

Benzyl mercaptan was used as a promcter in the
first few practice runs and did not produce a uniform
steam slde coefficlent as was evidenced by thermo-
couple readings which varled widelv. Octvl thiocwan-
ate was substituted and found to be much more satls-
factory. In obtaining polnts to the left of the hump
thermocouple readlings were always within one or two
degrees of each other when thls promoter was used.

In the vlicinlty of the hump thermocouple readings
were subject to sudden and large fluctuations. For
thlis reason points could not be determined accurate-
ly in the vicinlity of the critlical temperature.

No serious trouble was experienced while run-
ning steam through the heating tube under vacuum,
and no appreclable pressure drop was encountered un-
til the condensing steam tempersture reached 140-150°F.
fZven at this temperature, the largest temperature drop
observed was 8°F.

The steam side coefficients obtained were very

high, ranging from 10,000 to 100,000 B.t.u./(hr.)(sy.

ft.)(°¥.). The corresponding temperature drops #weem
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from steam to tube wall were so low ( in most cases
1 to 5OF.) that these coefficlents, as calculated, are
approximate.
Heat losses from the boiler were determined
by Walker for water bolling at 212°F. This was accom-
plished by using an electrical coll heater 1n place
of the regular heating tube, measuring heat input
by the wattage 1n the heater andoutput in the usual
manner by the heat removed by the condenser. The dif-
ference between these values was taken 8§ the heat
logs. 4t low fluxes the losses were less than 5% of
the total flux. As the losses would even be less for
higher fluxes and lower boiling temperatures ( well
within the limits of experimental error) heat losses
were neglected in all calculations by the author.
Three methods of plotting the data are shown
in Filgures XIII, XIV, and XV. ''he data have been
plotted as q/A versusAt, h versuspt, and h versus
4/4 respectively. Since by definition h equals g/(4A)(Bt),
the second method involves & plot of ¢g/A(At) versus
At, and the third o/45(At) versus ¢/i. The first meth-
od involves & direct plot of the resulting flux, /4,
and, since 1t cannot distort the basic results in com-
paring the data of different observeré, 1t has been

used 1n making up the vlots shown under results.



In comparing the three plots 1t would seem off-
hand as though h versus g/A offers the best method of
correlating the data and g/A versus At the next best.
Actually, any one of the three methods gives the same
result. For purposes of illustration assume that h 1is
related to At Dby an equatlon of the type

h = aA™ ( since the curve is a straight )

line
but, g =zhaA and A= 3/n
therefore, Q = aAn-i-l
also q = a 93’:&_1
nhtl

Rearranging the above equation

1 n
h:aH'I qn"'

In other words, 1f the slope of h versusOt is n,

the slope of /A versus At will be n4l and the slope
of h versus q/A will be n/n+l . From Figure XIV the
slope of h versus At is l.52. Therefore, 1f the other
curves have been drawn correctly thelr slopes should
b; 2.52 and 1.52/2.52 or .605,respectively. By meas-
urement they are 2.48 and .610 . iny ordinate of the
h versusAt curve vields g/A 1f multiplied bv the
absissa. Therefore, %deviations should be the same
in eilther case. The fact that the g/A versus At looks

better is merely an optical illusion.
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i few plctures of bolling water at atmospheric
nressure were taken using a hligh speed technlque.
These did not turn out very well and time did not
permit another attempt. A set of prints are Included

in the library copy of the thesise.
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VI. CONCLUSIONS

The following conclusions are based on the boiling
of distilled water outside a single, submerged,
horizontal tube. (chromium-plated covper)

1l.) For a givenAt (tube wall to boiling liguid),
thie heat flux obtalned with a clean tube 1s
reproducible within& 15%. -

2.) For values of At ranglng from 12 to 30°F.,

a slight fouling of the surface 1lncreased the
heat flux 40% above that obtained for the clean
tube., This agrees quantitatively wlth a similar
finding by Akinl.

3a) For values of At ranglng from 13 to 35°F.,
the heat flux varies approximately as the £-2.5
power of At, dependling on the bollling tempera-
ture. |

4,.) 'he maximum flux occurs at afAt of 4§?F. for
gll bolling temperatures used (110 to ﬁiBOF.),
and is an exponential function of the beiling
temperatures rather than of the absolute pressure
or viscosity of the boiling liguid alone.

Se) For a givenA t over the range of 45 to 150°¥F.,
the coefficlents and also heat flux decrease

wlth a decrease in the hoiling temperature.
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Using octyl thiocyanate to promote the in-
side copper surface, very high steam side coef-
ficients were obtalned. ''"he side surface temp-
peratures of the tube wall were practically

the same at the three voints as shown in Fig-

ure XVII.
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VE. RECOMMENDATIONS

It 1s recommended that:
1.) The investigation of heat transfer to
bolling llgulds be contlnued using liquids
other than water. These liguids should be chosen
carefully in order that the separate effects
of factors controlling tihe heat transfer such
as viscosity, surface tenslon, thermal con-

ductivity, etc. may be determined.

2e) The position of the curve ( heat flux
versus temperature drop from tube to bolling

liguid) for water boiling at 150°F. be checked.

Be) Octyl thiocvanate be used as a steam

promoter when condensing steam on copner.
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APPENDIX

VIIT.
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A. DETAILS OF BOILER CONSTRUCTION

A dliagrem of the boiler showing the detalls
of constructicn 1s presented in Figure II. The heat-
ing tube i1s brazed Into one end of the boller and
passes through a packing gland at the other. The
pyrex glass wlndows are held in place by large brass
fittings, well gasketed, and therefore offer little
chance for air leakage. Thermocouples from the tube
wall are brought'through small holes in one end of
the boller and are soldered into place. The end of
the boiler to which the heating tube is brazed is
removable from the rest of the boller, being held
In posltion by two large flanges securely fastened
with neavy bolts. Asbestos rope was used in the
packing gland.

&£s 1t was necessary to remove the heating tube
frequently for cleaning,lt was impossible to cover
the removable end of the boller wlth permanent
Insulation. 4 layver of magnesia-asbestos}insulation
was molded over the removabie end which had previous-
lv been covered with vaseline and allowed to drv.
This layer was then pried from the boller in one
plece, relnforced with adhesive tape and removed

thereafter as often ac the tube was cleaned.
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B. THERMOCOUPLE INSTALLATICHN

Investigators have used manv different thermo-
couple installstions in obtaining surface coeffliclents
of heat transfer to boilling liguids. The surface
temperature of a heating tube at anv polnt is measured
by placing the hot junctlon of a thermocouple direct-
ly under the surface. This is accomplished by soldering
the junction in a slot ( milled lengthwise along the
tube or around the clrcumference) or in a chordal hole
(drilled tangentially to a circle between the inner
and outer walls of the tube). The leads from the junc-
tion are taken from the same or ppposite sldes of the
slot or chordal hole and are properly insulated from
each other.

A technique app;icablexto short tubes with thick
walls 1s described by Insigner and Bliss6. A hole 1s
drilled in the plpe wall lengthwlise to the pipe. A
wire of 1/16 inch dlameter is filed down to avsmaller
size except for a short knob left on one end. A hole
is drilled into this knob, and the other lead of the
thermocouple 1s soldered into the hole, the two lesds
belng Insulated from each other along their length .
The couple 1s then used as a traveling thermocouple

béing placed in different positions along the tube
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inches, the couple then being soldered 1into a chordal
| hole in the pipe.

When Walker's apparatus was tested the thermo-
couples were found to be shorted and 1t was decilded
to replace them. A great deel of trouble was encoun-
tered in bending the assembled couples wilithout break-
ing the glass capillary and conseguently causing
short circults. This difficulty was clrcumvented by
Insulating the constantan wire from the copner cap-
1llary with a coating of Insalute cement over a water
glass base. Number 35 constantan wire was used as
#5456 was not avallable. The wire was flrst stripped of
silk and enamel and coated wilith water glass by means
of a wet folded cloth. Thié coating dried quickly and
was followed by a coating of Insalute cement applied
in a similar manner. fhe cement was allowed to dry
for twenty four hours at the end of which time another
coat of water glass was added to insure complete in-
sulation. The insulated wire was threaded inside the
copprer caplllary tublng snd the hot junctlion made with
soft soclder. The couples were then soft soldered in
~the chcrdal holes. A few test runs on the boiler in-
dicated extremely low tube wall temperatures corres-

ponding to relatively high steam temperatures. Rapid



dissivation of heat from the hot junctlons via the
copper caplllary seemed to be the logical explanation
for this condition. Therefore, the couples were
4removed from the chordal holes and soldered iIn two
iqch slots milled lengthwise In the surface of the
heéting tube to effect greater immersion. The solder
was filed level with the tube surface and polished
with steel wool and fine emery cloth. Detalls of
this installation and the arrangement of the thermo-
couples are shown in Figurezym-

Figurefﬁm[is a plot of the thermocouple cal-
ibration obtained by comparing e.m.f. readings on
a potentiometer with a calibrated thermometer when
both thermometer and thermocouple were in an oil
bath. ( the hot junction of the thermocouple was
fastened to the bulb:of the thermometer) This plot
was checked by running steam through the heating
- tube when the boller was empty and assumlng the tube

wall temperature to be that of the steam.
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FIGURE XUIT

DETAILS OF THERMOCOUPLE INSTALLATION
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C. NOMENCLATURE

Inside area of heating tube - sg.ft.
Cutside area of heating tube - sqg.ft.

Steam side coefficlent of heat transfer -
Beteu./(hr.)(sq.Tt.)(°F.)

Water slde coefficieng of heat transfer -
Betou./(hr. ) (sq.£t.) (°F,)

Abéolute steam pressure corrected from gage
calibration - lbs./sq.in.

Yotal heat transfer - B.t.u./hr.
Heat flux - B.t.u./(hr.y(sq.ft.)
Temperature of inlet cooling water - °c.
Temperature of exlt cooling water - ©C,.
Temperature rise of cooling water - °F.

Temperatureocof boiling water - °OF.

) Thermoéouple tube wall temperatures (see Flgure
< XVII) - OF.

Temperature drop from tube wall to bolling
liquid (referred to as t in the maln body of
this report) - OF.

Temperature drop through the tube wall -°F.
Temperature drop from steam to btube wall - °F.

Temperature drop from steam to boiling laguid -°F.

Inlet steam temperature - °F.

Exit steam temperature - OF.



U Oversll coefficient of heat transfer -
Beteou./(hr.)(sq.ft.)(°F.)

Vacs Vacuum on the boller -~ cms. of Hg.

W Cooling water rate - 1lbs./hr,

The follecwling symbols are used under "REMARKSY in

Table I.
] Tube cleaned inside and outslde prior to the run.
A Fresh distilled water put in the boiler.

u Steam well promoted with octyl thlocvanate.
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D. SAMPLE CALCULATIONS

Calculations for an atmospheric check point from

run 7.

Data (see pg.49 for nomenclature)

P = 27.7 lbs./sq.in. Ty g, = 75 F.

Tp == 246°F.(steam tables) W = 305 1lbs./hr.
b, = £12°F, Ay = 4222 sq.ft.
tylave.) = 253.5°F, Ay = .185 sq.ft.

Heat removed by the condenser

g = 3056 x 75 = 22,900 Bst.u./hr.

Heat flux
0/ Ao = 22,900/.222 = 103,000 B.teu./(hr.)(sq.ft.)
q/Ay = 103,000 x .222/.165 = 139,000 " n

Overall temperature drop

AT ver = 246 - 212 « 34°F,

Temperature drop from tube wall to bolling liguid

At, = 233.5 - 212 = 21.5°F.

Temperature drop through the tube wall

At = _q/Ag = ofAo = 103,000 = 4.,9°F,
W " ¥ Aave. o1, —2T,050
LAO

Temperature drop from tube wall to steam

Ot; = 34 - (21.5 + 4.9) = 7.6°F.

Water side coefficient

hy = %éAo = 103,000 = 4,790 B.teu./(hr.)(sq.ft.)(°F.)
O ‘
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Steam side coefficlent

hy = /A3 = 139,000 = 18,300 B.t.u./(hr.)(sg.ft.)(°F.)
1 Ge Tt .
At 6

Overall coefficient

U. - q_/A - 0’5030 Boto‘lo/(hro)(sq.fto)(OFO)
° ATover
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DD. SUMMARY OF DATA AND CALCULATIONS




SUMMARY OF OR/GINAL DATA

AND CALCULATIONS / ——T_Si_é
RUN|P | Tp |Vac | T | T, |t [t |to, Tewt,| T |BTem, 1
I | o 250 [2a4 [212 [233 [233 9.2 [s4.5 | 92 q3
O |266 (259 |212 |2940 [240 9.0 |s2-3| 18 19

| O [280 (274 j212 [249 |234 8.7 [€9.5[108 3 29

I [11]{316 | o [305 [305 [212 [2719 [279 10.0 [56.0 |83 | 3¢
3.7/32.5] o [300 [299 [212 |26S |26¢4 10.0 |59.2 | 88 3¢
43.7/2712.5| O |20 |268 |R\2 [247 [296 10.0 |6S5.3 {100 2l
32.71258.5[. © |&sS [252 12\ (239|239 ) 10.0 | 13.0 {3 \S
26.7T1244 | O 242 |24) |a\2 |R32[232 1.0 |45.7 [62-4 q

IL [3#1|2sq | o [257 [254 [212 |240 [240 | 8 [15.5 [59.6|79.5 20
s11[290 | o [288 [288 |212 [257 [254 |2s4 kss 128 |§7.0 [ 80 ¢
3.7/337 [ © |332 |332 |12 |331 |329% -5/16.2 |54.5 | T0 10
[39.7(353 | © [348 (348 |12 |348 |346 11.8 |948.0 | S 1
547|136l | © [354 |354 [2)\2 |357 |3SS 17.5 |46.2 |52 T
103.7/330.5| © |325 (325 [_A\2 [323 |32! 18.0 |S6.2 [ 69 9
92R.7|322.5| © |318 [318 |212 [316 [316 |3 18.0 |58.5 | T3 10

IV 207|230 | 0 |22S [22S [212 [224.5]229.5] 23.2/41.2 [32.8 at
24.1[239.5| © (238 [238 [2\2 [2%0.5[2%.5 22.0 |€0.0 |69 ¢
29.1|1280 | © [24S [24S [212 [236 |236 19.7 [59.5 [T2.S 3
312|263 | 0 |258 |258 |[2\2 (241 [240 17.0 [63.5 |84 2
517|283 | © [2%0 (280 [l [25] (294 1.7 |67.5 |93 3¢
6S$.7|298.5| © (294 (294 | 212 |296 274 1S.0 |57.0 |Te 3(
82.7|3¥.5| © (310 (310 | 212 [310 [296 11.5 [53.0 |64 19
40.7[268.5| © 264 [264 | 212 [245 245 14.2 [ST.6 |18 ¢
20.1(312.5| © |308 308 |2\2 |306 [2%0 16.S |598.0 |1S.5 4
412]297.5| © [272 (302 | 212 (249 [244 14.7 162.7 [|36.5 3¢
2A.1]250 | © 248 248 | 2\ [236.5/236.5 11.8 169.2 |93 '3

X 227(249 [ 0 [24¢ [24¢ (212 |23S |23s 17.0/149S5| ST 16
35.2{289.8| O 257 [RST |2\2 |240 [240 15.5(53.6 | 68 26
4471(2% | © |27 271 [2\2 [2941 [244 1S.0 [56.2 | 74.S 3\
49.7{2%0.5| © (219|279 [212 [a51 [249 1S-0/58.2 | 18 3¢
62.7]29s.8] © [243 [293 [212 [218 [259 | 15.0 |52.2 |€1.S 3¢

YL Is7(2'6 (2T [a18.s(218.5/190 (210 [210 14.5 [41.0 [S9 ¢
L 362|261 |0 [259 [258 [212 |45 [240 16.0 |63.0 [34.S 2
211246 [0 [2943 [243 |212 [234 [233 |; 17.2 |58.5| 1S ¢
119.2[223 (272 |22 (22 (196 (213 (A1 ) 114.0 [48.5 |€2 9
23.7|231.5121.0 [236 (236 [ 190 [2206 [220 13.7 [53.2]72 11

i N.7|1250 |21.0 (248 2948 | 120 |229 |229 13.2 141.5 |SI.S 26
232/2%¢.5(21.2 |25 |2ecc [ 190 232 (230 | 12.2 lac. 2 leo [ 31



TABLE I (see pg.49 For nome‘}c/a/ure}

W %Ao ATover |Atw|AT; %/L ho hi Us REMARKS

\52 193,200 | 35 [4.4 (9.6 126,000 (4420 [13,1306 (2660 [4/8/41, 4-\| PWM.
158 1196,300 | 50.5 9.3 |13-2 |265,000| 7010 20,000 |3880 |® A W ‘
18 ]291,000 [ ¢S 3.3 |149.7 |380,000)9,800 | 14,300 (4320

I - ] _
117 |306,000 | 983 [14.5[16.5 (412,000 [+550 [24,900 | 3110 [4/13/4y 12-6 PN
302 (357,000 | 90.5 [V1.0] 21 |492,000/6800 (22,900 | 3940 |® A W

»a0 |290,000] 60.5 13.3|12.7 {318,000 (3120 |29,700 | 4620
08 |156,000(43.5 [71.4]9.) [212,000/5800 |23,300 | 3590
289 | 81,300] 32 [|3.8[/%8.2 [110,000/47940 ['3,400 | 2540

566 |202,000 (47 (.6 |9.4 [213,000[T220 |29.100 |4300 |4/11/4\ , 2-1PM.
132 |407,500 | T8 19.4 (1S |551,000| 9380 |36,700 |5220 (@ A W

322 (101,300 (125 (48 {27 [137,000| %63 [S0,900 | 312
322 | 719,760 | 141 3.8 |2.2 |107,500| 589 [48,600 | SGS
317 | 14,200 (49 3.5 |15 100,000 SIS |€GC,600 | 497
314 | 91,700 [ 18-S 4.6 |39 [132,000] 988 | 33,4900 | %29
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I0V1 [357,0001€8.8 |17 |i3.5 482,000/ 9380 (35,700 |S220 |sincg 1l PM.
10.8
S.7
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le2.7]294s.s] © [293 [293 |212 |218 [259 |259 |S® |15.0(52.2 [¢1.S [1017 | 309
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[95.21324.5(21.0 (320 320 [190 [319 [319 |31 129 [}4.5 40.5 (47 | 31l | €S,
29.7[250 [21.0 |2¢49 |248 | 190 |225 |224 |224 |34.5/13.5 |45.06 [ST [1030 |264
1.2[220 [27.0 {220 [220 | 190 |212 (212 |21 (22 |13.8 [36-0 40 (451 | 21,
287/243 | 0 |24 (296 242 |239 [236 (236 [BS |IS.S |51-8 65.3 «t_t;_h
35.2/259.5| © [2S7 (257 [2I2 (293 [242 [242 [30.5/15-8/41.5 ST |79 [204
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4S.5 1178 [118 [150 1169 [169 |169 |19 [13.2 [33.0[33.5|292 |41,
575 188 188 | VS0 [\16 (1176 [ 176 [26 32 (60687,

13.0 |30.9




82 (369,600 | 7 11.6] 18 1499,000(16,370 29,100 | 190
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92 147,300 |28 2.2 6.9 164,000 2490 | 9420 | 1640
06 [87,300(38 9.0 | 79 118,000/3360 | 14,400| 2240




SUMMARY OF ORIGINAL DATA
AND CALCULATIONS

RUN

P

4

jac.

7s,

Is3

17

to,_

Loy

Aly

E.W. ¢t

7(-;\«:

AL

I~

XT

2.1

2§80

o)

238

248

234.5

238.5

239.5

8.5

{1.5

1.0

Rl6

45.5

218

g

A0%

202

&0

13.7

19

423

11-8

28.95

1480

(comt)is.7

22.

233.§

95.5

229

229

208.9

208.5

208-5

13.5

30.5

30.5

1630 |

312

29.3]248.5

45.9

244

(Sad

239.5

229.5

[229.5

1645

13.8

23.4

26.3

1350

263

4s.5

25%

258

256

“¢.1

274

4s.5

a0

270

58.1

29}

45.9

(53]

290.5

asa.

(X Y4

291.5

265

14.7

281s)!

.1

142 |
{338

30.17

(5[

3¢S

410 |

5.2

430 |

8%

H

24.2

33

)

23S

235

231

231

23)

15.5 |

36.7

39;

350

1.7

250

o

a1

297

2315

2365

236.5

1S.8

5.0

410

4.7

212

518

ale

=4

194

194

194

13.2

21.5

1940

30.7

252

18

248

248

2948

244

244

13.5

2.5

1960

S.1

218.5

51s

213

213

212

270

270

lal

14.5

3°o o

370

0.7

293.5

5175

291

29)

294

laaLs

143

5

26-8

37

4.2

238

518

237

237

433

29LS
2%

224

18.5

14.0

Ti0

2.2

233.5

51.8

228

228

0 |a23.521

all

613

14.0

21.7

825

51.5

117

111

170

163.5

169.5

[1.5

3.5

[21.8

448

S1.8

115

175

161.5

166

166

16.9

13.5

28.5

364

S1.5

38

188

176.5

115.5

115.5

26.0

3.3

2d.0

-inla

182

515

115

195

191

181

181

31.0

13.1

28.1

5715

203

A03

185.5

185.5

195.9

35.5

13.1

3).4

51.5

207

207

183

133

188

38.0

\3.0

30.6

qi__

’3?
©
— b= =

c%.8

167

166

155.5

1s1.9

151.5

23.5

13.5

2%.5

.3

164

161

180

141.5

191.5

18.8

13.5

2%.3

0%-3

174

174

130

160

160

1s7

28.5

13.4

65.0

183

182

130

16S.5

163.5

163.5

3.5

13.3

21.4

6S.0

190

199

\30

5]

169

169

33.5

13.3

6%.8

195

194

130

4

s

1.5

[h2.3

13.5

26.5

21.0 {297

R.T

25S8.5

253

253

ala

290

240

240

23.0

18.0

42.1

=
n
=133

28.7

243

243

212

236

23¢

234

23

17.0

35.2

-1
(£
0
=3

70.4

ISS

144

109

\29

\&b -

18.5

3.3

T70.2

160

1SS

110

138

135

\26
135

26.5

13.9
13.5

a%.2

T0.3

165

164

110

14L.5

136.5

136.5

29

13.

ad.2

70.3

172

164

110

149

145

145

37

13.9

To.1

114

V12

11|

1183

149

148

54.8

13.9

35"&

69.3

184

1719

ns. .

1.5

17

187

42.8

13.5

%3.9

3‘3 o la® o

o

a4o0

ato

al2

233

233

233

al

17.0

.3

239.5

238

238

212

230

230

230

18

313

233

233

212

3!

229

229

A2

A%S

226.5

226.5

1.5

16.6

16.0 |39, |

31.8

®
R

W
% od
»
pn

225 |

22S

13

17.2

31.2

248.5

246 |

267

00000

266

246

Al

a3s

235

235

23

8.0

4.8

266

212

280

244

244

33s

13.7

52.6

“E\s

21.0

21

A1

1%4.5

269

240

2a0

1a

te £

AA A~

g3

|
|2
3 |




TABLE T (cont)

w | ahe |0 Tover Intulati | YA | ho hi Ve REMARKS

23 (151,000 | 38 [7.2 [S.3 [209,000[5920 [38,500 [3270

$+80 (170,000 | 48 3.1 (79 [230,000/5320 (29,100 |[3540

©30 | 224,000 |¢3.5 [16-6[14.4 [302,000[{S820 | 21,000 |3530

350 160,000 78.5 [7.¢[6.4 {216,000 [ 24%0 | 33,700 | 2040

¢3¢ | 94,000| 93 4.4 4.6 [127,000 | 1120 | 27,600 | 1010

V10 | 713,400/ 104 [3.5[3.2 | 99,000 7SS | 31,000 | 700

130 | $8,200] 121 |37 18,100 490 | 490

159 | ©0.800 | 26 |29 [4.1 |92,200 3580 [20,000 |2570 [5]1/4\,

1o [131,500| 38 (6.2 [6.8 [118,000|5270 26,260 |3460 [10A.M -6 PM,

940 213,000] ¢4 [10.1/9.9 [289,000{48%40 |29,000 /3330 |0 A W

860 | C2,500| 102 [30]3.6 S0 (28,000 | 610 '

370 | 46,700[125.5 |2.2]2.3 | 63,000/ 390 [27,400| 370

370 | 36,800(143.5 1.7 49,900| 260 250
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E. PRECISION OF NEASUREMENTS

The temperature rise of the condenser water was
obtained to within .2°F. which is less than 1% of the
majority of values measured. The welght determination
of the water rate through the condenser was accurate to
about 2%. The heat losses from the boiler and condenser
are about 3% of the total heat transfer at low fluxes
and about 1-2% at higher fluxes. Thérefore, the meas-
urement of heat transfer is accurate to within 6% depen-
ding upon the magnitude of the heat flux.

The use of octyl thiocyanate as a steam promoter
resulted in uniform steam side coefflecients. Thermocouple
readings, except in the vicinity of the criticasl temp-
erature, were very nearly the same fof a givenAt ( tube
wall to boiling liguid). The hot junctions were located
just under the surface of the copper tube and gave surface
temperatures within 2°F. . The potentiometer was accurate
tot .3°F, . Therefore, the measurement of At was accurate
to within 5%. —

In general, 1t was felt that the overall precision
of measurements shoﬁld have been about £15%. The data

siiow that this figure 1s correct ( Figures III and IV ).
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