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I. INTRODUCTION 

Within the pa1t twenty years the demands for a com• 

mercl•I grade of $U1fur dioxide have far exceeded the 

demands for the more pure refrigerant grade. In fact, 

the use of this ch .. ical has Increased to the point where 

It ia now regarded as a basic raw ,..terlal for many in• 

dustriea. Sulfur diOKide has been used as • reducing 

•sent, a llquld extr•ct.ant, a chemical manufacturing r• 

material, • neutrallzation and acidification agent, and 

•• a preserv•tive, to IMll\tlon only a f..,, of Its applica• 

tions. 

Most of the heat transfer data available for boiling 

sulfur die.Kida are connected with its use •s a refrigerant. 

These data generally offer information at relatively low 

t....,eratura1 and low flows. lec:ause of the Mny additional 

industrial uses of aulfur dioxide, much more Information 

Is needed to describe bolling h .. t transfer at higher 

temperatures and greater flows. One of the purposes of 

this Investigation was to evaluate bolling f11• coefficients 

over a wider range of temperature differences and greater 

f Iowa. 

In order for these higher temperatures and greater 

flows to be obtained an fndustrlal ev.,orator was modified 



for laboratory use. The Industrial function of such an 

evaporator is to vaporize liquid sulfur dioxide. Although 

It Is possible to draw off only vapor from a supply drum, 

the flow is relatlvely low. An Industrial user of so2 
would need to connect a number of supply drums to realize 

any appreciable flow for hfs process. By employing an 

evaporator the user needs only one supply drum end can 

obtain approximately ten times the flow of so2 vapor than 
he could previously. 

It ls a purpose of thla lnveatigation to provide 

reliable Information regarding film bolling coefficients 

for future designers of so1 evaporators. The Information 
eontalned rn this thesis fs expected to help fill the gap 

In the partial nucleate bolllng regfme. 



.,. 

II. REVIEW Of' L.ITERATURI 

I !IRROYCT I!!! 

This review of tlter•ture deals pr1111rlly with the 

arMs of boil Ing h•t transfer In Wilch this uperlment 

was conducted. Only the most pertinent conclusions drawn 

by many Investigators are Included as they concern this 

probl•• Al I appllceble Investigations of so2 bolt Ing 

hMt transfer are reviewed In det•11. The areas of•· 

phasl s wit I be stable nucleate, partial nucleate bof llng, 

and stable fllm bell Ing. 

llNIRAL IPILlll UtJISJIMIU!!S 
Although there have been ._, lnvestlptlons regard· 

Ing the process of evaporation, there f s st11 I no general 

correlatlon nor adequate description of all these heat 

transfer data and processes. Rehaenow1* stated that the 
best approach has iJMn to group the Investigations 11 ••• 

according to the nature of fluld motion end according to 

the physical dlapesltlon of the heating surface.•• The 

different types of heating 1urface1 that have b"'1 investf • 

t•ted area 

1) fforlzonta11y submerged flat plates 

2) Horlzontally submerged tubes 

• Superscrls>ts refer to the bibliography. 



J) Vertie.ally submerged tubes or plates 

I+) Inside surface of a tube with fluid flowlnt 

therein. 

The varloua types of resiltlnt fluld motion are1 

1) lvaporatlon without bol1 Ing 

2) Mucleate bolling* 

3) Fiim bolt Ing~ 

A ~lete bolling curve for sulfur dl•lde Is not 

yet aval1ab1e, that 11, • logarlthrale plot of t-.erature 

dlfference**versus h .. t f lwc. McAd .. 2 states that auch 

a curve Is probably similar In shape to the one tor water, 

shown as Figure 1. This boll Ing curve was found as a result 

of e.perlments by Farber and SehorahJ of pool bolling with 

an e1ectrlca1 ly h•ted wire s...-.r1ed horir.ontally In a 

tllftk of water at the saturation t_,.rature• This character• 

latlc curve haa b..an copied and tueplalned further by Rohsenow 

and Krelth.4 In regimes I and II, ecc:ordlnt to kohsenow, 

*lncludecl as a form of nucleate bollln9 Is surface, or 
local, bolllftf -.1ch c.ccurs when a liquid that is subcooled 
comes into GOntact with a heater s.urface hot enough to 
cause boll Ing l__,late1y. The vapor bubbles that are 
formed wll 1 condense In the eol d 11 flU Id after they break 
away fr• the hot surfac.e and no net uneratlon of v.,,or 
Is obtained with this de9asse4 11qula:z 

**Difference In t~erature between the surf.ce.of the 
heater end the bulk t-.erature of the bolt Ing 1 lquld. 
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superheated liquid Is circulated by convection currents 

as the heater surfaee t...,erature rises above the setura• 

tlon temperature and vapor Is produced by ev.,.ratlon at 

the free surface. Kretth expl•lns, as the surface t.,..ra• 

ture ls Increased turther, vapor bubbles are formed and rise 

at "f evored spots• on the heater surf ace but condense 

before reaching the free surface. It Is In this area that 

nucleate boil Ing begins, but CO!q)lete end stable nucleate 

boiling does not start until regime I U ls attained. McAdamt 

stated that the reason the term 0favored spots" Is used ts 

because at a given t.,.,erature, 11the vapor pressure over 

a very su11 concave llfl'Jld surface 11 leis than the vapor 

pressure over a f1at liquid surface. Hence, for a given 

pressure, a liquid n.ist be hotter to evaporate Into a smell 

bubble of vapor than Into the vapor space above the 1iquld.H 

ft is therefore difficult for vapor bubbles to form and 

they wl11 orl9lnate' 0 ••• preferentla11y at those act.Ive 

nuc1ei on the heating surface \llhere the t-.erature encl the 

nature of the surface are favorable." In regime Ill st._ 

I& transported to the vapor spec• by more and lar9er bubbles 

that have been formed by the tncrhaed t-.erature differ• 

ence. In thl s range of nucleate boll Ing many observers 

have found h .. t flwc; to vary as the t-.erature difference 

raised to the nth ,._,., where the value of n varies from 

3 to 4 •• presented by lledt.s As the t-.erature dlffereRce 



·IJ• 

rises to about 100 F (for water) a ftWIXIRl'I or peak heat 

flux Is obtained, as well ••• a critical t-.erature differ• 

ence. This Is represented In Figure I as point (a). A 

further Increase of the t...,_rature results In a decrease 

in the rate of hMt ftow. An •planatlon for this point 

was made by Krelth by ••lnln9 the mechanls. of heat trans• 

fer during boll Ing. As pointed out earller,, bubbles grow 

at certain favored spots on the heater surface untll the 

"buoyant force or curreRts of the surrounding liquid c.n 

carry them away.u Krelth also found that, .. Although the 

product of the size of the departing bubbles times the 

frequency of their formation at any particular apot does 

not vary appreclably with heat flux,, the number of spots at 

which bubbles for• Increased nearly In direct proportion 

with the excess t..,_rature ... * This Increase In bubbles 
per unit area promotes convection heat transfer to the 

llqutd. The part of the heater surface covered by vapor 

bubble. Is effectlvely Insulated because the thermal con• 

ductivlty of the vapor Is rt11ch smaller than that of the 

liquid. Therefore, Krelth says,. "Increasing the nud>er of 

•Excess t-.erature Is defined 8$ the t-.ereture of the 
heater surface •v• the saturation t-.ereture of the 
liquid. 
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bubbl• pr._t .. the flow of h .. t by vl.rtua ef the .,1tat• 

Ing •tlon of the bubbl••• but at the •-ti• tb• ., .. 

avaltalt1• for heat tr•tfer te tb• 11.,1d tll•lnl1M1. .._.. 

ever, -"• the .... , of spots at W.lch bubbles fear• bMG•• 
so ,., .. tNt • .,,, .. ,..,,. portion of tba surface 11 

covered tty v.,..r, th• lnaulatf ft9 affects cwar-..W the. 

Mnef lclal affects of flulcl agitation •d the h•t flwc 

clecrw .. with lncrwhtt .,. .. , t_,.rature.• The regl-

IY, v, and YI are latown •• fl1• belllng b..,H alt or an 
.,,recl•I• ,.,.,. of the beater 1urf•• 11 bl..a.ted by 

v.,.r. ltrelth further point.a out thet the ._,,.. or 

~ heat flwc occur• Just before the tranaltl• fr• 

nucleate to fllm bolllnt takes place. In retl• IV • un• 

•t•I• flt• fo,.. and tarp IMmlt1•• orlglute at the outer 

upper surf•• of the fl1•. lecaase of the •tlon of cir• 

cu1atlon currants this vaipor fll• 0011.,1e1 -4 ref•,_ 

,.,Idly. Accortllnt • Roh1enow, the •ltt_. of this 

unst•1• fl1• .. ,,.., .. ectctlt1 .. 1 re1l1tMCe te hut 

transfer •d ,.._, th• h .. t tr•sfar rate.• In the , .... 

of t_,.rature differ_.. betweeft ltOO., encl 10000,, (wtar), 
the lnflu.-. of racllatl• ., ..... , pronounced. In this ., .. 

•th• • .,., fll• la very •tattle, and the orderly dluhar .. 

of buW.I•• ., .. ,,. ttt.t the fr..,ency MCI location of 

bubbles origination Is controlled by f•tor• oparatlnt at 

the outer surface of the f 11• and that favored IPOt• alon1 



.. ,. 
the wire are without effect.n 

ltohsenow stated that the cheracterlsth: boll Ing curve, 

FI gure I, Is us it y obte 1 ned if condena Ing vapor heat Ing I 1 

used., but when electrlc.1 heating Is used, the regime IV 

Is not readily obtainable. ttAs the electric energy, and 

hence hut flux Is Increased, the resulting temperature 

difference Increases In reglr.ie It I. When the puk value 

of hpt flux Is reached, any further lncreas• In electrtcal 

energy is ac~nle4 by a lower heat ftwc. The difference 

between these two quantities C4Kt1es a rise In the internal 

energy of the wire, ac~led by a further dee;rease In 

heat flux.0 Therefore, thl s syatem I 1 unstable and wll 1 

proceed to point (b) where the t-..rature Is very great, 

unless the electrical Input Is reduced. Usually, point 

(b) represents a point beyond the melting point of most 

metallic heaters. For this reaso.., po!nt (a) Is celled the 

burnout point, •• stated by Rohsenow. 

Mow that all regimes on the characteristic curve of 

heat flux as a functl• of t-.erature dlff•r•ce have been 

generally review.cl, a more dete11ed ••lnatlon of factors 

affecting regimes Ill, IV, v, and VI Is neces1ary for 
completeness. 

NUCl:£A!I Hll.111 11!1.ST!§lTIONS 

It Is known that many factors Influence nucleate 

bol1 ing. Although •11 of these factors have not bMn 



fully evaluated they are, at presented by McAdaml, (1) 

neture of the surface, (2) pressure, (J) addition agents, 

(It) scale d8"t&lts, (S) temperature difference, (6) plate, 

tube o,r eon size and arrangement, (7) mass flow, (8) nature 
of 1 lquld, and (9) turbulence. McAct.s suaarlzecl the 

f lndlnga of many Investigators \fho denenstrated that the 

boiling film coefficients lnoruae In proportion to each 

of the fo11owln91 (I) an Increase In surface roughness 

or grooved surfaces, (2) an Increase In pressure above 

atmospheric, up to one•thlrd of the crltlca1 pressure of 

• particular substance, (3) the addition of certain chemical 

agents, (4) removln9 scale deposits since even a thin 

layer of scale may have a 1arge .reducing effect on the 

overall coefficient, (S) an Increase In t...,erature differ• 

enee as shown by Figure 1, (6) the number of tubes or coils 

but not the tube dl.,.ter, (7) an Increase In mess flow, 

(I) an I ncreasa In turbu I once. The bo 11 I n9 fit m coef f i c I ent 

11 alse affected by the nature ef the I h1uld. McAca.s 

a1so pre•ented data, In his figure llt•15, of Cryder and 

Flnalborgo showing the effect of the nature of the liquid 

on the boll Ing f 11m coefficient for • sln9le horizontal 

tube. 

Rohsenow stated that there has been no general correla• 

tlon of e11 boll Ing heet tr•sfer date to obtain• slngle 

equation that would correlate the effects of pressure, 



type of heater surface and kind of liquid over the entire 

range of temperature difference.. However, corr elations 

have been made within regfmct 111. The effect of pressure 

has been successfully correlated In this regime end this 

can be used to obtain a rough estimate of peak heat flu"• 

When uamlnlng the process of nucleate bol llng In a 

vertlcally heated tube. that 11, a natural cfrculatlon 

evaporator, Rohsenow found It to be more c:~llcated than 

the pool•bol1ing* proce••· As 11qufd nur or at its sat-

uration temperature Is admftttld at the lower end of the 

natural circulation evaporator. vapor bubbles form on the 

tube •11 and rfse In the comparatively narrow space, 

Interfering with the motion of each other as they proceed 

toward the vapor space at the top. As the fluid flows 

upward it changes In density and velocity. McAd.s dis• 

cussed this subject further' and aald that In the upper por• 

tlon of the tube the fluid Is saturated. even tf It is 

lnltla11y admitted below the uturation t_,erature, assum-

ing the temperature cUfference to be sufflcl•tly 1arge. 

McAd ... stated that, 0veporlzatlon occurs progresslvely, 

*Krel·th described ~l·bol1 ln9 as existing In a ••a 11-.1e •r•tem consisting .of • heetfng 1urf90e, au. ch •• • flat 
pate or a wire, submerged In a pool of water at sat• 
uratlon t-.erature without external agltatloft.u 
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and • two•phaae mixture ... rges from the top of the tube. 

The rate of heat transfer at any point In this section of 

the tube depends upon the local c-..rature difference 

and upon the relative flow rates of llqufd and vapor.0 

Further, the veloclty of the mixture Increases as the 

weight fraction of the vapor becomes larger because of th• 

greater volume occupied by th• vapor. Also, according to 

McAdMs, ttthe presaure gradient Is Increased because of 

greater wall drag and because of the force necessary to 

accelerate the atream to the higher velocttlesa hence the 

saturation t.,..erature usually falls 11Gre rapidly near the 

outlet of the tub••" 1-...~1t• of the large number of uperf • 

mental varhtbles which 111st be Included In any evaluation 

and In spite of the wlde•tpreed use of the natural clrcula• 

tlon evaporator the baafc heat•transfer and fluld•flow 

phenomena are net yet fu11y understood. Several lnvestlp• 

tors conducted uperlMnt• with flulds being edmltted to 

th• evaporator below It• saturation t-.erature thereby 

having • nonboll Int section and a boll Ing section. Their 

analyses were Inconclusive with regard to determining an 

equation for predicting the boll Ing fll• coefficients. 

Stroebe, Baker, and ladger6 separated the characteristics 

of the boll Ing section from those of the nonbol1 Int 1ec• 

tlon by studying a vertical, 1 Inch o.o., twenty foot 

copper tube with bol I in9 along Its entire hmgth. This 



.. ,. 
condition wes obtained by •reh•tlng the 11.-td feed. Th• 

followln9 9Cl'l•tlon was clerlvech 

h • z.• x 'I' xo.1 
(?JAJ* a-1 •t••u 

The 1ytllbol1 are defined aa fotlows1 

h •bolling fll• coefficient, ITU/hr•ft2•o, 
At • t ... reture cllfferMC• betw• th• h•ter 

surf•• Md th• t l•ld ai.uuc, also t•rmd 

''MC•• t .. etature", 0, 
v • .,eclflc v.111119, ftJ/lban 

)A• viscosity of saturated ll•ld, lbltlft.,..r 

a-• surf ... ten1len of the 11•1d•1urfMe Inter• 

I••• .,_,,. or lbf/ft 
k • ther .. 1 concluetlvlty, ITU/hr•ft1•0,/ft 

c11 • .,_If le hMt, ITU/1._.., 

Th .. • auther• feuncl tut 90 per cent of th• runs _. fe11 

within ~ lO per cent of the values calculated ,,.. this 

..,etlon. It •• pointed out that this ••ti• •• 
entirety .. lrlu1 and aho*1d be used with dlHretlon for 

conditions thet ere very c:lfferent ,,.. those In thlt In• 

vest I pt Ion. 

flUJ Hlleld llUIIIMilllS 
rtl• boll Int •lats beyond the point of .. ,..,. or 

,_.k ~t flwc:. Th••• ar•t are repre1enced a1 ,..,_, 



IV, Y, MCI YI ef 'IFr• 1. In retl• IV there It en un• 

stale fll• for.atlon over\:the h•tlng surface ad lar,. 

v.,... butitbl .. erl•lnate at Its outer surf.... T~I• flt• 

wl1 I ,.rledlcal ly co11., .. an4 fora ... , .. un•r the In• 

fluence ef clrcu1at1At currents.It tn , .. ,. IY there I• • 

deer .. •• In heat ''"" with • lncrwe In th• t.,....acure 
cllffer.,... betwM the bulk llqulcl 8IMI th• heater surf .... 

This .., .. ,. ••t be .._ to en Inc.ruse of th• thlctcnus 
of th• v.,.r flt• '111ttlch Is re1•tlvely lar .. r th• the In• 

crea1• In t ... r•ture dlfference.8 ••ti .. ¥ ancl YI were 

studied ana1ytlu11y Mel ..,.,1 ... tally t.y ,,..,.,1. To 
analyze the process for • horluntal tul>e, PIFr• I, tt. 

made the followha1 .. ...,,,.,.,, 

I. A continuous v.,.r blanket of thlcknet• .. _.. •l•t•"' 

I. ,.,., rl1•1 In vlHeUI fl• by b•yant fercea 

J. Ll•lcl•vepor Interface Is -"' '" the ••ti• 
where ••t of the h .. t 11 tran1ferred 

... "'" of VllllJW Is ,.,., .... by VllCOUI drat on tub• 

•d °" 11.,1c1. Contrlbutl• of t1.,1c1 dr .. 11 
un....._a therefore, It Is Included In • CGllttant 
to be detet11f ned by ..,.,,..,., 

s. As..._ 4 • r•t• of evaporation 11 ... (hfl ~ ey&t/1) • 
...._,. •v • .,._lflc heat of saturat..S v...-r, 

ITU/1bll-°F 

6. l911ect klMtlc enern end •••t• ....... lft 
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The symbols p  ,  p and p + p represent a pressure 
gradient acroes the tube. 

Figure 2. Sketch of Idealized Stable Film on a 
Horizontal Tube, by Bromley 



vapor film 

7. Assume teq>erature of the well and saturetfon tem-

perature of the fluld to be uniform around the tube 

8. Evaluate physical properties at mean value between 

the t-.erature of the wall and the saturatfon 

t......,erature of the fluld 

9. Combined effect of most errors Introduced by the 

above ass ..... tlons ay be correct-by evaluatlng 

a factor eJCperl...,.telty 

10. At the 11.,ld•vapor Interface, the temperature of 

the 11quld •the saturation t-.ereture of the 

fluid. 

from the laws of hydrostatics and the above ass~ttons 

Bromley dertved the fo11owlag equatfon1 

h • con1t1111t [ l~:/Pv<~> 11 A_ J I/It 
The symbols are defined•• fo11owsa 

constant • ~ • 0.62 ! o.o.tt 
I 

I • experimental constant • J.6S 

D • diameter of tube, feet 

kv • thermal conclucttvl~y of the vapor, 

ITU/hr•ft2-°F/ft 

g • acceleration due to gravity, lt.17 x 108 ft/hr2 

fv • density of vapor, 1bta/ftJ 

fL •density of llquld, lbm/ftJ 



A• hfg • 1atent heat of vaporization, BTU/lbm 
A11 other synt>ols are defined on page 19. This equation 

hes been copied and explained by Rohsenow, McAdams, and 

Kreith. nthis equation permit• the c:::alculatfon of the 

conduction part of the hat tranafer through the film. 

Superi,.osed on this Is the eontrlbutfon of radiation, If 

It is slgnlflcant.01 

IRJLINI Rf IY,lt'' 
McA~2 presented data, In his f'lgure lif.•27, of Wood1 

and Bryan showJng the behavior of bol llng benzene In the 

regimes of nucleate and partial nucleate bolling. The 

curve for 100I feed vaporiz.ed showed a definite peak at 

a length•mean teq>erature dlffertmee of 75°' and an average 

heat flux of 18,000 8TU/hr·ft2• the range Investigated 

was frocn a i-.erature difference of ;o0r and a heat flux 
of 12,000 BTU/hr•ft2 to a temper11ture difference of 90°F 

and a heat flux of 17,000 8TU/hr•ft2• From these data St 

w•s calculated that the overall coeff lcients decreased 

from 400 ITU/hr•ft1-°F at a t.,..rature difference of 300, 

to 190 ITU/hr·ft2-°F at a t..,erature difference of 90°F. 

These data were taken from a boll Ing section of a horizontal 

four•pasa forced•clrc.ulatlon evaporator. These investigators 

used a 1team•Jacketed, standard, one Inch copper pipe. Low 

feed velocities were used (0.26 to l ft/sec) so that most 

of the feed could be evaporated as required. It was noted 



that with the lower t_,,.erature differences, as the fluid 

Is progressively vaporized the local overall coefficient 

at f lrst Increases~ 9"1 through a maxi.,., and then de• 

creases •rkedly .. toward values typical ef auperheatlng 

dry vapor0• McAd-. attributes this dry•wall vapor bind• 

Ing to Insufficient liquid to wet the walls. 

IUlilY!\ Dl!XIDI lllLl!I 'IMS '21ff1Clll!JS 
One of the earliest publlshecl .ork1 of sulfur dlo.xlde 

bolling film coefficients In a flooded evaporator was re• 

leased In 1931 by Stewart.' His main objective was to 

ncteterntlne ... of the heat transfer characteristics of a 

given sat of colts tested under known conditions and then 

to determine the effect of the spacing of the eMtended 

surfaces... H9 used extended surface evaporator coils with 

liquid so2 en the lntlde and air on the outside. Each 

unit teated Md ••~ tubes with three 180° t.ends forming a 

coll when attMhed to• reservlor drum, He Figure J. A 

liquid level of so2 was •lntalned Jn the drum. The tubes 
were made of _,.,., and the extended surf aces were made of 

a1umlnura. To determine the heat transfer characterJsttca 

of the various colts Stew9rt verled the mean t_..,erature 

difference of the so2 end af r from about 10., to 2s0r. 
Humidity of the air was maintained at saturated cenctltlons 

and the so2 t.,.erature In the coll was •lntelned at JO°F 
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One of sJx finned tubes tested 
simultaneously -arranged in a 
bank 

Figure 3. Coils Tested by Stewart 



by pressure regulation throughout the e.Kperlment. The 

ther .. 1 load was Imposed by electrle h .. ters. The results 

obtained showed • mMlmum boll Ing fllm coeff le lent of only 

0.9 ITU/hr•ft2-°F at a heat flux of J0.6 ITU/hr•ft2 for a 

l•l/2 Inch coll. Stewart observed that at Irregular In• 

tervals the t-..rature readings showed great variations 

for apparently steady air temperatures. He noted varla• 

tlons as high as "7°F to &°F for the J/~ Inch spacing coll 

operating at 2000 ITU/hr with J0°F so2• lr•ter variations 
In (bulk llquld) teft'lperature were observed as the so2 was 
reduced In temperature.• After windows were Installed In 

the drum,, "violent gushing at the outlet of the tubes was 

observed." Stewart explained that this pheno.non was due 

to "the surface tension effect of the oil In the 1/l Inch 

diameter tubes." He called this effect a "geyser action 

of the refrigerant In the tubes. Stewart also ROted th•t 

this was en iqK>rtant fault to be overcome In many of the 

current (1,JI) designs of coils. Because these t--.erature 

r•dlngs were erratic they were not used In computing the 

results already mentioned. out the so2 t-.eratures In the 
drum were used lnst .. d. Stewart was unable to correlate 

his data into any kind of equation. 

klng10 presented results of ev.,oratlng so2 In a 

heavy COJ,"tPer cyl lnder. Since kln9•1 prhury objective was 

to present a current (1912) survey of heat transfer, his 



treatment of the so2 experiment was brief. Although the 
method and conditions of the uperlment were not revea1ed. 

several conclusions were drawn and published. King observed 

that periodic ebullition end t....,erature cycles occurred and 

the experimental readings were Irregular. He Identified 

these irregularttles as a "geyser action• which had been 

reported by Stewart earlier. king pointed out that Stewart 

wes apparently in error by attributing this •geyser action" 

to the surface tension of the oil In the tubes. Since 

King's experiment w.s free of oil, he surmised that the 

"geyser action" could be explained by the periodic super• 

heating of the liquid, up to the point where the vapor 

pressure overcame the Internal tension. A lfquld Is con• 

aldered to be in a superheated state when Its temperature 

and pressure Indicate that it should be In a vapor state 

or at least should be bolling repldly. King atso conducted 

some general tests on suparhNttng a pure llClfUld (methyl 

forMate) by reducing the pres1uro0. He reduced the pressure 

above a column of methyl formate until It supported • 40 

inch colutm of mercury, \llhlch Is ... lvalent to • "tension" 

of 5 lbf/ln2• without ebullltlon occurring. He also found 

that the tendency of a pure llquld 'to become superheated 

It reduced substantially by the presence of a dissolved 

gas. such as air. In addltlOft to this study, he plotted 

a curve of heat flwc versus bolt Ing fllm coefficient for 



so2• The plot was on rectangular coordinates and the curve 

was essentially a straight 1 lne. The minimum bol 1 Ing f I 1m 

coeff lclent was 230 8TU/hr•ft2•0f at a heat flux of 800 

8TU/hr•ft2 whlle the ~lmum bolling film coefficient was 

SJO ITV/hr•ft2.:°F et a heat flux of 5200 ITU/hr•ft2• These 

va1uea fndlc.ate that the range of teqterature difference 

was approximately from 4°F .to to°F. The slope of his curve 

Indicated boiling Jn the stable nucleate regime. King con• 

eluded that there was nno apparent limit to the extent to 

N\lch a pure liqwld may be superheatectt• and any reduction 

In superheatlng result& fn higher heat transfer coefficients. 

In a work publlshed In 1933. Phtlllp and Tlffany11 

atudled H[bull it:len of Ftefrfger•nts" In detall. Their 

main objective was to presMt Observations regarding the 

0equl librhw or t iquld refrl1erants and the corresponding 
vapor for the dyn..,lc process of liquid refrigeration 

evaporatlon.0 These authors began their discussion by 

pointing out that Stewart was lft error ~en he said that 

the *'geyser action" observed was caused by the surfac.e 

tension of the oil In the tubes. Stewert•s statement was 

proven wrong by a aeries of tests Involving lubricants 

•nd so2• The tests revealed that the etevatlon of the 
bolllng point wes not appreciable (appro>elmate1y 0.1°F) 

for a solution of ol I •seturated so2• "•The fact that the 

t.,.,,.rature of the pure 11qu1d sulfur dioxide was observed 



to be • th• aver-altout thr• c1etr•1 higher than the 

t_,.r•ture corre.,.dlnt to the pre11ure for static 

..,111brh• ••t have been.., •• by superh .. tlnt of th• 
ll•ld." The f1eocled 1y1t• tMtacl by Ptlllllp and Tlff•y 

for ctet.,.IMtl• of the correlation of erratic .,.,.atlon 

Md superhMthtl of the I I.Id reftl .. rMt• SOit W91 a 

c1•1rclal cross fin coll waporater. It wa _. of two 

"hair pin" 1h.,..t J/~ Inch 0.1. copper tulMas fastened to 

•horizontal cyllftdrlcal shell. The "hair pin*' ,..,, 

were Ht In • vertlul plw M4ll arrl-4 the ••P•r f Ins. 

The 11 .. ld so2 19Ye1 was •lntalMd by a f1Mt ln1tde the 
horizontal cyllHf'lcal shell (fl•t -...r). Ll•ld so1 
•• ••rated ,,.. Inside the "hair pin• ,_,, W.11• air 

•• clrcu1atecl en the •t•I• of th• fins. This lnvestl• 

t•tlon •• ,,_,,., t.y the _,,edlct•I• operation Md law 

capacity of this co•1rcla1 evaporator. In orw te pin 

• fun...,.tal un4er1tancllnt of Hz ebul11tlon th••.,,..,, 

censtructed • ti••• •hair pin" ,.., with a vertical huter. 
Chr•lc acid we• used to ct .. th• ti••• evaporator. It 
•• found that a mixture of so1 aftd luttrlcatlng olt, W.lch 

was at ac.tpherlc pr•sure cou1ct lte war.cl to ,._ t ... r. 

ature1 without elMallltfon oceuttlftt• To further dlllOftstrate 

this .....,... Phllllp and TlffMy catrMd out a aerlu 

of ebullltlon t•t• wfth cleaned ti••• lrlen•1rer flasks. 
About a .,.,,., ftf an Inch of lubrluth•t oil was poured 



on top of the 1 tquld "'z In NCh of these flasks. It can 
be assumed that lnltJally the t-.eratureof the flasks was 

below 11•0f (the boll Ing point of so2 at •tmospherlc pres• 

sure). As the mixture temperature was allowed to rise to 

room temperature. some of the mlxtures would not boll. 

while others would rise to nearty room t-..rature and 

then evaporate with almost explosive violence. At least 

half of the mixtures were superheated to so0y without ebul• 
1 ltlon. ••Pure llquhl so2 could ee supe,rheeted as much as 
IO°F above Its bolllnt point." Stewart•s "geyser actlontt 

was In reallty a case of superheated llquld which had 

eva,orated suddenly with the liberation of a large volume 

of vapor. Superheatln9 Is not •Iv undeslrllble bec.ause of 

the "geyser Ktfon" but also because of the towering of 

heat transfer capacities of evaporators. Phllllp and 

Tiffany founct that 11.-1d so2 had to have ·some type of 
catalytic activity to promote the formation of vapor and 

would deer••• the dqree of superheatlna. These authors 

tried many types of obullators# that Is bollfng Inducers, 

and found t"-t \!lhen f lbrous materials of a vegetable ne• 

ture were used they were successful. With the ebultators 

the de9ree of superheatlng was k8't below J°F. It wea 

also discovered that air or vapor would act as ebu11ators 

If either was e«nltted as bubbles and ellowd to pass up 

through the I lqufcl so2• 0Theae buttb1es provided a surface 



for the eveporation of tho lil;quld, the condition being 

shnUar to the ev.,oratlon of pure liquid se2 from the 
plane surf.ce of the 11.,1c1.0 With this •thod It waa 

found Impossible to 1-.perheet the liquid over z°F. A 
thorough discussion •• presented re9ucUng • theoretical 

ana1ysl1 of bubbles end their fonaet:on •d was suanarl&ed 

as fol lows1 In ctyn•lc evaporation of liCfUid so2, • slight 

superh .. tlng of the llquld c;an be e.xpectecl •fter the 

beginnin1 of• bubble at a solid•llquid Interface. The 

authors concluded that 0the degree of superheathtt Isa 

I. Dlrectly proportion.I to the heat of evaporation. 

2. Inversely proportional lo the coefficient of 

heat transfer from 11.,1c1 to vapor. 

3. Inversely proportional to the specif le volume. 

It. Directly 11roportiorud to the rate of rise of the 

bubble. 

s. Directly proportl•al to the size of the bubble ... 
An article was publlthe4 In ''') ent'lttecl HFilm Heat 

Transfer Coeff iclents for so2 In • Vertical Evaporatoru 

by Stewart and Hechler.12 The .. perlflefttal evaporator, 

shown In Figure It, was • standard i/4 Inch copper pipe, 

80 Inches long. Precautions were taken to prevenc recUel 

and end heet losses from the main heater. The evaporator 

end heating elements were p1ecect In a It Inch steel pipe 
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,.ckecl with zonotlte. The It IMh pip••• placed In an 

8 Inch ,,,. Md cotd brine ws clrcul•ted through the 

annular •IMC• between the hie plpu to •lnteln • cen1t#lt 

t...,.ature. Ttt.rnecouptn were used to take alt t..-r .. 
turea of the •.,orator wit end the 11quld bulk. Th ... 

hwestlgater1 encountered unstebl• operatlnt COftdf tfOfts •• 

they bepn their _,.,.,,...,, the - "teY••r ectlon" •• 

Mntloned by 1trwlou1 lnveatlptora. '•11ewlnt the ,. ... 

_,,.tlon of Phl111p and Tlffeny, ... 11 pieces of_,, • 

.od were fast.-•t Interval• Inside the evaporator tut.. 

to act •• •ullator1. Aft• this wu -. 1t8bl• .,.,,atl•1 

conditions ,revaUMI throughout the r-••r of all th• 
teatt. The r•u1t• wr• '"°""' In th• fWll of •ltht ourvu, 
••of •lch related the bell Int fll• CMfflclertt1 to h•t 
fluxu Md .. tur•tlen t...,atur••• Th•h author• found 

• ._,.,. belt flux of ltGOO ITU/hr•ft2 end • corr•pondln9 
value for the Mfllnt film ceefflcl•t of 6IO m/hr•ft1•., 

end • 1aturatlen t ... rature of to.,. A •lnl.,. heat ftwc 
of 1000 ITU/hr•ft1 Jroduuti •value fw the lli0111n9 fll• 

coefficient of 180 ITU/hr•ft1•°' and • saturation ,..,., •• 
ture of ,...,. Th• conditions end •l11lena of thlt lnv••tl• 

9atlon were• (I) forced clrcu1etfen, (2) IM>t •11 of the 

h•t•r surface•• tUcpOIM to bolllft9, (J) th• 11.,td lwet 

ws C•111J•r•tl¥ely hlth (6J Inches), (It) the 1urf•• rough• 



ness was not ruorcled, (5) purity of the so2 was not 

recorded, (6) the enount of lubrh:atln9 oll mixed with 

the so2 was not recorded, (7) the highest saturation tem-

perature used was only a.oO,,, and (8) the highest hut flu 
obtained wea only ltOOO ITU/hr•ft2• 

After ltJ6, no so2 boll Ing f f1• coeff le lent data •• 

published for flooded evaporators untl1 1951. This cen 

be ,.rtfally explalfted by the C01Werslon of the refri1era• 

tlon Industry from the so2 refrigerant to the new "Freon° 
refrigerant•• However, there has long been an Interest In 

so2 •• a basic rew material In the production of mMy other 

lnorpnlc ch•lcati.1' 

A more recent article lncludln9 deta on so2 boll lq 

film coefficients was ,ubllshed In 1952 In Rl.FRtGIRATING 

INGUlllRING ancl a more -..iete rel••• of lnfo,,.tlon on 

the •-..-rhnent eppured In HIAT l'lAMSFIR SYMPOSIUM 

in 19SJ.14 The objective of the euthors, Myers and Katz, 

was to determine n1o111a9 (Fiim) Coeff lc:lents Outside 

Horizontal lubes". Although this work f1 unquestionably 

valuable. it Is uafortunate1y brief on the subject of so2• 
The -aulpment used for this ~rf11Mt Included both plain 

and f I nn.ecl tubes. In both cases. the lubes were J/I+ Inches 

In dl ... ter. J6 lnc:hea long and plead In a vertical row. 

°Four horlaontal tubes wre placed one above another on 



1•1/2 Inch center•to-center •pacing lnsf,de an evaporator 

ch•er with the bolling llqufft out••• the tubes." The 
vapor produced by thts WllPOr•tor wes r•el:vetl by a com-

pressor, ~retied and then conclensecl and the saturated 

tlqutd returned to the evaporator. Hot water was cir• 

culated through th• Inside of the tub•• Mel provfdecl the 

heating for the bolllnt• Th••• •thors exMIMd five 

different fluld1 and studied the effects on plain tubes 

and f tnned tub••• ror so2 on plain tulln at • Mturatlon 
t ... rature of 65°F. the .-1 .. Mlllnt fll• CMfflcl•t 
obtained was .,,POMt .. tely 750 ITU/hr•ft2•P at a t•pera• 

ture difference of t60, and• •Int .. bellln9 fll• ceef• 

f lcltmt of JZS ITU/hr•ft1•F at • t ... rature dlffereMe 

of t.s '· ,.,. flMed t••• the v•h••• •catn..a for boll• 
Int coeff lct•t• wre al.,.t clDulaled at the .-values 

of t ... rature. The basic -auatlon uaed for ulcu1atlon 

of bolllnt fll• coefffclentt on plaln tulles was• 

h. tfr 
Th• •Yft!MI• are defined .,. r~•towsa 

fl • heat trms'fer rate, ITU/hr 

A • 1urface erea In contact with bolllnt ftul4, ft2 

Other 171Ml1 •r• def lnetl • '"8 1t. 
Myers tlftd Katz found by dl-.slOMI -fytls the • .,.tlon 

l * .. (~f 



A11 symbols have been previously defined on peges 191 22, 

end 2J. lxperlmenta1 data was obtained with plaln tubes 

which yielded • value for the constant m of J.4 )C. 106 and 

an exponent n of 2.75 for so2• It ts slplflCltftt that 
this work was done with pilot plant size equlpmet'lt and not 

the more usual laboratory size equipment. *'It la known 

that the condition •f the surface and Its geometry have 

a marked Influence on the bol 1lng coeff le lent and that It 

is often not advisable to use boll Ing coefficients obtained 

In atn111·s~1• laboratory tests for the design of eonnerc:lal 

units... Myers and Katz observed blO effects of time on 

the bollln9 fll• coefficients. First,, "the belling coef• 

flclents decrus•d over a period of 1evera1 days when 

starting with new tubes which had been cleaned with dilute 

suf furlc acid and rlftted with wter." After the apparatus 

had been operated for some t:fa the coeff lclents tended to 

1eve1 out and eventually• stable surface was attained on 

which no changes were observed. The second effect of time 

was described as hysteresis and was most pronounced with 

f lulds other th8" so2• In short, the heat transfer rate 
was variable for no apparent reason \4ten the apparatus 

was started up in the morning but stablllaed after several 

hours operation. The experimenter was able to bring the 

operation to stable conditions quickly .. by f lrst using a 



high t ... rature difference •ct then recluclnt the ,..., •• 

ture cUffwence t.e thttt .. Ired." Th• -.1-tlon ef thl1 

•**'d effect r-ln1 to lte found. 

TM .. , recent lnf.,..tlon wal1ebl• for Mllln1 so1 
•• ,r•••ted In 1951 ht•,.,., entlt1ed "Sulfur lloxhle 

1v.,.,•tor•Al1e11Dly T .. t a.,.rt" by Rlftfl•r'S of th• Ylr• 

1lnla Ch•lu1s Md S.1tlnt c.,.ny. The •In obJ.ctlv• 

of this test was to vetlfy the .. ,.,. ClllNIClty of a 1M1rtl• 

cuter Industrial evaporator. Other obJectlv.s wre to 

obtain data for future evepor.aer•ass...,ty dtalllftl and to 

lnvutltat• the uae ef • float switch for pr.Venth11 flood-

Int of th• waperator. The tHt iyst• la •"-In ,,.,,. 

s. Th• _., pertl,...t conclu1lon1 ctrMt fraa this t•t 
weres "(1) The c:.,acfty of the 1y1t• 11 1560 peuncts ef 

sulfur dloadde per hour (dullft c•aclty ef 2080 peunds 

,., hour) •• vaporlzlnt ftoM • .,.,.,..,., pressure of 

,., 1ttl9 t• a .,_,,,_er IMCI pressure of IS psl1 •tte 

h .. tln9 with IS ,.,, saturated •t-. (2) The onrall 
hut•transfer meff lcl•t for the , .. ..,_,...., section was 

approxl•t•ly J68 RU/hr•ft2-r, ltaaecl on the outslele area 
of the bayonet heater. A ••I I" value of JOO sheuhl be 

accept•••· Te.. werall coefficient for the ..,.,heatlnt 
section ,...,. tlXCMdlng J.t ITU/hr•ftz., • ..S ft would not 

b• ,r.-ctlq1 to desltn an ••••ly of this type fer ..,.. 
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than a few degrees of superheat. (3) The float switch 

would def lnltely prevent f Joodlng of the evaporator but 

It was supersensitive and opened and closed rapidly when 

enveloped In bolt Ing sulfur dioxide. It should not be 

accepted without further testing. (4) The t.o parallel 

Mason•nellan reducing valves represent the ll•ltlng com• 

ponentt of the system. (S) One l•lnch, Figure 401 Mason• 

nellan reducing valve with a 3/4 Inch orifice wl11 pass 

780 pounds of sulfur dioxide gas per hour from 49 pslg to 

IS pslg and 960 pounds per hour from 78.S pslg to 15 pslg.0 

This test was conducted with an ambient temperature above 

go°F at all times, giving a relatlvely high pressure (80 

psla) In the supply drum. 

INDUSTRIAlz,Stl;tFICATIONS FOR SU\:f!,fR OIOXID£ 

Specif lcatlons and specif lcatlon test procedures for 

sulfur dioxide were outlined In the Virginia Chesalca1s and 

Smelting Company Bul1etln SOt.16 Testing of purity, mols• 

ture, non•vo1atlle matter, acidity, color and appearance 

were outlined In detall. As McAdams noted, It 11 necessary 

that the experimenter be aware of the exact nature of the 

liquid to be tested for proper evaluation of Its heat 

transfer characteristics. 

A general bulletln was available entitled, "Liquid 

Sulfur Dloxlde"13 by the Virginia Chesnlcals and Smelting 



Company. It listed the precautions necessary when handl· 

Ing sulfur dioxide. Alao, connercfal applications were 

noted and storage detaiJs outlined. This was the standard 

bu11etin published for so1 customers. 

Although sulfur dioxide is toxic, it Is. rare for 

anyone to be overcome by Its fumes. This is due primarily 

to the very lrrltatlng nature of the gas,. Stnce one can 

detect a concentration of only 3 to 5 parts per million, 

It Is normal for an affected area to be rapidly evacuated 

before the concentration becomes dangerous which would 

be In the range of 400 to 500 parts per ml11ion. These 

facts and others were presented by the Manufacturtng 

Chemists• Association, tnc. with the statement, ••sulfur 

dioxide gas is irritating to the throat and upper respira-

tory system. Contact with its liquid form wi11 eause 

burns of the eyes and the skin. The burning effect on 

the skin is due to lts attendant freezing effect. However. 

It has good warning properties and the hazards connected 

wf th Its handling can be minlmtzed.u16 A primary menu• 

facturer of sulfur dioxide stated, ••sulfur dioxide Is 

neither explosive nor flannable and does not present a 

serious industrial hazard provided adequate precautions 

are observed ... 13 



QM!Wl! 
Although many Investigators have examined the phe• 

nomenon of boll Ing, n.tch r .. lns to be explalned. No 

single method or series of equations have been developed 

which fully explain or predict all p•r ... ters of bolling 

h .. t transfer. As a result, NnV _,trlca1 •••tlons 

have been developed by various e.Mperllleftters for very 

partlc:Ular situations. The three principle., .. , of 

study are stable nucleate bolllng, partial nucleate 

bof lln9, and stable fllm boll Ing. 

Most Investigations have been Jn the regime of stable 

nucl .. te bolling. Many flulds and heat exchan9er con• 

figurations have been studied and correlated In thls 

regime. This type of bolling Is generally well under• 

stood although there are st111 large, un.-plored areas 

r-lnln9. 

Althoulh little work has been done In stable film 

bolling, lronaley•1 work has gained wide acceptance and 

has been cons I dared the best pl oneer work f n th I• area,. 

He has presented• reliable equation for predicting the 

bol I Ing f I Im coefflchmts for stable f 11• bol 1 ln9. 

Since this lnvestlptlon was In the partlal nucleate 

bolling regl•, experiments In this area were of particular 

Interest. Kref th stated that there have been no corral•· 



tions fn this regime. Occasfona11y work Is done In this 

regime but valid correlatlons are apparently very diffi• 

cult to make because of the untqueness of each heat 

transfer situation. The majority of investigations 

utilizing so2 were Jn the stable nuc1e4te bolling regime. 
Only Ringler•s results for so2 gave some lndicetJon of 

betng fn the regime of partial nucleate bot1Jng. The 

work utilizing benzene also Indicated boil Ing in the 

partial nucleate regime. The temperature range fnvestl• 

gated was nearly the same for ben~ene as that covered in 

this experiment. Also, the shape of the heat flux versus 

temperature difference curve was concave downward which 

was closely paralleled by the heat flux versus temperature 

difference curve of this investigation. With the fore-

going literature, satisfactory comparisons were possible 

In the discussion of this thesis. 



Ill. INVESTIGATION 

OBJECT OF INVll!l§ATIOH 

It has been the intent of this investigation to 

determine boiling film coefficients of so2 at a series 
of flow rates for •vertical, bayonet type, steam element. 

'urther, It has been Intended to design and attain a 

method of circulating liquid so2 and reclaiming so2 vapor 

without the use of either a pump or a compressor. 

~XPER IMtNT Ali, A,PPARATUS 

The basic design of the experimental apparatus in• 

volved three related systems. They wercu (a) the sulfur 

dioxide s.ystem, (b) the steam heatlng system and {e) the 

refrigeration system. 

SU,LFUR DIOXIDE SYSTEM 

The general outline of the so2 f1ow was1 (a) 11qufd 
so2 left the supply drum at a high pressure, (b) 1iqufd 
so2 entered the evaporator at saturation conditions, 
(c) a level of so2 II qut d was mat ntai ned in the evapora• 

tor she 11 • covering the steam heat.er, ( d) the steam In 

the heater gave off heat by condensing and the so2 absorbed 

the heat by boit1ng, (e) the saturated so2 vapor left the 



evaporator and passed through a pressure reducing vatve,, 

(f) the lower .pressure so2 passed through a rotameter., 

(g) the vapor entered the so2 condenser and was condensed 
by the evaporation of Freon•l2, (h) the condensed so2 

entered the supply drum. The so2 system was made up of 
many components which are described In deta11 in the 

fo11owlng par•graphs. 

The design of the evaporator and steam bayonet heater 

consisted of a redesign of an existing industrial evaporator 

to facl1ftate laboratory measurements. Since the general 

configuration of a heat exchanger will influence tts heat 

transfer characteristics, it was necessary to retain the 

overall di mens Jons of the f ndustr f al evaporator., The 

orl gt nal eva.porator ts shown Jn ft gure 6 and the modi ff ed 

evaporator Is shown Jn Figure 7. The primary difference 

between these two units was the method of handling the 

steam. In the original unit the steam was supplied from 

the top and the condensate taken out by a smaller, con-

centric pipe also from the top. The laboratory unit was 

slmtlar, but the steam supply and eondonsate were fed to, 

and taken from, the bottom of the unit. The reason for this 

new arrangement was to avoid the unpredictable condition 

of having the ste• condensate level build up Inside the 

bayonet heater and then be pushed out Jn Irregular cycles. 



Condensate 
Out 

Steam In 

so2 -+-

Vapor Out 
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__ Ave~~ge so2 Liquid Level 
611 Schedule 80, Steel 
Pipe -Evaporator 
Shel 1 

211 Schedule 80, Steel 
Pipe -Steam Bayonet 
Heater 

1/411 Schedule 80, Steel 
Pipe 

Figure 6. Original Industrial Evaporator 
(Courtesy of Virginia Chemicals and Smelting Company) 
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so2 Liquid 
Level2 
-----

,, .. 

Condensate - -t::::::::::=~ 
Out 

611 Schedule 80, 
Steel Pipe -Evap-
orator She 11 
211 Schedule 80, 
Steel Pipe -Steam 
Bayonet Heater 

1/211 Schedule 80, 
Steel Pipe 

Sight Glass, SG 6 

----- Steam In 

Figure 7. Modified Evaporator For Laboratory Use 



The bayonet heater was shortened for the laboratory unit, 

ondttJng the part of the heater In the vapor space because 

this study was confined to evaluating fl1m bot ling coef• 

flclents and was not to include fi1m coefffelents of the 

dry gas. This modification slightly Improved the conden1fng 

capacity of the system and removed the need for evaluat• 

tng an average surface area covered by a surging sulfur 

di oxl de 1 i quid levet. 

After the evaporator was designed, a system to supply 

a constant flow of 1tqufd so2 et a constant temp•rature 
was also designed and built. The system was capable of 

condom; Ing a I 1 of the so2 vapor generated by the evaporator. 
This system Is i 11ustrated sehematJca11y in Ff gure 8 and 

shown in the photograph, Figure 9. 

Sfght glasses were located in the pipe lines upstream 

and downstream of  the evaporator, see Figures 8 and 9. 

The sight glass preceding the evaporator, SG 1, wes used 

to vf suel ly verl fy that the 1i quid was not bot 1 f ng prior 

to entering the evaporator. The sight glass tn the vapor 

line, SS 2, was used to vlsually verify that the vapor 

had not entrained any 11qufd so2• The sight glass, SG l, 
located along the length of the evaporator Indicated the 

liquid level and also gave some lndlcatfon of the condition 

of the bolling ltquld. The so2 llquf d level Jn the drums 
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was indicated by sight glasses attached to the end of each 

of the two so2 drums, see Figure 8. In addition these 
sight gla:sses were used to cheek the validity of the 

readings obtained from the rotameter. 

The globe valves used in the so2 system we.re made by 

the Lunkenhf emer Company. These valves were type J6 PS, 

packed with Teflon, had type 316 stainless steel discs 

and seats, and the body material wes bron%e and rated at 

300 psi. Even with these high quality valves some diffi· 

eulty was encountered when the valve discs and seats be· 

came corroded. This condition prevented the valves from 

completely clo5ing. The situation was corrected by re-

placing the seats and discs In the affected valves. This 

WflS done at some personal rfsk because of the difficulty 

of Isolating the affected valves, singly or jointly. This 

maintenance operation was accomplished with a specJa1 tool 

for the valve seats and a gas mask for the Investigator. 

The so2 concentration in the room went above 300 parts 
per ml t Hon momentarily and c.ou1d be detected through the 

gas mask. The possibility of the reoccurrence of the 

corrosion was minimized by closing a11 of the valves in 

the system during the shutdown procedure. 

The so2 piping was all schedule 80, black steel and 

the fittings wore aJso steel and rated at 3000 psi. This 



heavy duty system was designed prfmarf ly to combat the 

corrosfon inherent In a mixture of so2 and a trace of 
water. The design conditions for the piping were as fol· 

lows: 

so2 liquid: temperature• 90°F 
pressure • 71 psf a 

flow • 500 pounds per hour 

pipe size • 0.742° Inside dlameter 

equivalent length • 10 feet 

turbulent flow 

clean steel pipe 

From Reference 18 • Pipe Flow Charts 

pressure drop • 0.001 psi/ft. 

total pressure drop • 0.001 x 10 • 

0.01 psi, whfch fs acceptable. 

so2 vapor: temperature • go°F 
pressure • 50 psia 

flow • $00 pounds per hour 

pipe size• 1.500*' inside diameter 

e..,tvalent length • 30 feet 

turbulent flow 

clean steel ptpe 

From Reference 18 • Pipe Flow Chart: 



pressure drop • 0,015 l?fi(ft , • 
J.65 atmospneres 

0.0041 psi/ft 

total pressure drop • O.OO'tl x JO • 

0.122 psl, which Is acceptable. 

Any pressure drop less than one p&i would have been 

ae.ceptable. 

The automatic pressure reducing valve was manufac• 

tured by the fisher Governor Company. The valve was type 

6SSA, serial number 3.32.4407,. iron body, type 316 stainless 

steel trim, ASA rating of 250 psi, and had one inch screw• 

ed pipe connections. The valve was actuated by the down• 

stream pressure acting on a diaphragm which in turn acted 

against a spring and the valve. p1ug was opened or elosed 

as required. 

The finned tube heat exchanger was purchased from 

the Griscom•ftussell Company on a performance guaranteed 

basis for the following design conditions; 

Condensing so2 at the rate of 400 pounds per hour 
so2 on the she11 side at J00°F and 70 psig 

Freon -12 on the tube side at 2°F and 10 pslg 

freon ... 12 flow • 84J pounds per hour 

Heat exchanged • 58.400 ITU/hr 

Mean temperature difference • 98°F 

The unit supplied had a total surface area of 36.a square 



feet. The materiel of the heat exchanger was steel. The 

designation was type AS18S•l24, Twin &•Fin Section. 

Three pressure relief valves made by the Kerotest 

Company were Jncluded In the so2system and were set to 
relieve the pressure automatlca11y if it exceeded ISO psig. 

They were type R with 3/8" nominal pipe thread oonnectlons. 

The des I gn capacity of each pressure relief valve was 102 

cfm. 8eca1ae of the objectionable odor of so2, the dis• 

charge of each relief valve was piped outside of the 

buildf ng. 

The nrchrome heater, shown fn Figures 8 and 9, was 

made by wrapping 18 AWG wire around the 3/411 Inlet pipe 

after electrically lnsulatfng the pipe. The wl re was 

nichrome v, rated at o.4062 ohms per foot. There were 

48 turns spaced at 1/4 Inch fntervals along the pipe for 

a total length of 187 Inches. The heater wa• controlled 

by an autotransformer with an on•off switch and a knob 

to vary the voltage. The Instrument was a ••varlacn, made 

by the General Radio Company, 0·135 volts, with subdl• 

vision5 of 5 volts, type WSMt. 

A portable gas heater was fabricated to use the 

laboratory gat and compressed air to maintain a constant 

temperature in the supply drum. The gas heater was made 

from a 16 inch 1ong, J/4 Inch, schedule 40, steel pipe with 



22 1/8-ineh diameter holes drilled along the length as gas 

jets. This plpe was connected to a 1/2 inch supply pipe 

In which the gas and compressed air were mixed prior to 

combustion. The heater was very effective Jn raising, as 

well as, maintaining the temperature in the supply drum 

at the required value. 

The insulatlon used on the so2 system consisted of 
1·1/2 inch thick 85 per cent,magnesfa on the evaporator 

and one inch thick as per cent magnesia on the liquid 
supply 11ne. The thicknesses were based on the Insulation 

t1Wtnufacturer•s recomnendations for the temperature differ• 

enees encountered. 

A one-quarter inch copper tube was connected from 

the htgh pressure vapor space of the supply drum to the 

liquid inlet of the evaporator. This was done to remedy 

a condition of ebullition in the evaporator. should sueh 

a condition occur. This practice was reconnended by 

Stewart and Hechler.12 

The two storage drums were used alternately as 

supply and recefver for the system. This was accomplished 

by the valving arrangement shown on Figure 8. The drums 

were designed for shipping and storage containers for 

2000 pounds of so2 each. The drums were 30 Inches in 
diameter and 80 Inches in length. The drums conformed 
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to Interstate Connerce Commtssion specifications for 

compressed gas drums before rnodlficatfon for laboratory 

use. In order for these drums to be heated wf th a flame, 

as required for this investigation, the fusible plugs, which 

melt at 16S°F, had to be welded over. Also, four one 

inch nipples were welded along the length of each drum 

and a sight glass was fabricated for each drum. Each 

drum was anchored to a skid which served to keep the 

valves end slght glass in the proper position. The 2000 

pounds of so2 used for this Investigation was shipped in 

an unmodified drum which conformed to the 1.c.c. spec:iflca• 
tfons. 

After the so2 system was completely assembled, heat 
was applied to the two drums and the maximum possfble 

vacuum was obtained wf thin the drums and piping by usfng 

a laboratory vacuum pump. This was done to remove the 

non-condensible gases and water vapor. This condition 

was held for several hours before filling the system with 

so2 from the shf pplng drum. 

STEAM SYSTEM 

tn order to provide a constant steam flow at a 

constant temperature and pressure a re11ab1e steam system 

was designed and built. This system is shown schematically 



In Ff pre 10. st .. was supplied froM the Nin •t-
h .. der In the laboratory at an .verage pressure of ltO pslg. 

The st•• ,reasure was reduced by either .,. autOMatlc 

pressure reducing valve or a h.,.d operated globe valve. 

The steaaa at this reduced pressure was essentlally at 

saturation conditions when It entered the st ... bayonet 

h•ter. The condensed st•• flowed down the walls of the 

heater and was taken out at the bottom of the unit. This 

condensate weight was recorded for each test after passing 

through a condensate cooler. The followlng paragraphs 

describe this equlpnent. 

The automatic pressure reducing valve was made by 

the Fischer Governor Company and was a type 65SA, had 

an ASA rat htt of 250 ''' and had a 11 i. r nch or I f Ice. The 

body was .. de of Iron Md the trl• was type Jl6 1talnle11 

steal. The valve was actuated by the downstr .. pressure 

acting on a dla,hra .. which controlled the st .. travel. 

The valve serf al number was JJ't7191. This valve was 

used for reduced pressures doMt to S psf 9. 

A needle globe valve was provided In the by•pass llne 

of the automatic pressure reducln9 valve. This valve wa1 

used to manually control the st ... flow .tten the downstr ... 

pressure had to be below the range of the eutOMatle valve. 

The connections on the needle valve were J/4 Inch standard 

screwed pipe. 
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The steam supply piping was 3/l+ fnc:h, $Chedule 40 

ptpe and the condensate piping was 1/2 Jneh, schedule 40 

pipe. These sizes were more than adequate to handle the 
., . 

low flows of 80 pounds per hour ancf less. 

The steam bayonet heater was designed to resemble 

the induntrial heater. although the steam was handled 

differently as explained previously. The condition of 

counterflow was maintained, however, since this was con• 

sidered important. The sight glass, SG 6, was provided 

at the bottom of the heater to allow visual observation 

of the condensate level inside of the heater. This also 

helped to verify that all of the steam was being con• 

densed, see Flgure 7. 

The condensate cooler was installed to cool the 

condensate, and thus ml n I mi ze f I ash 1 ng when I t was 

expanded to atmospheric pressure If such a condition was 

present. This was • simple concentric pipe heat exeh•nger 

with the smaller pipe jacketed by the cool Ing water. It 

was found-however, thetthls unit was unnecessary as the 

condensate had been sufficiently cooled and did not vapor• 

ize when expanded. 

REFRIGERATION SYSJpt 

The refrigeration system was necessary to condense 



the vapor generated by the so2 evaporator. A schematic 

arrangement of this system Is shown In Figure 11. The 

primary eomponent of the syst• was the ff.nned tube heat 

exchanger prevlously described In the section on the so2 
system. The ~ressor, condenser, receiver and auxlllary 

refrigerating equipment was existing laboratory equipment. 

There were several modifications necessary to develop 

a working syste11. 

The tnstallatlon of a 5/8 Inch copper tube from the 

receiver to the F•t2 evaporetor (so2 condenser) was nee• 
essary to supply lfquld refrigerant. A tw inch steel 

pipe from the F•12 evaporator to the suction of the corn• 

pressor was inste11ed to return the vapor. The design 

conditions for the pfplng were as fo1Jows1 

f•12 1iquld1 turbulent flow (Reynolds number > 10,000) 

84J pounds per hour 

90 pslg and 84°F 

S/8 Inch tubing 

equivalent length of 40 feet 

clean copper pipe 

Pipe rtow Chart Reference t81 Pressure drop • 

0.015 psi per ft. 

Tot•I pressure drop • 0.015 x 40 • o.6 psi which 
Is acceptable. 
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_,,. 

F•IZ vapors turbule~t flow 

843 pounds per hour 

10 pstg and 2°F 

a Inch, schedule 40 pipe 
equivalent length of SO feet 

Reference 18: Pressure drop• 0.004/1.72 psi per foot 

Total pressure drop• 0.004/1.72 x SO• O.ll6 psi, 

which Is acceptable. 

An automatic expansion valve made by the Alco Valve 

Company was used ln the 1iqufd supply lfna. The valve w•s 

type TCL 600 F, thermo expansion, to handle 843 pounds 

per hour at a pressure reduction of 90 to 10 psig. The 

connections were soldered with a 5/8 Jnch inlet and a 

718 Inch outlet. the power assembly number was XBlOl9Fl8. 

This valve was contro11ed by the change of volume of 

a fluid fnstde a sealed bulb and tube. A change In tem-

perature caused the fluid volume to change and the valve 

diaphragm would then move the valve stem. 

A sight glass, SG 7, was located upstream of the 

F·IZ evaporator and another sight glass, SS 8, located 

downstream. These glasses allowed a visual inspection of 

the condition of the refrf gerant. 

The Insulation used on the vapor line was two inches 

thick, 85 per cent magnesia wfth polyethylene ff Im for 



a vapor seal. The Insulation covered approxhnately 60 

per cent of the vapor ltne. Since there was a certain 

amount of 1iqufd earry•over fr• the F•IZ evaporator 

It was considered prudent not to Insulate the entire 

vapor line. Thia omission served as protection for the 

compressor In this case. 

l~ST!!J11C!JTAT ION 

The most Important Instruments tn this lnvestlga• 

tlon were the thermoc:ouples positioned to _.sure the 

so2 11qutd temperatures In the evaporator and the surface 
temperatures on the steam bayonet heater. Any Inaccuracies 

in these readings would have caused the overall results 

to be tn error. The thermocouple arrangement for the 

so2 ti qu Id temperatures Is shown In FI gure 12 and the 

thermoceup 1 e arrang81118Rt for the surf.ace of the steam 

heater Is shown In Figure 1l. The thermocouple measuring 

junctions on the heater surface were made by braz.lng 

the copper and eonstantan to the steel surface of the 

heater and covering the junction wf th a sma11 patch of 

epoxy resin compound to minimize the fin effect of such 

an attachment. The thermocouple Masur1ng junctions 

for the liqufd temperatures were insta11ed as shown 

In Figure 14. The heater was positioned Jn the evaporator 
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so that the thermocouples on the heater surface (TC l·TC 6) 

were opposl te the thermocouple wells In the evaporator 

wall (TC 7•TC 12). This arrangement would have allowed 

calculatlon of local bolling coefficients If It had become 

necessary. Thermocouples were also used to record the 

temperatures at the following locations: so2 vapor at the 
top of the evaporator (TC 1 J )J condensate leaving the 

steam heater (TC 11th steam entering the steam heater 

(TC 1S)t so2 vapor at the rotameter (TC 16). 
These sixteen temperatures were recorded by a 

Minneapolis Honeywell recording potentiometer. Model 

number 1SJX62•V16·11•111•2.3, 0Eteetroniku, range 1 to S 

mJlllvolts, subdivisions 0.02 millivolts, and serral num• 

ber S4S1. 

The pressures were Indicated at various positions 

tn the system by nine bourdon type pressure gages and 

a mercury manometer. These locations are l11ustrated 

on Figures 8, g, and 11. The specifications for the 

gages are as fo11ows: 

PG 1 • Ashcroft; O to 160 psi; subdivisions 

of one psi; 4•1/2 Inch dlameteri located 

at the Inlet of the so2 evaporator. 
PG 2 ... AshcroftJ 0 to JOO psi, subdivisions 

of one psi1 4•t/2 inch diameter, located 

on the top of the so2 evaporator. 



PG J •Ashcroft& 0 to 100 p1l1 subdivisions of 

one psl1 J•l/2 Inch diameters located 

above the rotemeter. 

Pl ~ • AshcroftJ JO Inches of Mercury vacuum 

to 100 psi• subdivisions of one Inch of 

mercury end one psf 1 S Inch dl-ter1 

1oc;ated on the east drum. 

Pl S • u. s. Gauges JO Inches of .-airy vacuum 
to l50 psi; subdivisions of S Inches of 

Mercury and 5psf1 4·1/2 Inch df ... ter1 

located on the west drUJtt. 

PG 6 • AshcroftJ 0 to 160 psi; subdivisions of 

l psh 2•1/2 Inch diameter; 1Kated at the 

st .. pressure reducing valve. 

PG 1 • Merf •1 0 to )1 Inches of mercuty1 sub• 

divisions of 0.1 Inch of mercury1 located 

In the steam llne at the Inlet of th• steam 

h .. ter (for 1~ pressures). 

Pl 8 • Ashcrofta o to 160 psl1 subdivisions of 

2 p1l1 2•1/1 Inch dfameter1 located 

In the •t-line at the Inlet of the st .. 
heeter for high pressures. 

PG 9 • AshcroftJ JO Inches of mercury vacuum to 



ISO ps.11 subdivisions of 5 inches of mercury 

and 5 psf; 4·1/2 Inch diameter; located 

in the f•12 suction line. 

PG 10 • Marshalltown; 30 Inches of mercury vacuum 

to JOO psl1 subdivisions of 10 inches of 

mercury and 10 psi; 4•1/2 inch diameter; 

located in the F•12 compre11or discharge 

I ine. 

The rotameter, •de by the Fischer and Porter Com• 

pany. was graduated from 8 to 100 per cent wtth 485 pounds 

per hour of so1 at the maximum flow. The meter ca11bra• 

tion was for a ges specific gravity of 3.81. A Fischer 

and Porter correction curve20 was used to determine the 

flow whenever the measured gas specific gravity differed 

from 3.81. The tube number was FP 1•1/2 .. 27 • G • 10/801 

the serial number was 60IOA377612, and the meter had 1•1/2 

inch standard pipe screwed connections. The meter Indicated 

an instantaneous reading of the flow of so2 vapor. 
The steam flow was determined by weighing the con• 

densate collected In a tank for a particular period of 

time. This Information was used to determine the heat 

loss by the steem. These data were obtained for com• 

parlson with the heat g•lned by the so2 and discussed 

later in this thesis. The scales used were made by the 



Howe Company, Model number 22, serial number 1558185; 2000 

pound capacity, subdivisions of one•half pound. 

CALI MAT ION 9f UISTRUMINTS 

The rotameter correction curves supplied by the menu• 

facturer were verified by condensing so2 for three, one 

hour tests and measuring the volume of llquld collected 

In one of the drum• for each test. Each test was made 

at a different flow. During each of these tests the 

rotameter was held at a nearly constant value of per 

cent, pressure, and temperature. In order to determine 

the volume of liquid so2 eo1tected a drawing was made 

of each drum and the change In the liquid levels observed 

for each test was sketched on the correct drum drawing. 

The volume was then determined by measurement from these 

drawings. Using the drum pressure as the saturation 

pressure, the total weight of sulfur diOKide collected 

was determined. Since each test was for a one hour 

period, the f1ow was the total weight pet hour. A typical 

calculation of one of these points was as follows: 

Orum measurements: 3•S/8tt • height Increase 

6511 • averago length 

23• 1 /8'' • average wt dth 



F1ow of so2 • Jtlm sgllf!Std 
pee I e vo uaae 

Flow of SOa • ffll'.·~ .. railrll,,LDJ 
Flow of so2 • 267 pounds per hour 
Specific volume obtained frOll Reference 19. 

Flow• of SO. • lpql rtStd f 11! ! 1er cens 
... correct onfiCtor 

Flow• of Slz • ~85 x 01161 • 273 pounds per hour 
5.45 

Where the correction factor wes obtained fr• 

Reference 20. 

These values are within 2•1/41 of each other and consider• 

ed to be of .cceptable accuracy. 

The other two tests Indicated similar results. At 

a rot.,..ter lndlceted flow of J40 pound per hour the 

gravl .. trlc ... 1urea1ettt was calculated as J4~ pounds per 

hour. At • rot .. ter Indicated flow of 317 pounds per hour 

the gravimetric ... sur....nt was calculated •• J04 pounds 

per hour. Because of the greater chance of error In 

measuring a llquld level change, the rotaMter rudlng wa 

regarded as the more accurate of the two methods. 

Alt of the eleven pre11ure .... urlnt devices were 

calibrated by using a hydr-.llc dead weight tester. This 

...-red a known weight acting on one square Inch with 

the pressure gage , .. dings of the gage being callbrated. 
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A11 of the calibration readings were wfthin one pound per 

square Inch, therefore., it was considered unnecessary to 

correct individual readings prior to the ca1cu1atlons. 

The calibration of the thermocouples and the potentio• 

meter was made by using a circuit tdentlca1 to a testing 

c I rcu i t. The measuring j unet ion was i tm\ersed in a water 

bath and the water temperature was increased by adding hot 

water. The water bath was within a vac.uum bottle and each 

of the test temperatures was therefore relatively constant. 

The standard of comparison was a precision mercury•in•gtass 

thermometer which was read to one-tenth of a degree Fahren• 

heit. A series of seven readings was taken and a call• 

bratton curve plotted, see Figure 15. It was observed that 

the devtatlon along the entire curve was a constant 4°F. 

This correction was applied to each temperature that was 

recorded. 

iXPERIMENTAL PRO~fDURE 

The basic steps employed in the experimenta1 proce ... 

du re were: start•up of the refrigeration system; 1tart•up 

of the steam heating system; start•up of the so2 system; 
stabilization of the entire system; collection of the ex• 

perimental data; and shutdown of the entire system. The 

detailed procedure for uch phase of the operation is given 

below. 
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Stert•up of the refrigeration syst• involved the 

fo11owlng stepa1 (see Figure 11) 

(•) The centrifugal water pump was sterted In the 

leboratory to provide cooling water for the F•12 

condenser and water for the compressor 1heft seals. 

Al I of the valves In these water Jines were opened 

at this ti•. 

(b) All of the valves In the discharge line of the 

conapressor to the condenser were opened. 

(c) The oil level In the compressor was checked. 

(d) The F•l2 level In the receiver was checked. 

(e) The compressor was started by manually closing 

the switch in the electric motor starting ~. 

(f) The valves between the condenser and the re• 

celver were opened. 

(g) The F•l2 liquid outlet valve on the receiver 

was gradually opened as the load was applled by 

the condensing so2• 

(h) The suction and discharge pressures and the 

Hqufd and vapor sight glasses were checked to 

verify that the syst.,. was operating properly. 

The start•up of the st._ heating system Involved the 

fol1owlng stepsa (refer to Figure 10) 

(•) Prior to the admission of any steam the so2 



valves were opened between the evaporator and 

the condenser. This prevented an excessive 

pressure build•up in the evaporator as a result 

of heating any liquid sol present. 
(b) A11 of the valves in the steam line were 

opened to clear out the condensate. 

(c) After the lioes had been blown clear the needle 

valve was closed and the automatic control valve 

regulated for the required st:eem pressure. When 

a steam pressure of less than appr~imately five 

pounds per square inch was required the automatic 

control valve was cut off and the needle control 

valve was used as the pressure regulator •. Since 

the needle valve was manually controlled it re· 

quired much closer attention by the operator. At 

the lower steam pressures a mercury manometer was 

used to indicate the pressures instead of the 

Bourdon-type pressure gages. 

(d) After the so2 evaporating load was applied, 
the sight glass below tho evaporator was observed 

to assure that the steam condensate 1evel was 

visible .. 

(e) The discharge valve on the weigh drum was 

opened and the drum emptied prior to each te5t. 
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This valve was then closed and an inJtiat read• 

Ing of the scales w•s recorded at the beginning 

of a test. At the end of a test another scale 

reeding was taken. The difference between these 

readings and the length of time of the test was 

used to determine the flow of steam tn pounds 

per hour. 

The start•up of the so2 system was accomplished 
as follows: (Refer to figures 8 and 9) 

(a) Prior to this start•up the sight glasses for 

each drum were observed and the drum with the 

highest liquid level was selected to be the 

supply drum and the other drum the receiver. 

(b) The drum selected as the supply drum had a 

gas fired heater placed under it. The drum 

pressure was increased by this flame until it 

was approximately 55 pslg and was held at thit 

pressure throughout all of the testing. The 

reason for the selection of this particular 

pressure was to allow the system to be operated 

at any ttme at room temperature or above. The 

saturation temperature for so2 at 55 psig is 
aa°F. 
(e) The valve between t:he condenser and the re· 



celver drum and the valve in the equalizer line to 

the receiver drum was opened. As mentioned in 

the steam start-up a11 valves in the so2 11 ne 

between the evaporator and the condenser were 

open. 

(d) The automatic pressure reducing valve was 

regulated to give the desired flow. This re· 

gulation was balanced with the steam flow 

regulation. As an aid in adjusting this auto· 

matlc valve either the globe valve upstream or 

the globe valve downstream of it was ffrst 

regu1ated to the required pressure. 

(e) The so2 1fquid cut-off valve on the iupp1y 
drum was fully opened to permit control of 

the flow by a manually regulated globe valve; 

also in this line .. This valve was opened very 

slowly to permit the gradual build•up of a 

1 •quid 1 eve J in the evaporator. The 1 i quid 

level in the evaporator was kept at a minimum 

of 19 inches and a maximum of 24 inches above 

the liquid inlet. Any lower level would have 

uncovered the &team heater and any higher 

level would have resulted in some liquid carry• 

over into the vapor discharge pipe. which 

could be visually observed in the sight glass 



located there .. The regulating valve required 

nearly the constant attention of the operator 

to assure the proper liquid level. 

(f) Occasional1y the liquid level became too 

hf gh and there was some Ii quid carr I ed into the 

vapor pipe invalidating that particular test. 

This high 1eve1 was quickly reduced by closlng 

the valve fn the vapor line nearest the evapora• 

tor and at lowing the evaporator pressure to 

be built up by the steam heater until It ex-

ceeded the pressure tn the supply drum. When 

this occurred the 11~uid was pushed back Into 

the supply drum. When the liquid level was 

restored to lt1 proper position the valve fn 

the vapor Jlne was opened and the evaporator 

pressure was reduced to its norme1 operating 

range. Great care had to be exercised when 

performing this operation because excessive 

pressure in the evaporator could have weaken-

ed or blown out the epoxy cement plug surround• 

Ing the surface thermocouples. see Figure IJ. 

The maximum pressure obtained in theetaporator 

was 140 psf g. This pressure was held for only 

a few minutes for test purposes. Usually, the 
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pressure was kept below 100 p1i9. 

Stab I Ii zat 1 on of the ent t re system required apprOK-

i mate1 y an hour. The system was then at a condition of 

thermal equi 1 lbrh.1m. This state of balance was obtained 

by melntaining a constant liquld level in the evapora• 

tor,. a constant supply of steam, and a constant flow of 

F·l2 refrigerant, and thereby a constant flow of so2• 

To avoid a constant adjusting of steam flow, refrigerant 

flow, and so2 1 lquld and vapor flows,. the steam pressure 
was set, the refrigerant flow was set, and the sulfur 

dioxide vapor f4ow was set. Therefore, the system control 

passed to a sfngle valve which controlled the so2 liquid 
entering the evaporator. This Jnitfa1 stabilizing proved 

to be the most difff cult of all operational tasks. How· 

ever, onee the system was stable It tended to remain in 

that condition for relatively long pertods. of time. For 

three tests this condition was held for over an hour. The 

decision to operate the nichrome heater for eech test was 

based on the t-.erature of the so2 lfquld entering the 
evaporator. If the llquld was subcooled at the Inlet 

pressure the nid1rome heater was cut on to bring the 

liquid to a saturated condition. It was important not to 

h.iave this heater cnntribute to the boitlng however. The 

sight glass, SG 1, in the pipe11ne verified that the 
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1Jquld was not boiling as it entered the evaporator. 

After the experimental data was recorded the temperature 

difference between the bol11ng so2 1iquld and the surface 
of the heater was changed, thereby changing the flow. 

This change was initiated by changing the steam flow 

and adjusting the automatic pressure reducing valve In 

the so2 system. The time required to stablll:l:e the entire 

system under these new conditions required approximately 

one•half an hour. 

Collection of the experimental data was begun after 

the system was stab i U ied at a part I cu 1 ar temperature 

difference between the bolling 1iquld and the heater 

surface. The recording potentiometer had been previously 

warmed up for approximately one-half an hour and the 

mechanism operated for about five minutes prior to the 

beginning of the test. The first three tests required 

ono hour each and some of the data collected was used 

to verify the rotameter readings. Fourteen additional 

tests requited ten minutes eaeh with an intervening 

time of appr())(fmetely one-half an hour to re-stabf tl,te 

the system. The experimental data was recorded in the 

$ection of thls thesis entit1ed Data and Results. 

The shut•down of the system required the fo11owtng 

steps: 



-so-

(a) The so2 liquid valve. between the supply drum 
and the evaporator was closed. The liquid tn the 

evaporator was allowed to completely boil out and 

be condensed. 

(b) The $team supply valve was closed. 

(e) The flame under the supply drum was extinguished. 

(d) The nichrome heater was turned off. 

(e) The outlet va1ve on the F•l2 receiver was closed 

and the refrigeration system allowed to npump 

downn for approximately fifteen minutes. 

(f) The compressor was stopped by opening the 

switch in the electric motor 1tarting box. 

(g) All valve• f n the refrigeration system were 

c:1osed. 

(h) All valves in the so2 system were closed. 
(f) The potentiometer was turned off. 

(j) The eoollng water for the f•l2 condenser was 

turned off. 

(k) The system was inspected for any leakage and 

repaired as necessary. 

Test 7 wa$ selected as typleal for all of the cal· 

culations performed to obtain the results. 
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Rotameter: Read 4)% at 49,3 p$f8 and 78°F; 

specific volume of air at standard 
condition$ 

Specific gravity • specif re volume oP ~Oz vapor at " 
test conditions 

. 3 

Specific gravity • 1f!~~ ;~3)J~ • 7.88 
Correctton factor • 0.70; from chert at a spectfle 

gravity of 7.,881 Reference 20 

Flow of so ..... Reted. flow x ur cent read 
"" ' Correct f on Pae tor ' 

Flow of so2 • 486' .. 9nQ.4l = 298 pounds per hour 

Temperature Oi str I butf oru 

., 
105 

95 

85 

75 

65 1-1/2 

Prof lie of heater 
surf ace temperature 

8-1/2 1 -1/2 19 

Length of heater. Inches 
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Scale of temperature distribution plota 0.0625 fn1 • 

S in -°F. 

Are• between t~erature proflles x 
.... T • . .u•I• tacsor 
"'verege A length of heater 

Avere,e AT • 64•fg• § • 179' 

Heat gained by so2, AClao • flow x latent h .. t at test 
2 conditions 

where letent.h .. t • ISS.O ITU/lb fr. Reference 19 

AQSO • 298 x tss.o • 46,100 ITU/hr 
2 

Using the general con¥•ctlen equations AQ • h A AT, end 

solving for h • :Qui ~ 1 ~·CJM~2~o17 • 2710 
where h •bolling fll• coefficient, ITU/hr•ft1-°F 

A• surface area exposed to bolling, ft2 

AT •average surface•llquld t...,erature dff· 

ference between bol 1fng so1 If quid and 

the heater surf ace, °F 

AQ102 •heat gained by the bot11nt liquid so2, 

ITU/hr 

Verification of AQ102s 

AQso2 •flow x difference of enthalpy between 11.,rd 

Into evaporator end vapor et rot.-.ter 



AQSO • 198 x (212.3 • 56.3) • 46,soo BTU/hr 
2. 

Therefore, AQ50 • 46,200 ITU/hr was used as the most 
2 

accurate value. 

Calculatfon of overall heat transfer coeffic:hmt, U, 

ITU/hr•ft2-°F by Rf ng1er•s method: 

where AT' • temperature dffference between saturated 

so2 f n evaporator and Inlet steam temper• 
ature at saturation conditions 

The recorded data used for these calculations are 

presented in Tab1e I and the tabulated experimental results 

are presented in Tab1e 2. 
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YI. DISCUSSION 

The dl•cusston of results of this investigation 

fs presented as outlined belowt 

Experimental Accuracy 

Results of this Investigation 

Comparisons with Previous Investigations 

SuAl't'lary 

~XP£RIM!NTA\tACCURACV: 

The experfmenta1 accuracy of the copper•constantan 

thermocouples combined with the recording potentiometer 

was checked. After plotting a calibration curve, Figure 

IS, the accuracy of this unit was considered acceptable. 

The boiling temperature of so2 at the indicated pressure 

was always at the saturated value according to the thermo• 

dynamic propartles of so2•19 

Wherever a thermocouple well was used there was 

an inherent fin effect with an accompanying temperature 

gradient along the we11. This affect was beUeiv.,d to 

be at a minimum In this test because the thermocouples 

in these wens continually indicated the saturation temp• 

erature of the bolling so2• 

The experimental accuracy of the heater surface 

thermocouples was the most difficult to evaluate. These 

thermocouples were soldered to the steel heater surface 



and sllghtly insulated from the so1 llquld with • epo.Ky 

resin CCMnpOUnd. The flnf'•ffect on these the"""*'ples 

wes bell eved to be very s 11 ght because of thel r extr ... 1 y 
short length. This •thod of attaching thetMOCeuple1 

was not unique and Is 1enerally regarded as M acceptable 

•thod of ... 1urln9 surface t .. eratures. The r_.lnlng 

lnstrumeftts were calibrated •• eKP1•1ned In the hwestlp• 
"'"··· 

tlon and found to be within ecc.,table ll•lts. 

This Pperlment produced consistent, predtctable 

data of boilfng coefficient• for various t8111P8rature 

differences, 6t, between the heater surface and the bolt• 

Ing so2 liquld. Four teats were conducted to verify 

the reproduclbl 11 ty of the curve shown on Figure 16 and 

17. These values were within ten per cent of the values 

lndlcated by the curve which was considered acceptable. 

The surface•ll•ld t_,erature difference wu vatted 

from IS.7°r to 61.08F. This represented the COMPl•te 

rangeof the laboratory uperfMentel •vst•. The evapore• 
tor was lncapeble of att•lnlng a lower At because the low• 

~~ 

est loc•I At was only 20, • '°'• which I• ceulcler•d a 
mhtf,.. fof' most h .. t transfer • .,1.....,.t. The hl.ghest At 

obtained Wtll lhnfted by the t-..rature of the evaltabl• 
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steam supply. This range represented the widest range 

of At for SOz investigated by anyone to date. The probable 

reasons for this prevlous lack of data was explained in 

the Introduction. 

The minfntUm heat flux obtained wes 37,600 BTU/hr•ft2-°F 

at a surface-liquid temperature difference of 16°F. A 

NAftaum heat f1ux of 55,800 BTU/hr•ft2 was obtaf ned at a 

At of 49.S°F. It is believed that the lhniting factor for 

the test evaporator wa1 the condensing capacity of the lab· 

oratory refrigeration 5ystem. This we• evidenced by a very 

gradual rise of the pressure In the receiver drum at the 

maximum flow rate. However, the 1aboratt1ry unit was tested 

to 351 pounds per hour, which was substantially above the 

300 pounds per hour rating of the industrial unit. Had 

the refrigeration capacity been somewhat greater, lt was 

estimated that the test evaporator would have produced 400 

pounds per hour of so2• 
By examining figures 16 and 17, bolling film coefficient 

versus surface•liquid temperature difference .. it was 

established that a condition of partial nucleate bofling 

existed during the experiment. This conc1usfon was made 

because of the negative slope of this plot, that is, with 

an lncreaae in surface·liquid temperature difference there 

was a corresponding decrease Jn boi Hng film coefficient. 
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Two Important factors are assumed to have contributed to 

the relatlvely high values ot bolllnt fl1• coefflclent11 

(a) th• disturbance of the boundry layer by the rising 

bubbles on the h .. tar surface, as pointed out by McAct.s, 

and (b) the pressure of over four at.otftheres .. intalnecl 

In the evaporator during the tests, as conflr.ed by Myers 

and Katz. 

By ex•fnln9 'f gure 18, heat flux versus surf.Ce• 
liquid t..,.rature difference, It was seen that there 

•s era Indication of a peak at a At of SOo, and heat flux 

of 48,500 ITU/hr•ft2• This showed that with an additional 

f ncrease In At there would be a decrease fn O/A. This 

Indicated the point of optlnatm operatfon of the evaperator 

with regard to the At between the he11ter surface and the 

bolllng so2 llqufd. 
lnltlalty the h .. ter surface was clean steel pipe. 

When It was ex•lned after MAY hours of operatfon a 

thin, greenish powder had covered the surface. This 

powder had the appearance of Iron sulfate with a trace 

of water. If this coating affected the bolling fllm 

coefficient evaluation tn the laboratory, undoubt•dly it 

would have also affected the fleld operation of the 

evaporator. Therefore, the laboratory tests were , .. ,. 

lstlc as they e1ose1y approached AOr .. 1 op41ratlng con• 

dltfons of this heat eKchanger. 
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It was observed that the so2 was in the partial 
nucleate regime at relatively low values of At as com• 

pared with water. However, other fluids do boll at 1ow 

values of At es presented by McAdams In his Figure 14·13. 

It was seen from these curves that n•pentane (90 per cent 

pure) entered the threshold of film boiling at a At as 

low as 8°F at a pressure of 415 psla and heat f tux of 

10.000 BTU/hr•ft2• 

The plot of hut flux versus so2 flow was presented 
as Figure 19. This curve was essentially a straight 

line. An equation was determined by the method of aver• 

ages and was found to be : W • 0.00673 Q/A • 9.25 where 

W • flow of so2 In pounds per hour. This curve, as well 
as, the other curves presented, wi 11 be usefu t to des I gn• 

ers of so2 evaporators of the type used in thf s experiment. 

COMPARISONS WITH PR£VIQ!l§ INYISJll!TORS 

Due to several limitations, no comparisons could be 

made with the Investigation of Stewert. The results of 

so2 fi 1m bot ling coeff I cl ents by thl s author were for 

relatively low values of heat flux. A maximum heet flux 

of on1y 30.6 8TU/hr•ft2 was obtained and a corresponding 

maxiRllm film bof1Jng coefficient of only 0.9 8TU/hr•ft2-°F. 

Values obtained In this f nvestf gation were much higher. 





further, it was concluded that the accuracy of Stewart's 

information was doubtful since some of his conclusions 

were later proven erroneous by King and Phll11p and 

Tiffany. 

King's plot of so2 film bolling coefficient versus 

heat flux resulted in a straight line In spite of some 

periodic temperature cycling and ebu11Jtfon which occurred 

during his tests. King presented hfs plot as a broken 

straight line because of thts eondition. The range of 

surface•lfquid temperature difference investigated was 

from 4°F to 10°F. It was interesting to note that when 

King•s stral ght If ne was extended to a heat flux of 46,ooo 

8TU/hr•ft2, the corresponding value of ff Im coefficient was 

2700 BTU/hr•ft2-0f. This was in close agreement with the 

value of 2500 BTU/hr•ft2-0r obtained by this fnvestlgatfon 

at the same heat flux. The slope of the line apparently 

changes from positive to negative in this range because 

Klng•s line had• positive slope while the curve in this 

investigation had a negative slope. This Indicated a 

change from nucleate to partial nucleate bolling at the 

higher heat fluxes. 

Phf lllps and Tiffany investigated the ebullition of 

so2 but dfd not present any boiling film eoefflcfents. 
thef r results were ptart I cul arfly valuable for this invest f • 
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gation, however, by pointing out the difficulties encount• 

ered if ebul1ftion w•s allowed to occur and remain un• 

checked. Great care was taken in this investigation to 

avoid thls condition of superheatlng of the 1iqufd and 

thereby produce ebullition. As mentioned previously, a 

vapor line of high pressure so2 was connected to the 
evaporator for use as en "ebuJ1ator0 in the event of 

ebullition of the so2 in the evaporator. Thia so2 vapor 
was frequently used during the warm•up of the apparatus 

but was needed for only one test. The superheating of 

the boilfng liquid mentioned by these authors did not 

occur at any other time during this investigation. Llttle 

difficulty was encountered with ebullition due to the 

fact that the degree of superheating of so2 If quid varies 
inversely with the specific volume, as stated by these 

authors. The specific volume of the liquid In this In• 

vestlgation was approximately ten per cent greater than 

the specific volumes that were investigated. by Phillips 

and Tiffany. 

Stewart and Hechler studied bolling film coefficients 

In a vertical so2 evaporator of considerable height (80 
inches). Their results were quite llmfted fn that the 

highest heat flux attained was only 4000 BTU/hr•ft2 as 

compared with 85°F and 55,800 BTU/hr-ft2 for this investl• 

gation. At a given saturation temperature, an Increase 
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in heat flux above 3000 BTU/hr ... °F caused an increase In 

the boiling film coefficient. It was observed, however, 

that the rate of increase of the film coefficient became 

slightly less at higher heat fluxes. Apparently, at even 

higher values of heat flux the curve slope may be reversed. 

Such was the case in this Investigation. The values of 

heat flux were over ten times greater, the values of film 

coefficients were three to four times greater and the 

surface•llquid temperature difference range was wideer, 

t6°F to 61°' compared wJth Stewart•s and Hechler•s At 

range of ;0r to approximately 10°F. Since a compressor 

was used by these investigators, a certain amount of 1ub• 

riceting oil was undoubtedly deposited on the surface of 

the heating element and this added another, unevaluated, 

resistance to the transfer of heat. These authors noted 

that with an increase tn saturation temperature the bol1• 

i ng f i Im coeff i cf ent will increase for a gl ven heat flux. 

These factors may explain the difference between the mag• 

ni tudes of boil t ng film coeff i el ents in the Ir invest I gat ion 

and this investigation. Because of the large differences 

in operating conditions between these two investigations 

a comprehensive comparison of results was not possible. 

The work of Myers and Katz was concerned with boiling 

of so2 in the stable nucleate regime. For this reason 



there was little opportunity for comparison with this 

investigation. However, these authors confirmed that 

boiling film coefficients increase with increased pre• 

ssure. This may place the bolling film coefficients 

found by Myers and Katz within the range of those found 

by this investigation at corresponding values of surface• 

liquid temperature difference. However, the slope of the 

boiling coefficients versus surface•liquid temperature 

difference plot by Myers and Katz was postttve while the 

slope of this plot was negative for this Investigation, 

as previously mentioned. Thts was the correct relation· 

ship between these curves stnce the former was Jn the 

stable nucleate boiling regime and the latter was In 

the partial nucleate boll Ing regime. Since a compressor 

was used to circulate the so2 in the Myers and Katz 
system there undoubtedly was some lubricating oJ1 mfxed 

with the fluid. Although the affect of thf5 oil was 

not evaluated, it probably affeGted the ftlm boiling 

coefficients adversely. 

There seemed to be very close agreement between 

This investigation and Rf ngler•s investigation, although 

his apparatus was designed for a greater flow of so2• 
ft was also the most recent information available regarding 

so2• Values for overall coefficfents, U, of heat transfer 
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were determined by .Ringler rather than bol 11ng film 

coefficients. Since his tests Involved • so2 evaporator 
of a slmllar type as the one tested In this Investigation,, 

the results were .. illy compared. Rfngler•s Method for 

detenalnatlon of U values was applied to this lnvestfp• 

tlon and It•• found that the range of U was fr• lt80 

to JIJ ITU/hr•0r. These values decreased 111ghtly as the 
temperature difference between the 1t.._ and the lfquld 

so2 was Increased. This followed the trend of bolllng 
fllm coefficients versus surface•llquld t....,erature dff• 

ference of this Investigation. Rlngler•s values for U 

varied from 368 to 256 ITU/hr•ft2-°F. In light of the 

higher values of bolllng fllm coefficients found In this 

Investigation, It was concluded that the at ... condensate 

fllm coefficient ••t be the control ting factor which 
estab11shed an overal I h .. t transfer coefficient. Referring 

to Stover•s12 chart for determining values for the st ... 

film coefficients, It was found that for this fnvestlga• 

tlon the varletlon wet from 285 to ltJt6 ITU/hr•ft2-0r. It 
can be c1 .. rly ,..,. that these lower values for steam 

fllm coefficients 'WOUid be the predominant factors when 

combined with the h .. t transfer resistance of the steel 

wall and the bolling ff Im coefficients. Th .. a letter two 

value• wuld be over 1000 ITU/hr•ft2-0r. It can be 
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concluded that designers of so2 evaporators could use 
the values for st ... film coefficients les1 apprOJClmately 

ten per cent to get• rellable value for u. This reduc• 
' 

tton of ·tett per cent should compensate for the ln'fluenc• 

of the other t""° resistances mentioned prevlously. 

There was a .. rked similarity of the results of 

Woods end lryen, •• presented by McAdems, and the results 

of this Investigation. The fluid Investigated by these 

authors was benzene. The shape of the heat flux versus 

surface•lfqufd temperature difference curve w.s neerly 

ldelntlcal, the cutve was within a slmllar ,.,.,.of surface• 

llquld temperature difference •d It uhlblted •peek 

as did the curve presented In this thesis as figure 18. 

rrom the reference curve, overall values of coefficients 

were cal cu I ated and found to decrease In • .anner s Ind I ar 

to the plot of bolllng fllm Coefficients versus surface• 

llquld t...,.rature difference In this thesrs, see Figure 

17. Although the range of surface•llquld t.,..reture 

difference was shnl lar the absolute values of heat flux 

were lower as would be expected for a different fluid. 

However, the overall coefficients were C011SN1rable as the 

reference values varied from 400 to JOO ITU/hr•ft2•0r 

for benzene and this Investigation ylelded overall coef• 

flclents of 4'7 to JIJ 8TU/hr•ft2.0, over the ,.,.. range 
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of surface-liquid temperature difference. 

SUMMARY 

It has been shown that the experimental accuracy 

was within acceptable limits and that the data presented 

can be used by others with a reasonable degree of confi· 

dence. 

The results of this investigation were concerned 

with boiling of so2 liquid in the partial nucleate regime. 

For this reason1 correlation with other investigations 

was limited~ The best agreements were made with the 

work of Ringler for so2 and Woods and Bryan for benzene. 

The results of this experiment have partially filled a 

gap left for many years by researchers of so2 heat 

transfer. As stated previously1 this gap existed because 

the applications of so2 as a refrigerant in the 1930•s 

required boiling evaluations onty In the low temperature 

ranges. 



V 11 • CONCLUS f OtlS 

The objective of this lnvest,gation was accomplished, 

in that values for boiling film coefficients were deter• 

mined and a practical method of circulating so2 without a 
compressor was attained. 

The bolling film coefficients decreased with an in• 

crease in temperature difference between the stean heater 

surface and the boiling so2 liquid. This negative stope 

of the curve denoted bolling In the partla1 nucleat• 

regime. In spite of the comparatfve1y little informatfon 

of boiling in this regime, comparisons were successfully 

made as discussed in the previous section. 

Although the operation of the equipment proved to 

be very difficult at times, once a stable condition was 

attained it remained stable and required very lltt1e 

adjustment by the operator. 

The most practical conclusion of this work was that 

the steam film coefficients were the predominant factors 

in determining the overall film coefficients. An so2 

evaporator designer need be concerned only with the 

proper evaluation of a steam coeff lclent when his heat 

exchanger employs steam as the heating medium. The curves 

presented in this thesis should be studied carefully 
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and the designer made cognizant of the limitations of 

this proposed procedure before applytng it too generally. 
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VIII. RECCl4M£HDATIONS 

It Is recommended for future fnve1tfgator1 of 

so2 bol1 Ing coefficients theta 

l•A aeries of h .. tars of different conflguretions 

be tested, 

2•Dlfferent size evaporators be evaluated, 

J•A h .. tlng Medium other than st..,. be utilized. 

If electrlclty Is used, care shOuld be taken to 

avoid dauge to the hMtfng element es the bol1• 

Ing goes fron part I a1 nucleate boll Ing to stable 

fflm bolllng with • rapid rise fn heat ftu.. 

4•The effect of eveporator pressure at several 

corap11ratlvely high values be studied, 

5•1bu111tlon of so1 at higher pressures be 

Investigated, 

6·The sytt• used In this Investigation be further 

f nstrumnted to be more self•governlng. This 

would aid In the earlier steblllaetfon of the 

system. 
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X. APPENDIX 

DERIVAT JON Of' ~(QYATJONS FOR CURVE~ 

A logarithmic plot of boilJng film coefficient versus 

surface•1iquid temperature difference yielded a straight 

llne, therefore the equation was the form, h • aAtb, 

where a and b are e.xperimenta1 constants. The equation 

was re•written as: log h •Jog a+ b log At. The experi· 

mental data was divided into two groups and the logarithms 

found for each value of h and At. The surmtation of the 

groups and the solution for the constants fol 10\·o 

Group 1 : ~ 1 og h • ~ 1 og a + bi I og At 
30.47782 • 9 log a+ 11.45933 b 

Group 2: ~log h • !£109 a + b ~log At 

14.79056 • a Jog a • 12.61003 b 
Solving these two equations simultaneously for a and b 

resu 1 ted i n1 a • 39, 330 and b • •0.9,49. Therefore, the 

equation for the curve, YI gure 17, hu h • l91.l30 IU ·0.9'+9. 

The procedure used was set forth in Reference 21 and 

termed nthe method of averages for logarithmic form0• A 

substitution of aH experimental values of h Into the 

above equation yielded an average per eent deviation of 

A Cartesian plot of heat flux, Q/A, versus W 
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yielded a straight line, therefore, the equation was of 

the form, W • c + d (Q/A), where W was the flow of so2 
and c and d were experimental constents. The experimental 

data was divided into two groups. The summation of the 

groups and the $01ution for the constants follow: 

Group Ii ~ W • c + d~(Q/A) 

2229 • 8e + 34%1200 d 

Group 2: ~w • c + d i(Q/A) 

2966. c + 451,700 d 

Solving these. two equations simultaneously for c and d 

resulted in: c • •9.25 and d • 0.00673. Therefore, the 

equation for the curve, figure 101 fs: W • 0.00673 Q/A 

... 9.25. The procedure used was set forth in Reference 2.l 

and termed "the method of averages for linear form1t. A 

substitution of a11 experimental values of Q/A into the 

above equation yielded an average per cent deviation 

of 3.65. 
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Al ST RA CT 

It was the Intent of this investigation to determine 

bot1tng film coefftcfents of so1 in a temperature range 
not previously Investigated. Further, a practical method 

of circulating lfquld so1 and reclaiming so1 vapor without 
a compressor or pump was attained. 

'or the range fnvestfgated the boiling film coef• 

ftclents decr .. sed with an Increase In temperature dlf· 

ference between the boll Ing so1 liquid and the surface of 

the heater. This occurred tn the regfme of partial nucle~ 

ate bolling. 'avorab1e COllfNlrfsons were made with the 

11mlted info,...tlon avaf 1able for this bolllng regtme. 

It was found that the contro111ng fllm coefficient 

was on the st._ side of the test evaporator. This was 

due to the c0«i19aratlve1y large values obtained for so2 
bolling fl1m coefficients. Within the limits of this 

Investigation, the overall heat transfer coefficient 

may be taken es appro.,dmate1y equel to the steam fl 1m 

coefficient. 

Much more work needs to be done Jn the regime of 

partial nucleate bolling as the aval1able llterature 

Is far from complete. 


	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110
	0111
	0112

