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ARSTRACT

Heat Transfer in an Oil-Steam Direct-Centact
Condensation System. ({August 1973)
Christopher Alezander Waln, B.S<; Texus A&M Tniversiby

Directed by: Dre. Re Be Davison

The volumctric heat transfer coefficients asso-
ciate@ with direct-contact oil~steam cendensation were
cbtained by calculating enthxulpy balances on a three
stige nagked cendensation systems Tie system was run
at 2 variety of physical conditions and with two diffor=
ent packing ﬁypes.

Tne volumetric heat transfer coefficients were

6il and wo

sx Thow,
steam density, and liguid to vapor rabio. This cor=

prtsnbion was obtained by the lew

squares methode LE
was additionally deobermines Sthat a chiemical modifica®ion
of the 03l used improved hent trensfer at Low walter Lo
cil vatiose

The resulbs of ®his investigaticon tend to Iudieate

ol dive satack oileshtemn condensatieon cowid be

cumrebitive wl

wero soenventionsl of stoanm

9

conden
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CHAPTER X

INTRODUCTION

Tedzy most commercial desalination is done by flash
distillation. This process has threc drawbackss Heat
transfer across the metal surfaces employed is limited
due to limited area. 7The heat transfer may be further
impeded by the build-up of insoluble scale on the Lrmase

fer surface. This scaling is alsg responsiblu, &is

e

with sorrosions for irkrerently high maintainance eGats.
Lastly, e necessity of corrosion resistant senstruc~
tion meberials causes initial equipwent costs o e highe

Bireci-contact flash distillation is ancther method

of ceaws Aesaiting capeble of maeting the high Liroshe

waley procuctien levels usually assecizted with convene

tional flesh dis

#iliation. The direct-conlaci precess

hacks of the conventional process. The

avoids tha dr
me jor disadventage ip the direct-contact process is tha
nzeessiby of phose separatione In keeping with the cost

advantares of tho direct=contaet flashing of briny and

s Lecdwabery,; aivectepontoct neat Sransfer could

tabions on the Tollow
.

prges follow the




e used to advantage in the condensation of steam from
the direct-contact flash.

Direct-contact condemsation has received little
attention in the literature. When direct=-contact con-
densation ¢f steam in an industrialiy feasible systom is
considered, this is especiaily trve. Since the availe
able literature were both Ilimited and subject to contra-
diction, a broadly based program of study was planned.
This program included the design, construction; and oper=-
atien of a pilot-plant scale direct-contact oll-steam
condensation system. Tie constructien materials uscd
wore not whal would be used in a full scale system.
Howevesr, thg heat transfer liguid and physical eperating
conditicns were those which v§u1d Le uwsed on au induse
trial ccales

An offext was made o obtain a conprehicusive data
field by cperating the system over a wider range of
physical conditions. Two daifferent packing types were
usede When tihe second set of packing materiuals was used,
the heat transfer iiguid was used betk in its pure form

and medified by the additen of an aliptuatic aleshol.

The final objiselive of this work wis bhe correlas

tion of tie coilecied data in such 2

Lon that lacger

scale systems sould be designed.




CHAPTER I1IX
PREVIOUS WORX

As wmenticned before, the available literature on
direct-contact condensation is both limited a;d subject
to contradiction. This is particularly true of work
done on packed condensers operated at industrially
feasible conditions. This is not to say, however, that
what iaformation is avaiiabple is of diminished value.

cheng (1963) and Harriott and Viesandt {(1964) all
woirked on dircct~contact heat transfer in packed con-

denser systc¢ms. The volumebric heat transfer coef-

seienta obtained by Che (1263) were, iovwevery, sul-

stantially less tnan those develeped by Herriott and
Viegandt (1964). Working in conjuncticon with Wilke

ok ale {3964}, Cheng [1963) used Arocler, s highly
Vigcousy o¥pensive,; chlerinated bimpheﬁyl as a heat
transfer liguide This vas done because Vilke's group
was using Arccler as a heat transfer 1liguld in the flash
digeiliation of seawater, and it was desired to combine
the twe procegses for the purposes of cest reduction

sad eat vcenomye

Cheng {1963} found that the heat transfer

coel i

ined in his




work could be reasonably predicted by a modification of

the Chilton-Colburn J factor method:
(HTU) g/, = C(Re. )T (Pre )fe (Ga) (1)

These volumetric heat transfer ceefficients, of approx=
imately 111 BOO J/mS»S-K, were well below, by a factor
of four, the values predicted by tixe penetration theory
suppor%ed_ by. the work of Harriobt amd Wiegandt (1964).
They have suggested thal, possibly, the very high vis-
cosity of Arozler was responsible for the reduced values
ablained by Cheng (1965). Th;ir own work with a water
and methyl~chloride system tends to support this claim.
Atlowing Tor this variabtion, hovwever, Loth groups
agreed tooat heat transfer in packed condeasers is cen=

trelled by the Ligquid pa resistances Harrlott aanc

Wiegandt {1964} also observed that the volumetric heat

transfer cocificient varied with liguid flow, reporting

the relations!

ips

U, 10:% to 0.6 (z)

It was also the general censenses that the volaw

metric hizit Sransfer was independent of gas flow.

Harriott 1 Vieg L1864 ) rope

d Leat transier



coefficients of 2 795 000 J/m3.s.x on their system well
before flooding conditions were reacheds Whereas Cheng
(1963) only achieved 111 800 J/mJis.X rather than the
465 800 J/m3.s.K predicted for his system by the penzw
tration theory (Harriott and Wiegandt 1964},

Cheng®s work with Wilke et_al. (1964) was limited
by the use of Arcclor which is industrially unfeasible
due to its high initial purchase cost, pumping costs,
limite2 heat transfer ability, and odor and Flavor which
fend to tailnt {;he product freshwalcrs

Lackey (1961} also used iAroclor. However, he uzed
a venturi contractor rather than a packed column to
condense steams Xn order to produce volumetric heat
transfer ceefficients of 2 7935 000 -~ 7 150 000 J’/mls«l{,
he found it necessary to use “cemperature gradients of
BeER, 2.2, and 3849 degress kelvin., While these
valuce are obviousiy impracticnl on an industrial scale,
their use did emphasize the depsndence of steam flow
rate oa bemperature diffevential. To obtain an incrense

in ¢he steam flow rave vithout using these exsessive

temperature gradients, MHaa and Hickman £19572) have sug-
gested the addition of “sensitizers® to the heat transe

fTer iiquids Added in amsunts less than one per cent by

these Fsensitisars™, wmotably aliphatic alesholis,



provide surface sites for condensation. However, these
alcohols will not increase the heat transfer to levels
beyond that which the heat transfer liguid is inherently
capablee. )

Cheng (1963), Harriott and Wiegandk (1964},
Sideman (1966); and Maa and Hickman {1972) all agree on
the basic characteristiecs of direck=contact heat ¢ransfer
in packed condenserse The results of their work, how-
ever, ieave considerable doubt as to how direct-contact
condensakion compares wilh other maithods of condensation.
Stdeman (1966}, in his compilation of work directed at
this subjects; stateds; ",esit is noted that, despite the

advantages and effectiveness realized in utiliring latent

heat tramsport, relaiiively Litule is known of the basic
meciaanism of this impertant phercmensn, and the varicus
factors affccling ite® Seven years later this is still

the case.



CHAPTER II1
EXPERIMENTAL SYSTEM AND ITS OFERATION
Experimental System

The system shown in Figure 1 (p. 8) is a direct~-
contact ovil-steam condensation systeh. It consists of
three sub=-gystemse. Onc is for steam supplys one for
condensation, and one for phase separation. In addi-
tion, fucilities are previded such that any three con=
secutive stages of a thirty to forty stage system may
be medeled.

Tie heat transfer liguid used is a hydrocarbon

fracticny approximateliy nincty rer cert of which boils

; 2 degrees kelvin of the 013 beciling pointe.

This cil was seleched for its low viscesity, low

expense; water insolubility, low toxicity level, and its
inability to act as a solvent for the salts associated
with seawabter.

Ths apparatus shown in Figure 2 {p. 9) is 2

tvpical desuporhester in the steam s nnly sub-systame
The steam supply subd~system consists of ¢hiree desuper=

heaters and their assoclzbed control elements. Each

e
A
-

wnde of a sechion of six=inch
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steel pipe 0.915 m longe A one~=fourth of an inch wire
mesh grid, ©.152 m above the lower end of the desuper-
heater, supperts 0.610 m of wet-packed one=half inch
Raschig ringse. A hot water circulating pump recycles
water at a high flow yate around a one~inch pipe loop
from the bottom of the desuperircater tc the pertorated
steel distributor above the packing material. Utility
steam at a pressure of 689 L75 N/m? guage is supplied
to .each -desuperheater through a pneumatic éontrol valva.
The stezm enters the desuperheaters from the side,
0.076 i below the packing support grid. Each pump loop
is supplied with a manual drain and a pressure relief

valve. The desuperheaters are each insulated with one~

t=shell glass viber pipe insulatione

. Desuperheater 1 is on absclube pressure coantrols
Separatc Honeywell pressure transmitters are used for
vacuum operation and opevation at atmospheric pressurd
and above. The btransmitters zre connected t¢ a Honeywell
differential pressure transmitier, vhich is connected te
a Heneywell three pen recorder for flow meosurement.
Desuperiirators £ and O are essentially identicel in
their control arrangeniente Instead of direct pressure

cont

ol, hswever; desuperieaters 2 and 3 arc on differ-~

ential pressure contrel with the ¢

peifhicater i
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ately above; see Figure 1 (p. 8).

Figure 3 {p. 12) charackterizes a typical packed
stage in the condensing sub-system. Sach of thess
secfions is connecied to the corresponding desuperheater
by a one=-inch steel pipe with a manual shuteoff valve
and a one=way check valve; The condensation sections
consist of a séeel distributor section, a glass pipe
packed section, and a glass pipe support and sieam
supply section. These sections are insulated in the
same marner as ktho desunsrheaterss

Tae distribubor ssction has four onc~inch pipe
downconmers with Venotched tops to provide for even
flew distribution. In stages 2 and 3, liquid frem the
stage akove cumes inse the dlstributer section via a
1.22 w ieng section of four-inch stesl pipe which acts
as a hydraulic lege In tae first stage, liquid onters
the distvibuier secticn from the phase separabor recycle
iines Each distributor section is designed ie¢ prevent
vapor fluw bstween stages. The distributor sectiouns
are fabricated from a 0-152 m leng section of six-inch
steel pive. PFach of these sections iz providad with an
alr bleed valves

M typiesl glass pipe packed gect

n is 0.01 m long

and Ceif? m in diamebere It is conplobely packed with
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either five-eighths of an inch steel Fall rings or three=
fourths of an inch cerawic Intalex @gsaddles.

The glass pipe support sections include a one=fourth
of an inch wire mesh grid at the top end for the suppeort
of the packing materials. The steam supply lines from
the desuperheaters enter thrcugh the svpport section
end plates. Each support section is construckted from
a 0.152 m long scction of six-ixnch glass pipe.

The liguid flow from the last condensatiocn stage
enters the phase scﬁara&icn sab~system by four-~inch
steol pipee The phase separation sub=-system in Figure
4 (pe 14) consists of two insulated 0.189 m3 steel
tankse These tarks are arranged in seyxies and are con=
nected Ly a cne-inch steel pipe oil overficw line. fha
first tank acts as a gravity scparator. A Honeywell
differential pressure transmitter connectad to ar indis
cating controller and pneumatic valve provides oil-water
interface control in thc separatoer tanks. Ascumulabted
water is discharged frow the tark by the interfacze

centrol valvrs. A water

vecycle line runs from the lower

end of ib

: separator tank throuph a centrifugal pump
and back to ihe condensation sub-sysicm.. In the recycle

line there iz an integrazl oyifice ecunnached to a

Honeywell yrecorder~oo Ticw control.
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From the separator tank, cil nverflbws into the second
tank, which is provided to give sufficient oil hoid-up
to prevent oil recycle from getting ahead of phase
separation. This tank is provided with a manual system
to remove water accidentally carried over from the sep-
arator tank and thus to prevent water from entering the
0il recycle line. ©il is recycled by means of a
Flowthruq® pump. Downstream from the pump is the same
type flow-measuring system that is used on the steam
lines. The exception in this case is that a flow
recorder-controller is used to contrel the oil flow rate.
The o0il and water recycle lines merge prior to entering
‘an over-sized, stainless steel, shell and tube hcat
exehangere The reeycle stremn flevs tube side, wvhile
551 580 N/m? guage utility water flows shell side. This
heat exchanger provides temperature centrel for the
recycle streame The tewperature ssnser is connested

to & Honeywell temperature recorder~controller avd i
locatcd in the inlet to the cdistributor section for
gondensation stage 1. Yellowstone Inmdustrios therms

istors are located zs shown in Figure 1 {pe 28)¢ Theze

thermistors provide siprals waict

balancee This balence is used in coenjunc

Ture

calibravior tables 10 obhialy @
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Operation

Data runs with the system described were made at
pressures corresponding to those of saturated steam at
the vemperatures of approximately 339 K, 356 K, 374 X,
and 389 K. At each of these temperatures, a series of
0il flow rates was run to vary the loading of the
column. A% ecach oil flow rate, a series of water filow
rates was run to model varicus groups of three stages
throughout a thirty to forty stage systems

Thls gencral format was followed with the combi-~
nations of Pall rings and pure oil, Intalox@saddles
and pure oil, Intalox ®saddles and nil modilied with
0.5 por cent nchtadecanci, and lntalnx®saddlas and
0il moaified with 1.0 per cent octadecanols This schieme
of operation provided a wide data fiolde

Somc variations were reguired when operatingz under
vacuum; however,; the opersbing procednre used at

ambient pressure and above is fairly indicative of how

the dataz was obfained. The following procedure was
usedi
1. ‘e oii recyelic pump was operzbed abt full fiow

fer Tive ndnutas to cstabiish vapor soals in

and hydrau=
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The main steam supply valve was opened so© that
condensate could be purged through the steam
traps

The indiecating controller for desuperheater 1
was set at the dcsired value. Tae manval supply
valve to the desuperhoater was then opened.

The pump in the circulating loop was turned one
When the pressure in desuperheater 1 reached
the desired value, the prsssure differential

to desuperheater 2 was set. This ditferential
was not allcwed to oxceed the pressure cxerted
by 1.22 m of:0il in the hydraulic leg cennecting
condensing sections 1 and 2. The manual supply
valve to desuporheater 2 was iben opened wiih
the cireulating pump turned one.

When the desived pressure was veached in desu-
perheater 2, step Ffour was repeated for tha iast
desuperheator.

Whenr all threc desuperhonters wsre operating in
a stable manner, the air blead valve for con-

densing section 1

d the supply wvalve from

desuperieakey L were epeneds
As seen as steam begen o vent from the bieed

valve, it wes shul, and the procedurs in step
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11.
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six was repeated for condensing sectionz 2 and
3.

The separator interface control was set for an
interface 0.25 m above the tank bottoms

The o0il and water flow controllers were set at
zero flow. The temperature controller was set
at six degrees kelvin below the desired value.
The oil flow pump was then turned one 0il flow
was increased at the rate of one controller
division per minute until the desired valae
was reachede

Five minutes after reaching the desired oil
flow rate, the water flow pump, if it was to
be ussd, was turned on. The Qater fiew rate
was then adjusted upward at the rate of cne
cortroller Aivision per minute until tho
desired value was reached.

Five minutes afteir the correct water filow rate
was establisned, the temperature controllier
setting was increased at the rate of one degree
kelvin per minute vntil the desired reading
was reached.

e

When all racorders irndicaked =

zéay=shate

eperation bad been abtained; lho thermisbor
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resistance readings werc measured. When three
consecutive sets of temperature readings were
within 0.05 degree kelvin, the last set of
temperatures was recorded.

Chranges in the oill and water flow rates for
Ffurther data collection were accompliched at
the zame rates that the initial settlings were
made-

Changes in the operating pressures were guided

by intultion to prevent system upset.

Shutdown procedures wera simplee The following

was the procednre useds

1.

Steoam flow was stoppsed to each desuperheater
by sebting its pressure controller to zero
scales e manuzl valves in the supply lines
were then clesed:. The bleed valves for ithe
Jesuperheaters wore then opened with tae cir-
culating pump shut offs

Cendensing section steam supply lines were
clogede 011 and water fiow conbrollers were
set at fho anbieond touperebture. When temoers
atures reachea 310 cegrees kelvin, flow cen=
£rollers wore sct #f ases Flew,; and the reeycle

pumps weiz shut ofi
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3. Condensation section blsed valves and phase
separator bleed vaives were opened, and the
main steam valve was shut off.

As water accumulated in the desuperheaters it was
necessary Lo remove it so that the desuperheaber paclking
would not flood, It was also necessary to remove excess
condensate from the separator tank and the oil holding
tanks At ambient pressures and above, this was simply
a matter of opening a valve; however, under vacuum &
differcnt method was required. A tank was provided ab
higher vacuum bthan that of the system» This Tank was
connected to the various drain linmes as required. When
it became necessary to drain one of the various sub~
systom olements, the drain vaive was opened and water

drained into the hi

gh wacuum vank: Tae tank was then
vented, drained; and punmped back down to the requived
vacuums

Priar to data collection runs, hot water, abt tewper=
atures ecorrespending te those used in data collecstion
runs. was run through the system with the steam off-
The resuliing temparatvre differences were wsed ite

debermine heat losses from the sy « These heat losses

wera used in enthalpy Bbalances during dabs reduchion..



CHAFTER 1V
DERIVATIONS

In order to obtain volumetric heat transfer coef-
ficients from the flow and temperature data celliected,
it was necessary to derive mass and enthalpy balances
on the systems These balances were then coded in
Fortran IV, and the associated calculations were per=-
formed by a Digital Scientific META IV comﬁuter.

For simplicity in developing the mass and enthalpy
halances, a single condeusation stage, designated as
stage n and bounded by condensation stages n~l1 and n+l,
was spocifieds Figure 5 {(p. 22) shows the mass flow
gciieme vor condensation stage ne The mass balance for

stage n was
W el ¥ Wy onag T Mg n T Mo n My y (3)

Since no changs in the 61l mass flow occurred from one
stage Lo the next,; equation 3 was further simplified

to
Ry ¢ By poy b Mg T B 4Ry ey (k)

In the development ot the enthalpy balarnce for stage

n: the enthalpy flow schewme shown in Figere ¢ {p. 23) was
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used. The sssumption was made that the oil and water
entering stage n were at the same temperatures; T .:,
and that the oll and water leaving stage n were at the
same temperature, T, It was further assumed that the
saturated steam leaving desuperheater n did not change
in quality prior to entering condensation stage n.
Thus, the heat content of tho steam entering the con-
densation stage was assumed to be the latent heat of
saturated steam at the desuperheater temperature and
pressurce The mean ksat capacity of water was evaluabted
at the appropriate tcewperatures by the curve=fit pub=
lished in the 1957 ASME Steam Tables. This fit has a
base temperature of 273 degrees kelvin. The oil mean
heal capacity was evzluated at the proper bemperatures
by the estimation metined 5§ggestad by Cragzoe in 1929.
This fit alsc has a bacge temperature of 273 degreecs

kelvin and 3s shown bolows:

T o= 0.402h - 0.00231 T%C
= (sac%u.s (5)
604

Based on these assumpticny, the enthalpy balance for
condensatior stage n was developede
With the ferther assumpition that the system was in

stesdy=state overalbison, the following is trued
y =4



l'hoﬂo,n-l * mw,n-lﬁw,n-l + ms,nxs!Ts’n

moHoyn * My nbwyn F Qioss,n - (6)

This equation may be restated for purposes of calcula~

tion as
m°apo|Tnul'Tn'1 + “‘l,n-!apw Tn—l'T“'! +
‘”s,n"s"l‘s’n = “‘ofpo Tn'Tn + “‘wgn-epwl‘rn'Tn +

Q'Loss,n (7}

Assuming the heat loss term Q-Loss,n could be estimated,
equation 7 was rearranged in the following manner,; so
that the steam enthalpy, Q‘steam,n’ could be used as a

convenient check on steady-astate operations

. -

mocp°|Tn_l'Tn—! * My n-t ,!Tn_lhrn—l

(mocpoiTn'Tn + “\v.ncpw[’rx_"rn + QLoss,n) -

ms,n)‘sl Tsyn (3}

Collecting terms in egeation 8 gave the followingt

m"”“}PoiTrl-i.'Tn"‘ = Ypy, TH-T“I L1

— . = -
My o niee 1 (’p\_?.",r‘nm,‘qnwi - "‘w,ncpw;"‘“’?n = Qioss,n =

{9}

Qs‘ccam, 1



Pricr to the calculation of volumetric heat transfer
coefficients; it was necessary to estimate values for
QLnss,n' Figure 7 {pe 27) shows the enthalpy flow
scheme used in the determination of QLoss,n' It is
essentially the same as that used in a standard datia
run, with the exception that steam and 0il enthalpies
were not involved. Once again, assuming steady-state

operation; the following was deriveds
Ty, n=l cpw ITn-l *That =
thncpwlTn'Tn - QLoss,g (10?

However, since the water mass flow is constant from

stage to stege, equation 10 may be reduced tc

mw(C“v Tnnl“Tnui = pr Tn‘Tn’ = CLoss,n {11}

26

Once heat loss data was reduced by eguation 11, a curve=

fit for QLOss,n wag develospede This curve=fit was
subsequently used in the calculation of ths volumectrie
heat transfer cozfficlentse

The final assumption reguired to caleulate the
velumetric haat transfar ccefficients was the tompera-
ture approach profile. Figure & {p. 28) shows the
profile that was used:¢ Harriodt apd Wiegandt {1064}

indicated the profile shown in Frgure © {p. 23) for
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FIGURN 7. ENTHALPY FLOW FOR Qpose,n
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packed condensation columns. The slight reduction in
vapor temperature was due to packing pressure drop.
However, without facilities to measure packing internals,
the profile chosen was a good approximak:ion. The mean
temperature used with this profile was given in Kreith

{1966), on page 492, as
ATyq = (ATp = AT )/ (1a(aT, /ATy )) (12)

Utilizing this mean temperature,; the following expres=—

sion was deriveds

Rst eam,n = UgeVeirTy, {13)

Equation 13 was substituted into squation 9 %o give

mo(Cpol«rn-lui‘n_‘ - L‘po‘[T"&An) +
”‘w,n-lcpwl’l‘n_l"rn—l - ngﬂcp‘!!Tn.Tn -

QLoss,n: Uye VAT, - i)

Replacing the terms on the Jleft side of egquation 14 with
Q’total,n’ and rearranging the terms ylelded
-— J i
Uy 7 Vokal,n/ (V'ATCL.":} (15}
Eguation 15 was used to obiain &he velumstide heat trans-

fer coefficients desirsd.



3%

Further calculations required for data corvelation

are given in Chapter V.



CHAPTER V
RESULTS AND DISCUSSION

The volumetric heat transfer coefficients and
associated irdependent variables obtained using unmod-—
ified oil on Pall rings are given in Table I (pe 33}
Each of these data sets is the average of data colliected
on all three stages under a given set of operating
conditions. The same is true of the data collected
using urmodified oil on Intalox@ saddles, which are
shown in Table II (pe 36). Table IXI (p. 38) includes
the same information for data collected using medified
oil on the Intalox(:)pncking. Figure 10 {p. 4G} illus~
trates the highest heat transfer obtained for cach eil
cundition and packing type.

The largest volumetric heat transter coefficicuts,
using unmodified oil, werc obtained with high 0il and
water flow rates and intaloxCD saddless Under thesa
constraints, the highsst volumetvic heat transfer coef-
ficients were obtained at lew ebsoluts pressure and high
stagewise temperature differential.

The conbribubleon of oil and wateyr fluvw to the
voluymetric neat transfer vas accounted For by the

Tollowing bveras



TABLE I DATA: UNMODIFIED OIL~PALL RINGS

SATURATED STDAYM 373 K:  2.22 X $TAGUNISE AT

RUY N©. OIL FLOW WATER FLOW STEAM FLOW STEAM L Ap
v

DENSITY
kg/ht-m2 kg/hremz kglnr.mz kg/m§
GOLER 21 105 86494 58452 0.643 ¢ 3562.13 125
COTPR 21 105 1 853.86 66.89 0.643 9 343.83 1253
COIFR 21 105 2 622.95 59,68 0.643 9 3k0.24 125
COLER 21 163 3 3iz.11 7T k7 0.643 G 336,22 125
25 551 121.25 Bi.73 0.643 @ 363.05 125
29 551 2 635,40 9i.5% 0.643 9 356.08 125
29 551 3 502.90 ST7.25 0.663 9 340,91 125
29 55i 4 63L.353 100,31 0.643 9 3%0.79 125
27 997 133.88 103.57 0.643 9 2J68.36 125
37 997 3 379.48 118.42 0.643 9 3&g.L0 1253
37 997 L 567.47 121.98 0,643 9 343.77 125
37 937 5 §56.70 12771 0.643 ¢ 3kk.17 125

SATYRATED STEAA 373 Ki .87 ¥ STLSEWISE AT

0{3PR by 623 21 105 66431 43.68 0.631 1 L8R.69 125
o1hPR 549 563 29 351 9%. 53 6226 04631 1 U76.14 125
G15PR L4235 776 37 $97 4 593.83¢ 7325 0.631 1 L53.82 125
216FR 307 086 37 99¥ 5 913,10 G710 0.631 { L32.22 12

ce



TABLE IT==fontinued

SATURATED STEAK 388 K: 1.1f K STAGEWISEAT

017PR 303 176 21 i03 3 261.03 38,62 1.015 6 630.92 125
013FR 341 963 29 551 6ia 20 L3.27 1.015 6 684.43 125
QLSRR Ly 221 29 551 4 566.85 54,79 1.015 6 622,70 125
0ZOFR LYz 33% 37 997 85,51 57.58 1.013 ¢ 661.38 125
021PR 593 733 37 997 5 869.64 48.73 1.015 § 638.25 125

SATURATED STEAM 355 K 3.33 K STAGSWISE AT

Q22Px 392 634 29 35t 163.16 114.23 04355 6 260,18 125
QR2PR haa 371 29 551 L 696412 1k2.10 0+355 6 241,01 125
QRUFR 5073 363 37 997 216.83 146429 0.355 & 261.22 125
CREFR 625 BO9 37 997 € 036.19 181.57 0.355 6 2h2.51 125
SATURATED STEAM 355 K: 2.22 K STAGEWISEAT

026P A 339 k68 2y 551 112.30 75425 06.339 6 394.20 125
0z7°R Lgs 337 29 551 4 626,33 ok, 31 0.33% 6 362,39 125
[FEI9 01 300 37 957 285,98 S7+10 ©.339 6 7394.30 125
029PR 623 566 37 957 5 9h7.63 120,39 0,339 6 363.51 125

SATURATEL STEAM 339 X3 3.33 K STAGRWISEAT

Q30PR 419 219 29 551 157.17 105.70 0.179 i 281.06 125
C31PR 526 543 29 551 & 633. 14 132.33 CeiP9 4 257:73 125
032PR 538 093 37 997 202.10 135.62 04175 4 2814656 125
053PR 675 542 37 997 6 020.59 170.26 Cel179 4 258,53 123

€



SATURATED STEAM 339 K@

034PR 431 291 29 551
sho 737 29 551
§53 7ht 37 997

6ok 67h 37 997
SATURATEL STEAN 339 Kt

035TR 470.080 29 551
C34PR 3 342 29 551
akODR 532 885 37 997

TABLE I-=-Continued

Lobl K STAGEWISE &T

185457 142.58
4 751406 . 178.6%
272.08 182,99
6 168.78 229.4h

5.55 K STAGEWISE AT

249,71 168458
4 793.29 21129
321417 216.87

0.200
0.200
0.200
G.200

0,208
0.208
0.208

NN

NN N

208,42
192,04
209.13
192.23

176077
162+ 57
176.69

125
123

125

125
125
125

119



TABLE IXI DATA: UNMCDIFIED OIL~INTALOX ®SADDLES

SHTURATEDR STEAM 339 K3  3.89 K STAGEWISEAT

RUN NO» Uy OIL FLOW

J/mj-s.i( kg/hr.mz kg/hr-mz

02118 Lz opy 29 551

L3 55k 950 29 551
by 211 37 997
711 086 37 997

183,21
& 715.82
235,16

6 062,04 .

WATER FLOW

kg/hr.m2

12351
153,11
158,36
198.31

SATCRATED 3TEAM 339 K3 5.55 X STAGEWISEAT

Cesis 456 627 29 351
CeSIs 572 670 29 551
S071s 584 965 37 997
SATUPATED STEAKX 353 K2 3.
20 836 29 551
2L 252 29 551
L5 292 37 997
71 778 37 997

017238 401 279 2% 551
013IS 504 077 29 551
G14IS 515 850 37 997
0151IS G4o 816 237 2997

243,27
h 798479
318456

168455
211429
215,43

33 K STAGEWISEAT

17G.78
L 698,42
21925
6 028.38

120,75
L 636,40

i55.12
5 953.81

i1he7t
143.13
147423
183,00

WTED STEAM 335 K: 2.39 X STAGEWISEAT

80.8%

101,26
104.05
129.i2

STEAM FLOW STEAM

DENS I‘sY
kg/ m

G.193
0,193
0,193
0.193

o 0 00T

0.200
0.200
0.200

NN

0.355
0. 355
00355
0355

LR N Y

0. 3k
0. 3041
0,351
0.341

M

<

2k0.72
220.92
241.43
222.17

176.80
162457
17784

252.10
235.29
252.57
200,74

36709
237.62
365.67
346,43

4p

150
150
150
156

150
150
i50

150
150
130
150

150
150
150
156

96



TABLE II-=Continued

SATURATED STEAM 373 X: 2.22 K STAGEWISE AT

01615 387 679 29 551 142438 95.67 0.650 3 316437 150
037ES iyl 543 29 551 b 659,20 116.57 0.650 3 293.47 150
0i81S Los g5t 37 997 162409 122.13 0.656.3 312,56 156
01313 610 oko 37 897 5 990.64 . 150,02 0,650 3 293.21 150
SATURATEDR STEAY 373 K: 1.67 K STAGEWISE AT
020378 %39 §2% 29 552 99,62 6689 0.635 9 L43.27 150
CR1IIC Ll 3168 29 551 U 665,18 8268 0.635 9 413.16 150
022715 L60 557 37 9o7 12784 85.47 0.635 9 Lk6.06 150
o231 566 L29 17 997 5 92h.64 195:00 0.635'9 %i8.30 150
SATURATRED STEAM 388 K: 1.11 K STAGEVISELT
29 351 75423 L. 3 t.015 6 639.22 150
29 551 B B7FC.21 5l. 56 1015 6 624,28 159
37 997 86. 54 58. 52 1.015 6 650,79 150
37 997 5 87343 70.62 16015 6 623,22 130

A€



TABLE III DATA: AVERAGE MODIFIED OIL‘-INTALDX®SADDLES

SATURATED STEAM 373 Ki 1467 X STAGEWISE.AT

RUY NCo U,

J!mgo s-X )qn;/hrun“'2 kg/hr&mz kg/hr-mz

427 714 29 551 91.16 61.31
4oz 303 29 551 1 376.99 54,10

D STTAM 373 K 1.88 K STAGEWISE AT

2 678.33 7710
29 551 5 983.38 82.68

Y STEAM 373 K3 1.67 K STAGEVISEAT

997 116.55 78.08
997 1 405.19 82.68

ks 030 37
315 328 37

STURALED STEAM 373 Ki 1.88 X STAGEWISEAT

@

512 981 - 37 997 2 703,00 96462
sko 21y 37 997 3 998.00 10242¢
56k 566 37 997 5 23570 106.8%

OIL FLOW YWATER FLO¥ STEAY FLOW STEAM

DENSI’SY

kg/m

0,643
0.643

0.6%3

0,643

3
3

WA

<

483,48
hg2.50

[ EPE-1%
Log. bt

488.32
576456

421429
410.91
65,12

150
159

150
150

1z0
150
150

9€



SANTURATED STEAM

010MIS 539 398
0L1MIS 552 147

SATURATED STEAM

0124XS 523 600
o4 6E 470
01 527 810
\ 556 819
Ci 561 753
CiFHIs b9z b=y

332 Kt

29 551
37 997

332 Ki

29 551
37 §97
29 551
37 997
29 551
37 397

TABLE III-=Continued

5055 X

5.27 K

ELTD N e

STAZEWISE AT

262,22
336.64

177.37
227.98

STACEWISE AT

548,00
612.h2
£57432
5256.40
158.18
292.27

180.2h
228425
19873
245,84
2117k

250011

0.24k 8
0.2ll 8

0.244 8
0.244 8
0.244 8
0240 8
0.244 8
0.244 8

168.08
168,14

172454
173.41
163.08
166.60
159.20
163.21

150
150

150

150
150
150
150
i5¢

6€
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Uy = ~0.000100331kemyem, + 1966923 0my
12.502640m, = 28549.73 {16}

For the unmodified oil runs, term 16; liquid ke
vapor ratio, steam density,; packing factor, aid velu-
metric heat transfer coefficient were all corrélatad ty
use of a least squares linear regression pregram on an
IBM 360/65 computer. The correlation obtained is given

below s

%0.2053 op. 049652
v,

L (17)
0.0925 (s /1r10e 0826
o 925 ,(L/V)

Uy = Crit
The water to oii rabio was origirally included &s
one of the independent variables. Howaver, a very Low
power on the ratio and poor svatisbics were considered
sufficient justification for omitiing water %o o0il ratio
in the final correlation. Iqualion 17 has an average
error of 1.8 per cent with 2 maximum error of 7.9 per
cent. - The statistics on this curve=rit are given in
Appendix IXX. It is neotable that the cowrrelation is
dimensionral and does no3 allow For variations in vis-
cosity and surface phenomensne Viscosity aad surfuce

phenomencny 1n the unmadified ol runs; ware ned varled



sufficiently to be included in the curve-fit. Also,
provision was not made to measure either of these param=
eters. Had these two factors been included, the data
correlation might have been characterized in terms of a
more common dimensionless groups

The stability of the physical character of the oil
was in some question throughcut the data collections
This was due to rust in the system and dissolved paint
and light and heavy hydrccarken impurities in the oli.

The power on va in sguation 17 in the data corre-
lation supporis the stroag dependence of volumetiic heaat
transfer on liquid flow suggested by Cheng (1363) and
Sideman (1966).

The power on the packing factoxr, Ap,
17, indicztes that cheosing & packing with « larger

in eguation

packing factor would improve heat transfere

Steam flow was strongly dopendent upon stazewlse
temperature differential, as was suggested by the work
of Lackey (1961} Steam flow, alcone, was not considered
to be an important factor in the correiation since all

volumetrie heal

of %ie previous work hias in ated

transfer is independent of gweam Tlow. Howevar, stean
flow is included in the Iliguid te vapcer ralie. Liquid

to vapor ratic and steom doncity were nob streng conm

tributors to the va zop iw healt transfers. Omission
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of either of these in the data correlatilcn procedure,
however, produced pocrer statistics and larger percentage
error terms.

The number of data points collected using oil
modified by 0.5 per cent cctadecanol and 1.¢ per cent
octadecanol was not sufficlient to make any curve~fit
meaningful. The general trend associated with the
addition Of the "sensitizers" was to greatly improve:
by as much as twenty pervcent, heat transier ak low
water to oil ratios. As the water to oil ratio was
increased, the effect of the "sensitizer" became less
pronounced. Another observation is that the variation
of percentage of “"sensitizer" used seemed £o have no
effect on the volume%ric heat trensfer crefficient.

This ray have been atiributable to the fact that the oil
was already partially "sensitized" by the preseace of
foreign materials. Visual inspection of the 0il and
pendant drop interfacial tension measurements tend Ho
bear this out. This would alsc lead to the conclusion
that truly pure ol would giva prorer heat transfer
than that attalsned using unmodified oil in tblis systeme
Thke gross offec% of the addition of "sonscitizers® to the
0il was to0 imcrease heal transfer ab the low water

rake end of the overall sysbtem, such that the hckal



heat Etransfer on a full scale condenser would be greater
than that obtained with unmodified oil.

The results of this work indicate that, wvhile the
values of U, obtained are not as high as would have been
desired, they are better than those obtained in the
closest comparable work {Cheng 1963). The conglusiens
of Maa and Hickman (1972), with regard to the effect of
¥sensitizers"™, have been supported but require much
further investigation.

The velumetrie heat transfer coefficients obtalined
in this work tend to make direct-contact oil-steam
condensation a possible contender, against other more

conventional processes, on an industrial scale.
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NOMENCLATURE

Packing factor dimensi
Constant

Mean heat capacity Cal
Particle diametsr
Galileo number dimensi
Enthalpy per unit mass

Height of a transfer uni

" Iiquid to vapor ratio

Mass flow rate  kgzfhr
Prandtl rumber dimensi
Enthalpy g

Leynolds nuaber dimen

onless
/gm.deg ¢
onless

J kg

t &
dimensionliess

onless

nless

Specific gravity dimensionless

Temperature

Velumetric heat transfer

coefficient

Volume of packed section n3

CREEK §

Indicabtes properiionalit

Specifies a change in th
Latent ke 3)xe
Density kg/m3

YMBOLS

v
Y

e variublie it

J/m3=5.K

preceoeds

'u5
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NOMENCLATURE~=Continusd

SUBSCRIPTS

Flow

Fahrenheit

Kelvin

Liguid phase

Log mean

Stage designation
0il

Registered

Steam

Water

Initial condition

Final sondition

SUPERSCRIPTS

Arbitrary exponcrt
Arbitrary exponend

Arbitrary exponent
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APPENDIX T i

CONVERSION FACTORS

The conversion factoers in Table IV, belows are
provided to make it easier to examine tho results of
this investigation in terms of units more commsnly

used in the field of Chemical Engincering.

TABLE IV

CONVERSION FACTGRS

TO CONVERT TO FROM MULTIPLY BY

BTU/ft3:hredeg F eosanee J/m3eseX conee 5.367 639 E-02
1om/Breft2 seeseesesnses kg/hrem? ceess 1,620 641 E-01
10m/TEd ceserssvesnnvcon Kg/md cusienws He242 797 E=OL
1bm/20% cesescorasscasse N/mE ssoscuses 1o%50 280 B-0k
£31{US) reeeecsessacocso M3 sooscsssoes 24641 776 E+02
FE envoscccensarsessesvs M acvsesarzece 3280 B33 EROQ

deg F covecoveassscrvoss K canasnsnnces TpZledTg-459.67



Lo

APPENDIX XX

DATA USED IN HEAT LOSS CALCULATIONS

Prior to the data runs in which oil was used, it

was necessary to determine the heat losses from the

experimental system. These heat loss terms were then

used in the calculation of the velumetric heat transfer

coefficients.

The heat losses fvom the system were obtained in

the following manner:

1.

2o

3.

by

Steam was circulated counter-current with water
throughout the condensation stages until the
temperature of fhe water in the separation
system reached 40O K.

Steam flow was then stopped and the ceordensabion
stages were allowed to completely floocd with
waters

The water ecirculatior rate was then reduced o
45.35 kg/hre

Since the desired temperature operation profiles
were known, constzal wmenitoriaz of the inlet
temperature to coch stage was maintained. When

the inlet temperaturss reachsd values tial were

sxpected 4 » syslow with
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oil, both the inlet and cutle! temperatures for
the stage in question were recorded.

5« This procedure was repeated taree times in its
entirety. The resulting temperatures were
averaged and then used to determine the heat
loss for cach stages

6. The stagewise heat losses were then curve=£it,
encoded in Fortran IV, and used in the calcu-
ilation of volumetric heat transfer coefficients.

Table V {po 51) shows tho average temperature differen=

tials obtained by the above procedurces



TABLE V
TEMPERATURE DIFFERENTIALS USEDR IN

EEAT 10SS CALCULATIONS

STAGE 1 STAGE 2 STAGE 3
TEMPERATURE (K) TEMPERATURE (K} TEMPERATURE (K)
IN ouT IN ouT IN ouT
388.50 387.78 389.61 388.77 390.72 389.8k
373.00  372.33 375.22 374450 376.8%  376.190
353.50 332.25 356.28  355.67 350,06 358439

338,60 338.10 5.0 342,049 347.48 346,87
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APPENDIX III
DATA CORRELATYION AND STATISTICS

Table VI {p. 53} contoins tie volumetric heat
transfer coefficients obtained from enthalpy balance
calculations on the experimenial system, thoe volumetric
heat transfer coefficients predicted by the correlation
in equation 17; the difference between these two values,
and tke percentage error terms. Table VII (pe 55} shows
the pertinent statistics assceiated with the data cor=

relation.



TABLE VI
EXPERIMENTAL AND CORRELATED
VOLUMETRIC HEAT TRANSFER COEFFICIENTS

RUN NO» EXP. U, FITTED U, DIFF. PER CENT DIFF.

S gfaPes X Ifsdissk T/l

001PR 259 527 257 786 - 1 74t =0.671
002PR 293 hsi 292 334 - 1117 -0.381
003PR 307 852 305 683 - 2169 ~0+70%
00LPR 319 998 319 017 - 981 =04307
005PR 362 231 368 40O 6 169 i.703
006PR Lo8 097 413 169 5 072 t.243
GO07PR 426 W10 430 874 L 64 1,047
CO8PR 435 226 Lkg 764 3 538 0.795
00SPR LEr 377 L7y zeo 15 823 3.Lk29
C10PR 524 717 531 991 7 274 1386
Ot1PR 545 545 552 927 7 382 1353
012PR 568 757 574 673 5 916 1.0b80
01 3PR 247 623 251 676 L 053 1.637
014PR 349 563 360 345 10 782 3.08L
01 5PR k25 776 428 352 12 585 2,956
616PR 547 986 562 ¢585 14 072 2,568
017PR 303 176 279 177 - 23 999 ~7.916
018PR 341 963 334 067 - 7 895 ~2.309
019PR 417 281 408 032 - 9 zhs ~2.217
020FR bh7 834 L3l 642 - 13 192 -2 940
021PR 539 733 521 946 - 17 787 ~3:296
020PR 392 634 Lol 102 8 468 2157
023PR 4es 371 h89 z0t 830 0.170
024PR 503 368 519 958 16 590 30296
025PR 625 409 626 565 1 156 0.185
026FPR 389 486 358 030 - 1 4356 —Ge37h
027PR 486 397 L73 5h9 -~ 12 848 -2.641
028PR 501 300 505 775 b 475 0.893
0Z9PH 623 566 506G Thy ~ 16 Bi9 «2,697
G302R @19 219 Lz4 331 5 112 1,219
031PR 526 543 516 008 - 8 %53 ~1.621
032FR 538 093 558 152 12 099 2,248
G33PR 575 shz 663 663 - 11 87k ~1.758



034PR
035PR
036PR
037PR
038PR
039PR
oLkOPR

00115
00215
00318
ook1s
0051s
00615
6O7IS
06BIS

011IS
01218
01315
01415

c171s
0181
01913
02015
0211s
02218
023135
02415
02518
02615
0271s

Lh31 291

1456 260
546 123

TABLE VI~=Continued

L30
526
559
675
436
533
566

i3
541
575
693

835
903
682
106
k7
319
509

617
522
ict
595
595
G666
7hz
574
205
119
264
220
59k
609
337
525
752

¥ Prtd !
n
o W o

]

- - -
fV-R AN VAV, AW

-

-
AT NO W NIW -

-

NN -
W= O &N N

~0.106
-2, 526
1,069
=-2.817
1.597
=1.117
2. 46l

0.348
-2.427
1.391
21460
=Ce 66N
~3.318
0-475
-1.027
~3. 061
~0.032
~3.054
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TAZLE VII

CURVE~FIT STATISTICS

t-TEST

MODEL:  1nU, = BylnA, + Bplngg & Balnl/V & Bylaly ¥ Bg

HYPOTHESIS: Parameter has no significance in curve=fite

DEGREES OF FREEDOM: 66 Ps 0.1 tp’ss = 1.645

PARAMETER COEFFLICIENTS t=VALUES
By 0.2053 6.199
By ~0,0925 ~9. 528
By ~0.0836 -5.618
By, 0.9652 66.626

Cryp = o0

By I ~G-02379

U, is determined by evaluating the antileg of ike
MODEL. The independent variables were chosen by use

of the orthogonal array method.
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