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Difterent flov petfbrns are encouhtered in the celehdr&e

e climbing tilm evaporator vhen the feed is introducedﬁgold "

The lower pert where the feed 11 brought to boiling

.temperature is filled v‘th 1iquid. The remainder of the tube *

'uhere evaporationroccurs céntains fiquid end'vepor'phlnes. o
. The local heat ‘transfer cdefticient and temperlture
_profile vere investigeted sepetetely for the 1xquid zone
present in Ehe lower part end tor the bo:ling Zone present
in tg upper. pert of a single tube gless*fbeporetor. '
A study of the heat transfer xn the 1iqu1d zone, vhere

e:process lzquzd is brought to its boilrng temperature,

. showed t \n\\presence?of aissoiued gases affects . -
\\\iepprecie lz\tpe efficienty when the-operetion is carried out

N

under vacudm as compared to an operetxon at etmospheric
pressure | ’
A.: Ig the boxl1ng zone: where two phese flow is present _

'(lzquxd and vapor phases), 2 heat trensfer study permits the

ﬂ”cornelataon of the pressure in. the tube v:th the eveporet;ng

' ,rete and the\pqs;txon elong the evaporator tube.

»

‘ A.model to determgne the pos1txon uhefe bg?11ng begzns,.
uwgbe tempersturerat ang posxt;on Ln the;tubg, the vspor rate
and the vozd fractxon at the ex1t of the eveporator tube 4
r'ngen the 1n1t1el condzt:ons (feed ret@ﬁ feed tempereture,.?z.'
' vatuum 1n the system and thermal prsperties of the feeé) ues
,set u;S. Its valxdxty vas demonstra&d byMthe ;esults s
obtained thh suger solutxons and- tomato Ju¥ce. The model

T
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‘solvent is a very common practxce in the chemxcal

1. INTRODUCTION

L - ) A .
The concentration of solutxons by evaporatxon of part of - the

‘\
Y

pharmaceutzcal ‘and food processxng 1ndustr1§s. Wheh the

e (TR

materxal bexng handled is heat sensit:ve, the problem is
made more complicated ‘by the need to avoxd exposure of the

materxal to hzgh temperatures or a long contact time with

-

the heatzng surface. = . - ,
- The use of a climblng film’evaporator is often the best
solut1on, as hxgh rates of heat transfer can be ma1nta1ned

without the. use of h;gh temperatures ‘of long contact time,

S1nce 1899 when it was 1ntroduced by Paul Kestner, the

-b11mﬁ§ng £1lm evaporator has been used to a continually
'-1ncreas1ng extent in the chemxcal and food 1ndustr1es.

ABesxdes the short t1me “of contact and the low temperature,'

the small hold up and relatrvely sxmple construct1on -are

}among 1ts prime advantages. Its use is not. conf1ned to the

concentratzon of aqueous‘l1quors, the -same form. of un1t is

falso employed\as a rebo1ler on fract1onat1ng columns..”

Although of "a. dufferent concept1on, the exchangers used for‘

decompressxon in. water cooled nuclear reactors show a

‘s;mllar flow. pattern in the tubes...; .hs_r;p;l

Desplte 1ts 1hdustr1al 1mportance, there are rélatxvely

“few papers 1n the literature in wh:ch prec1se performance -
;detalls are ava1lab1e, and the. cllmb1ng f1lm evaporators arev

’des1gned largely from experlence and not from any

establ1shed relat1onsh1p between the operatzng conditxons,

¢ . - .. N



the physioal properties o{ the‘liquo< and’ the conseguent

-~ .. heat flux or transfer coeff;c:ent. :
\ ) . : . . \ . i
: This research was carried out to f;ll this gap by

——m»m~mwm~~_esteblzshx994relataons to define .a- model which .enables one

~

the different parameters present in the system, L

) ~In"this research.auhorosilicate glass climbing film

" evaporator wes.used..The inf}gencewof‘the ope ating_faotors

on the local heat transfgr‘end temperatore profiile ih the

. liquid zone as'well'aélra,the boiling zone is dekcribed and
‘@iscussed together with the influence of these sa
\parameters on the distance at which boiling;starts”'n tde

_tube.
- [

The-propoéed:modei‘is velidated“ﬁith the resuits |
. obta1ned w:th water and is successfully tested w1th sugar
lu*1ons and tomato Ju1ce. |
The model developed for the 51ngle tube glass
;‘*y T evaporator Was tested on an industrial evaporator made of
: three sect1ons, the fxrst one hav1ng 66 tubes, the second"
-111 tubes and the third 156 tubes and capable of

concentrat1ng 5 000 kg per hour of pineapple juice from

Y3, 5'Br1x to 62'Br1x.



h II. LITERATURE VIEW

A. Cllmbfng fllm and vert Ical tube evapor'ators

_7A_rev1ev coverzng the period 1970 to 1980 shows’ ‘that

L4

little work had been done recently in this area.

The research on vertxcal tube evaporators was generally
conducted in desa11natzon or wastewater plants. Multiple
effect vertical tube evaporators_in desalination\plants wfth
a capacity'of up to 500'tonsfper day'were described and
their performance'under Qiﬁferent‘conditions anaiysed.

Sephton et al. (1973) and Sephton (1975, 1976) showed
that the addition of surfactant in sea water or wastewater
permits aAnore.stable operation and an increase in the_neat
transier coefficient up to 100% uitn‘a.differential
temperature 2'C Iowert They also demonstrated‘the
superiority ofr upflow vertica; tube evaporators uersus

" downflow vertical tube_evaporators: | ‘
g Gel'Perin et al. (1973) studied the overall heat"v
- transfer coefflozent for oozlnng mlxtures of organ1c 11qu1ds
in a vert:cal tube evaporator. They developed an’ emp1r1cal f
<. | equat1on to evaluate the overall heat transfer coeff1c1ent
et -rfﬂb .- din bo111ng aqueous inorganic salt solutlons as a function of>
the heat flux, the concentratlon and the. apparent lzquxd |
, level in a thermoszphon evaporator. '
Takeda et al (1972 1973) studled themgffect of vapor

' hold up on the bo:11ng heat transfer coeff1c1ent¢nn a

natural c1rcu1atlon vert1ca1 tube evaporator, but once

o .




agaxn, no attempt was made to determine the local heat
transfer coeff1c1ent and the overall heat transfer

coefficient did not take into account the different zones

i - N
. )

"-encountered -in-a vertical tube evaporator-{liquid not

boiling’ at the bottom apd two phase flow in the upper part).
“Arellano Gajardo (1972) used anyapparatus similar to
ours (pyrex glass clzmb1ng film evaporator) to determ1ne the .

chemlcal, nutritive and organoleptic changes in

.concentration of milk, orange juice and grape juice. He only

made.a mass balance study to.determine_the evaporative
efficiency of‘the climbilng film.euaporator.

In previous works covering the period 1945 - 1970, some
authors notic8d that the.successive flow patterns

encountered in the tube made difficult the determination of

. the heat transfer coefficient because the ratio of the -

_non-hoiling zone\fength to the boiling zone length in the

]

tu2:;27s a function of the feed temperature, feed rate and

of the other varlables in the system. The calculated

 overall heat transfer COeff1c1ent differed from one

'apparatus and'hept calculating overall'heat transfer

experiment to another. To av01d this problenm, Coulson and
McNelly (1956) 1ntroduced the feed at boiling temperature
They found three d1fferent forms of heat transfer along the
tube depend1ng on the feed rate and the d1fferent1al |
temperature between the heatang media and the product While
us1ng a travellng thermocouple to measure the temperature in-

theztube, they did not,explore the full capacity of(thelr



coefficients based on the avhrage temperature in the tybe.
J

Guerr1erg and Talty 91956) 1nsta11ed thermocouples

every 6 inches in a 6 feet long vertxcal tube evaporator and

,mstudxed the local heat transfer to organic .liquids, but

ah unfortunately they developed their study from the Lockhart

and Martinell1 (1949) pressure drop correlat1on for

"two-phase flow. This correlation was developed for

N 4

isothermal two-phase, two-component flow in pipes'without
phase change, which}does not correspondfto the experimental'

conditions encountered by Guerriert and Talty.

B. Two-phase flow . " ’;

A literature review on tonphase flow shows that the\

: _érediction of heat and mass tranéfer when a liquid phase and

a gaseous phase are present in a tube is difficult because '
of the number of parameters 1nvolved The présent'knowledger

of heat transfer in such flow systems is- 11m1ted and results

, obtalned for one set of condltzons are of. 11ttle value in

pred1ct1ng performance at a dlfferent set. of cond1t1ons.
Lunde (1961) tried to f1nd ‘a correlation’ for two-phase,
two- component heat transfer on the ba51s of a phys1cal C,

model. He took: the data obtained by dlfferent authors and

”correlated them for the supposed different flow patterns_
'encountered (strat1f1ed flow, slug flow, annular flow), in
T_umost cases the dev1at1on of the exper1mental data from the -
if‘proposed correlatlon is up to 30%. Sometxmes po1nts are

‘ 'Qeuts;lﬁ the 335 dev;at;on zone. This model permits only the
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evalnatipn of an overall heat transfer coefficient. This
model is probably acceptable wnen the change of phase in the

exchanger is kept at a minimum to ensure that the ratio of

‘"”——gts;tﬁ_ijquid*dpes~not vary too much and that- the assumed

flow pattern stays the same all along the tube, which is not

[

the case in our study

" Lunde (1961) showed 1n hxs study that the cr1t1ca1

Reynolds Number for the trans1t10n between viscous and

-turbulent reglons ﬁs smaller for two-phase flow than for

one-phaserflow. This phenomenon vas confirmed by Kao et al.

(1972) in’ the1r analys1s of the stability of film boiling on
vert1cal surfaces., '

’A.complete:analysis of 6ne-dimensiona1'tyo—phase flow

:5%% made by‘Wallis (1969). A review of all the possible

problems encountered in one—dimensional‘two-phase flow was

given and equations proposed by different authors were

discussed. Wnen no phase change occurs in the tube, the

'svalidity of the proposed_equations}which are based on

continuity and momentum'is without equivocation; but when it

comes to flow with phase chenge, the different authors do

not agree on the repartition of the force :for momentum

increase due td phasé]éhange'per unit volume‘between_the

l1qu1d phase and the vapor phase. This repartxtlon appears

- to be funct1on of the process, the hydrodynamxc mechanism

_and the rate of vaporlsat1on.
_ Malnee (1975) j1n his ana1y51s of cr1t1cal two- phase

'flow based on non- equlllbr1um effects, showed that in real
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nsional effects occur and affect the values
(7\

'one-dimensional theory by an increase of the

systems, two-di
predicted by

exit pressurg¢ and a detrease of exit ve pcities. To obtain

‘ results in /accordance with reality, Malnes (1975) had to

1ntroduce a correlat1on for the 511p ratio . between th@ vapor .

Idmblno fllm evaporators in the food Industry

Insfood processing, evaporation implies .a unit

openﬁgidn where the concentration of a solution is increased

by driVing off a portiongof the solvent in the form of
vapor. In\most'caseS'the solvent vaporised is water and the
concentrated solut1on 1s the deszred product. '#-

The problem is far more complex than the evaporat1on of
most %hemlcal products, as the end product is not only X
subject to physical and biological testing but to
organoleptlc analysis. Such hard-to-define parameters as
taste, odor, color and texture must be of prlme concern.in

" .

thé\process desxgn'as well as in the equ1pment deslgn and
Operatzon. * | | -

It is essent1al that the evaporat1on of water from the
Aproduct by heat shall be mild enough to preserve the
nutr1t1ve value of the product and prevent brownxng
reactlons, elther by caramelxsat1on of sugars or by react1on
between protexn and sugars, Also, undue denaturat1on of ‘the

proteins. and destructxon of v1tam1ns by excess or prolonged

~
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heating is undesirable.
The oldest of the evaporators is the shell and tube

type. The first real®advancement in evaporating equipment

" was made in 1813 when E. C. Howard invented the vacuum pan

which reduced the boiling -temperature by about one-half. As

stated earlier, the next major step occurred in 1899 when

P. Kestner invented the vertical tube climbing film

evaporator.
Unfortunatly, the cl1mb1ng film evaporator as a unit

has not found much favour in the food industry. Many

.evaporators, if not classified as true climbing film,

contain a section where climbing film'evaporation is’

encountered,-It is useful to review these evaporators and

their use in the food industry.

1. Climbing film evaporators, | gy

Sometimes it is nécéssary to produce from a very weak
liquor a highly concentfaﬁgd finish priﬁuct. A Singleipass
climbvi:}?film‘ eVap‘oratof will not solve this problem, One

solutiof is to recirculate the liguor through the

evaporator. Another solutlon 15 to pass the llquor 1n series
_through two or more evaporator units. This is known as the

mult;jc1rculat1on climbing -£ilm evaporator (Slade,_1967{..

i

1t includes. two or more calandrias. Thesgj;alaﬁdriaﬁ'
N~ \ * E
n

qge‘fbrmed by dzv1d1ng a 51mple steam shell" i

"sqst1ons of tubes, each section havzng fever thbes than the

préced1ng one and being provided with a separator at’ the

top. ng‘;low_of liquor passing through each ;ect1on and
w T 3, . ' . }‘ o - ’

e two or mo::e

<
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each separator-in series progressively diminishes in
quantity, but since fhe nunber of tubes is progressively

reduced, an adequate flow is provided in each section to'

-

- maintain-a climbing film condition. Such an evaporator has.

been Uéid ﬁor handling heat sensitive liguors such as
;offee, g;uit juices, milk, tea, whey and Qine. |

The calandria short vertical tube evaporator -as
described by Moore and Hesler (1963) has been used for over
a ;entufy in the sugar industry but cannot be considered as
"a true‘climbing film evaporator, %he tubes being too short
to obtain a true film boiling zone. |

The sloﬁing calandrié evaporator described by Brennan

et al. (1969) looks like a re&irculating‘c;imbing film

'~evaporator tilted in an inclihe§ position, It was widely

used in the dairy industry up to the mid*fifties when it was

progfessively replaced.by more sophisticated_evaporato}s
(%pﬁt, 1964). -

‘Liquid food-stuffs very sensitive to. heat can be
evaporated at‘?ery*low temperature in a low temperature
evaporaio; (§léde,A1967). Suéﬁ an evaporator is ofﬁthé

lfécirculétiﬁg élimbing film fybe and is used under high
vacuﬁm. Thevboiling'point”of_the'1jqubr being of the'ofder
of-lS'C{_;hé temperaturé-of~the cqnéensér wa;er’u5ualiy1
évailabié for other types of eva§0ratorsvis too,ﬁigh'to
conéénée the vapor formed at such a iov prqssUrg;jthiS is
why an auxiliary f;uid'(émmbnia)vis usgd;'lt works on the
principle'of the heat pumpf the heating fluid is vaporized



2. Climbing and falling film evaporators.

10

to caol the condenser, then .recompressed through a
compressof to supply heat to the calandria. . L

The low temperature evaporator was widely uaed in the

but was replaced by single p&sa evaporators, where the
advanfage of the low temperature was overcome by the
decrease ia residence time leading to similar or even better
organoleptic qualities of the concentrated juice, D
A combination of the c¢limbing and falling film may be .
uéed where~a high percentagé\of evaporation is reguired and"

when, the concentrafed liguor tends to be viscous; as the

'a most concentrated liguor is formed in the falling film

section, the flow is improved,by'the gravity force. It is

generally usad as a finisher evaporator following‘'a climbing

film evaporator where the greatest part of the evaporatioh

“has been effected. It has been used to produce orange and

tomato juices.

\

3. Plate evaporators

The plate evaporator is well descr1bed by Carter and

Kraybill (1966). It differs from the conventzonal evaporator

in that the tubular calandris is replaced‘by a series of
plates. The plates are arranged so that the liquid passes
through a rising film7section; then down through a falling
f11m section thh each product plate sandwiched betueen two
steam plates. A very. hzgh surface to volume ratio is

acﬁ1eved thezeby reducing the holdup time.

-

" concentration of orange juice“following-the;Secoﬁﬁ World War' =

- .
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‘;, o 'qgahtcgry type .toinlgnu~scadl,cihtritugal ﬁunp: are
| generally employed for liquor feed, and a volociéy up to
80 m,s°"cun be achieved in the f%it]plntat of the

.~ Among the other aavuntuboi of the plate‘dvaporitOQ are

- _ N its compsctness, the pogpibiliuy of incrnduinq the cupuclt§ »
';f ' + rapidly by adding platou and the good'acccs- for cleaning by ~N
. , : >

N

quick disconnaction of the plates. A further obvious

advantage is that should any plate failure oacy#, a #

® replacoment cAan be made immediatcﬁﬁ with & minimum loss of
[ . ¢ _

production time,

;3@ | Lavler (1960) ‘and’ Pupadopoulot and Samual (1965)
{i? - discuss the use of this evaporator in tuu conaum&rution of
o A " orange juice and beer uort. It s widoly in uii ull cmer the

world to concentrate a grest varxaty of products such -s
sk:m milk whole mxlk buttarmilk, whey, ice. cruum mix,

apple )u1ce, orange Juzce. pun#*iuxce, lumogﬁbhxcbu, lpple

3@ A - pectin, chxckan broth; gelatin, jam and table jaily.

i{ ‘. lxpand;ng iloggevaporators.  ‘_ : ”'(kﬂ

% This typ@ of. evapotator 13 almost exclusxvely usad in f

ii . ~ the da:ry iﬂdﬁ!ﬁrx. It is well deacribed by N ._‘E f", &

f; o ST prenmanT !m‘zﬂ '%4969#' tn‘thts Gevmcewnu%* awd~utouu-£beu

lﬂj B , ' througz:fiternute possages in a mannnr siﬁxlar to- that in s - :
| N 'plate e purator. The platts are mbplaced by thin,\ nverted -

'staxnless steel cones, gaskotna to prevcﬁt laukuqe. Milkgg
enters thraugh 8 central apaudla at thﬁ base bi ths cému‘ffl_;




@

under ucuun conditionu th. nuh rnpidlywttaim itl bqﬂ‘;{%w : w E
3 :H

'*k“ e

, g:\m ‘ —— ’3?

Q’ - \*‘




111, EXPERIMENTAL

o . \
' ‘ o ' / .
A, Equipment. :Qﬁg?.
~--The-evaporator is a Q.V.F. CFE! climbing-film.. ..
egaporator made of borosilicate glass. A schematic diagram
of the 'evaporator is.presented in Figure 1. ‘ .

1t is composed of three parts: b

I I The evaporator part wh1ch 1s made of a calandr1a ‘tube. 3m

long, 3cm 1nsxde dzameter and 1.53mm wall thickness.
This calandria is enclosed in a steam jacket made of a
2.70m long, 5¢m hore g?ass pipe wh1chfcan w1thstand

° steam pressure.of 3 bars absolute. It has three branches

for steam inlet, condensed steam and vent connections.

2. The 1nsxde evaporator tube leads from the calandria to.

the condenser vza a cyclone separator which separates
the~entra1ned lmquld from the vapor. The liquid outlet

of the separator ;s/connected d1rect1y to the

a—— ~as.

_,concentrate recelver. The separator and the concentrate

L.a
_ rece1ver form the second part of the apparatus.-

3. The thlrd part of the evaporator is composed of the
['4
vapor condenser’ dlrectiy ‘connected to the vapor exit of

1? the cyclone separator. The bottom part of- the condenser

leads to two 5 laters condensate rece:vers.

°

Each condenSate rece1ver 1s connected to the vacuum

. /

i-l1ne. Thc two recexvePS’are separated. by a/palve to enable

o

the condensate/to be removed durxng the opératzon of the

evaporator. When the louer one is fuIl of condensed water,

B

,ﬁf-' ' ' - 13
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- ‘Ss reference: to zero the recorder.
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it. can be isolated, vented to atméspheric'bressure, emptied
and vacuum can be reapplied without interruption of the
experiment. - ) L |

‘“The"unit‘isrconnected—to“a}Nashmﬂytorevacumm»pump~»—~~'
model 673 capable of ma1nta1n1ng a pressure of 160mm of
mercury .in the system. The vacuum can be adjusted for
operation and released at the end of the operation! by means
of a vent cock on the main line.-

Seven thermoconples, type T *(copper constantggli_gge
placed along the axis of the calandria tube. The‘wiresrare
'0;46mm in diameter and a common constantan wire is used to
reduce the nukhber of wires in the‘tube. | '

Thermocouple ! is located under the steam Jacket _
'connettlon and'records the feed temperature. Thermocouples
2, 3, 4, 5 and 6 are located at 0 15m, 0.45m, 0.95m, 1.45m A
and 1.95m from. the condensed steam vent which is taken as
origin to measure.the p051t1on-along the‘heat exchanger
vcalandria.'Thermocouple 7 is located jost above the steam
jacket and records the exzt temperature. - 't

Other thermocouples are located on the top and the
bottom of the vapor condenser, at~the inlet and at the
'outlet'of the cooling“water line'of thé”cdndénser;nAnOthefl
vthermocouple is kept in a bath of ice in. water and is used "
¥

The twelve thermocouples are connected to a twelve

-

po1nt mult1p01nt recorder (Honeywell Electr9n1k model 112)

calibrated in degrees centxgrede with a range 0 to 100°C.:
. & ]
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A pressure tap located between the cyclone separator

and the vapor condenser is connected to a mercury manometer

to obtaln an accurate read1ng of the vacuum in the system.

- -

The steam is supplled through a varlable pressure

cOptrol valve which adjusts the steam pressure to the

desired'value,'The feed rate when‘using‘a clear solution,

is measured through a set of two rotameters with a maximum

capac1ty of 3kg/m1n of water at 20°C.

B. Method.

present in the calandria tube’

and £ilh boiling zone at the

‘\.

In normal use of the evafgorator, different zones are

pper part). Because in.each

zone the heat transfer is con relled by a‘different‘

mechan1sm, the study was ‘divided into three parts-

1~.

In the third part, a

Expeflmentatlon with the llQUld phase f1ll1ng completely

_cllmblng f1lm ebulllt on zone,

odel is proposed-which by

combination of the reglationships obtained in the’tvo‘,

previous sections pexmits the prediction of the

performance of the evaporator in normallnse (distance ‘at

16 -

(liquid zone at the lower part
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which boiling starts,\vapor:rate at the exit and

temperature_profile‘elo;g the tubel knowlng'the‘inlet

» conditions. |

Q;f»»»~ - - i»-Theeeorrelationsugoverning~the»llquid zonhe were. .
determined from date ootained using water as a medium. In
this section, the evaporator wes-run"at atmospheric pressure
and the water was fed b§ means of a variable flow positi&e

- pressure pump. The lower flow rate is limited by'the water

" reaching boilihg temperature at the‘exit of the evaporator

tube while the maximum rate ls.limited by the capacityroff
the rotameter. . | ‘
Correlations in the film boiling zone wererdetermined.
. using water as medium. The evaporator was run under
\f} d " controlled vacuum and the feed teﬁperature was adjusted to
the boiling temperature corresponding to the pressure in the
] o system by means of an heat,exchanger_mounted'prior‘to the
evaporator lnlet. | 4
| The‘feed is‘ihtroduced under a pressure gradient
A existiné between the container, where it is stored‘at
\‘atmospherlc pressure, and ‘the vacuum in the system. The rate
1s controlled by means of a needle valve placed on. the feed
l1ne._;- | |

= The val1d1ty of the model developed in the. thif? *

was'tested-us1ng water, sucrose solutlons of- dlffe epe—
y concentration and commerC1al tomato juic '
Doy : A typical run with the,evaporatop.islés fol lows:\

‘1. The steam pressure, vacuum and feed'rate'are,set a




18

desired values. : ~ e

.After a few m1nutes when a steady state has been reached

(the temperature protlle along the tube does not change

*any more) the level of concentrate 1n the concentrate

recezver is noted and the t1me is set at zero.

When either the concentrat;‘rece1ver or the condensate
receiver are almost full the level 1n the’ concentrate
receiver is recorded aga;@ at time t. The concentrate

recerver hav1ng been callbrated, the rate of concentrate

_collectjon is evaluated.

The rate of vapor formation at the exit of the
evaporator is obtained by difference between the feed

rate and the concentrate rate.



—_— .

from the steam to the liguid can be evaluatedfés:folloﬁs

1V, THEORY

A. Liquid zone.
-~~£?Whenwthere~isrqnly~thefliquidvphase present in -the

tube, considering a tube section of length dz, the heat flow

‘grefer to Figure 2):

-7 [}
g = W.CP.dT = Us.dA.(T, - T) - o
with dA = T.D.dz o R

| Solvibg for U; we obtain:

7

“W.Cp ‘dT, ' _ . -
Uy.dz = = | - : (3)
' . _ W.D (Ts - T) S . ) . ¢

Dimensionalization of the equations:

A _ - »_dz b - )
% = - - dZx = — S (4)
(T, = ) - (T - 1)
T* = —— dT* = : - 4T (5)
- AT - T)~. g (1, - TV : .
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Equation 3 becomes: o : .

° .
.

W.Cp idT*

‘ "'“'"'N".'D:.‘L"‘T?“”i S

*

" Because the specific heat of liquid food Qaries*by less than

'1%'over'the'temperaturé‘range 0°C to 100°C, we assume that

w.Cp/ﬁiD.L is constant. //’*f*\\\ '
'on 6 leads tor

-Integration of Eguati

a

[z+ . w.Cp T+ -
) . ' Uz odz* = . ) ln . ’ .

o i\ ’
‘& ‘

°

.(‘T.' - T ). '

with T, * ® ———— = 1

AT - ) o o _ .

[z« ) W.Cp ' S R \ .
. Up.42% = —— 1n(Tx) . L - (7)

2.* ' W.DQL -

For a given £ ?w*rate and a known initial température, ,
In(T+) is only a function of‘thevpositiqd 2% in the tube.’

N
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Equation 6 can be rewritten as:

W.Cp dln(Ts)

U, = W L : (8)

_mDbL gz . W

-

Let us {;}roduée the Peclet Number which is the product of"
»{fgﬂ‘lt Number .

the Reynolds Numbe;.by the
L | -

W : . N v -
4.w S : .MCp
- and  Pr = —

Re =

. . 4.W.Cp ' o _ .
Pe = Re.Pr = = : . , : - (9)
’ T.D.k i . _ ‘ - ‘5" ‘ '

o
—
q

The initial Peclet Number (at the inlet 6f»thé-evap6rator

tube) is defined as follows: -

4.W.Cp
Pei = . . ’(10)
: ﬂ‘D.k| ’
EQUation_B becomes:
: Pe;  dln{Ts) . . S i | s
i o | 7

% ¥ 40

4.L - dzx Qo S N

-~
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Rearrangement of Equation 11 leads to: ‘ .
ULL . Pey dla(TH) T
ki 4 dZe
0;.L/kl can be defxned as. a local Nusselt Number (Nu,)
characteristic of our evaporator length and. overall heat
transfer coefficient at position z.
- J 1:Equatioh 11 becomes:
 Pe; .dln(T#) S o : o
‘Nu, = K : : ’ (12)

4 .'dZ*. -

-

~With ln(T#)-ohly a function of Z+ and Pe;. Thefefore the

. heat’ transfer in the 11qu1d egone should follow an equat1on

of ‘the form-

4lﬁul“s f(Pe{, 2*)-"3 - "'»'»' - L (13)

-fThJs relat1on is to be determ1ned emplracally from

'exper1mental data. Th1s wlll be- done 1n the Results Sectzon-'

When Bquatlon 13 is known, 1t w1ll be used to predlct the

; temperature 1n the llguid zone u51ng Equatzon 7.

\\

o

.
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8. Boiling zone.
1, Pressure along the tube.
We assume that the vapor phase is always saturated

051ng the equat1ons proposed by Malnes (1975) we defxne

the.contxnuzty and momentum equations as follows:
Continuity: |
aG, ” o :
— - Y (14) _—
- dz ' - . : . .
| 5 S :
— =¥ | (15)
dz - ' -
- »
Momentum: - f
‘ dP d ' , o :
0 B (G(nv1 *+ Gz.v:_) had F - gr i ' (16)
dz dz : : '

-where . S

F = Frxctlon term.

gr - Grav1ty head I R

\

t
i K b i S R

RN, B R A P U
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.‘é.: | | . N
We define the slip ratio as follow: ,

V, R ek

Sw o A & & 2 R

¢ v‘ w .

_Therefore we have, assuming that S stays constant (refer to

 the Discussion of Results Sectionf: .

‘o

dV;g ‘ dV' . , - . ' ‘ . o
— G - 3 ‘ (18)
dz dz ‘ ‘ -

Levy (1960) suggested that, if evaporation is rapid endugh
(vhich is the case in our study), inertia and phase change

térms dre usually much larger than friction and body terms.

3
-t R
D

So we assume F = 0 and Equation 16 becomes: .
e 4V, = 4+ G, = + V, == 4+ G, = 4+ gr = 0 (19)
dz . dz - dz dz dz ’ S
. The mass fluxes are defined;kéjfdllows;, o
» ' . .
G, = oV (1 =) Ty I 1)
L | o | R
G, = Pa.Vy.0 , " _ ; .. (2n
* / ; %;'{‘ ;};gg,w
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Devefobmbnt of Equetions 14 to 21 leads to: %m
” )
dp dv _ @V
—_ -¢ v, +p..v (1 = a)— +8. v..¢+p. $7.V,.a— +gr-0 (22)
# dz _ dz dz
. . -

Differentiation of EQuations 20 and 21 with respect to z

-gives,vréspectively:

aG, av, e, da

e 2w (1~ @) (py — +V, —) - p,.V, — . (23)

dz dz dz q: "

and '
4G, | av, 4o, da . ‘
*—: = w- S.O’.(P; — V| _-) + S.p; V| (2‘)

dz ) ~ dz, ., dz N daz ' :

° .

T

Elxmxnatxon of da/dz between Equations 23-and 24 and solving

for av, /dz g:ves. o - . . , s
av,. (L - 5.p03) e do (1 - a)\dp, ‘
— =y e V(o — 4 — ) (25)
dz S.£4 P2 Ps. 4z P - dz : g '
) &~ v o ’% "
) < o
\ t
e ' | . -
¢ 7 i
N '

- i

I % R
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With  p = &.py.St 4 (1 - alpy

. Op, /6P-0 The temperature does not vary too much in the.,

‘ | | o —_— ) 27

Equations 22 and 25 give: . L

-

ap T ey Sip) w dps (1 - aldpy

—+V, .. (p —————— +5- 1):p V.’(—--—-+ -*——-—-——)+gr-0 (26)
dz - ’ 'S.p..p, . . ) p, 4 ﬁg dz

“

-

o~

dpf/dz and dp./dz,ere as'fellowsg

dp. O, ¥ ¥y, ¥ - .
g owmwne  emmm  tp e e B : L
dz . 3T dz OP ¥z ® '
4o, BprdP  d¥p, ¥T
— g — — .+_.—.-'— ' . ) :
dz 3 ¥z dT ¥z - . @
| Because the'liquid pﬂese is ihccmpreséible we have:

AR

bo1l1ng zo%f and Qp /éT éT/bz can be neglected SO we assume-

*0 .

QP /dz-O 51;41

' The temperature of saturated vepor 1s only a funct1on

"of the. pressnre, therefore pq is only a. funct1on of the

R i - . . . . L o
pre‘ssure, o R L ST R

’ ' [ S R T

,We ‘have. nOﬁ' s R e 1

L4



_where R {e'the gas eohstgntedefiﬁed as follows:

— 28

dp,‘ . , . . '. l L] N M

—~— = 0 - (28)

dz '

do, Op, AP ; .

dz "OP dz

Introduction of Eguation 29 in Equation 26 gives:
- ae - dp, - (p, - S.p;) '

—(1 - pV,? — —) = - v,.¢<p + 8-1) - gr (30)
dZ bp ’ ' ISup1 op’ ’

Along the saturatlon curve of water the absolute temperature

and the pressure can be correlated ‘by: .

T = c.P° - c = 166.766 =

T (K  with - and | | (31)
P (Pa) Un = 0.06978

For ideal gases we have:

P=p,RT - o | | " (32)

e

ad
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29
R = R/M where M is the molecular weight and R is the
uﬁiversal gas constant and is equal to
»-83»1—4.5»vJ-.—kmole'»-‘-r.»K."' : IR
then P = p,.R.c.P" — p, = (1/R.c).P'-" o
bp, ) 1 - n L . . . ) z | A
= - P-" v : u _ ‘ (33)
3  R.c T . | B .
The.gravity,head is defined as follows: "’
gr = g.{(a.p: *+ p,(1 = a)) | O (38)
| * »
Equation 30 bécomgé: )
\
(pi' - Sopz) - o . .
. CoViwlp ————— " + 8§ -1) - g.(a.p, * o, (1 - a))
ap © S.py P : : . '
. ‘\\,,f' 1 - P.V‘a — s._.._.__\_ P-n i
- Y - R.c
\\‘

-

Let us.iﬁ;roduce the dimghsionlé;é_length Z* and the rateJGf’

evaporation of water per unit volume:

of. :



e d

30

aw,
V- e (36)

w.R*.L.d2x

: v, (P- - S-p:) dwz .‘
- (p +§-1) — “g.(a.p, + p, (1 - a))L
dap T.R? S.Py P2 dix '
= - , - (37)
dzs . . a (1 - n)
1 -p.V,? — ~—— pP-" -
pz R.C :

‘The pressure can be.obtained in the boiling zone by solving

Equation 37 if dW,/d2+¢ and « are known. . :

Y
b

2. Void fraction.
« is not known but it .can be estimated with the
modified Darmouth correlation for vertical upward cocurrent

annular flow as _proposed by Turnef'(1966)f

ja* ' j. % ‘ I _ ,
- - - =1 _ (38) -

1-03.1 (1= a) 3.1 (1 - a)

Where j.* and j,* are the dimensionless volumetric fluxes

defined beléw. :
Joko= - = and”™  J.* = — C
'Vg.Dlp:. = pa) e - Ng.D{p, - pa)

PO

W

LR I e R g i e e L
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3. Heat transfer coefkicient.

The heat balance at position z is defined as follows

(refer to Figure 3)(‘,

qQ = U,.m.D.dz (T, - T) =.X.dw, + (W,.Cp, + W,.Cp,).dT (39)

T is the temperature of the liquid at the interphase. It is

. slightly higher than'the vapor‘temperature'due to the effect

of -the boiling po?nt rise for solutions otheg than pure

-

water.

‘ 'Equation 39 leads to: . )
t * )
| aw, ar
Us o M.D(T, - T) =N— + (W,.Cp, + F W, .Cpy) — (40)
dz ‘ dz . '

Introductién of the diménsidénless length gives:

v

T aw, .dT. dp.

U,.m.D.L{(T:s = T) =A— + (W, Cp. Cp:) — — .(41)
7" & - dP dZ*

dzx*

-

) Recall Eguation 31;

T =c.B" . and T =c.P



‘\c,s‘ f o 32
4 -
Condensate
— Td — ’.— — — - —
. A
-1 Ts -
T dz
J vapor N |steam |-
. | . ‘ D : . ;;.algndrxa wall
N

Fig. 3. Cross section of the evaporator tube in the boiling
‘zone, = ' . ' '

°
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ar . ,
- e—EnL,C PR . . U . .. SR . o - (42) :
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By diffefentiaeion with respect to P we obtain:

dap

N

!
Introduction of Equation 42 'in Eguation 41 leads to:

1 \ W, - ap
Ur = - - + (W,.Cp, + W;.Cp,)n.P""'— |(43)
T.D.L(P," - P")| c dz« i dzx
g

Equatibn 43 will be solved numerically together with
- . :

- Equation 37. This will give values of the local heat

transfer coefficient for the boiling zone. These values of

" U: ', after being correlated, will be used in the testing of

the model to evaluate aw, /az#.



-

V. RESULTS
'
A. quuid zone.
i. Experimentation under atmospheric prESsure. ' ~
. Seven different flow rates of water were used, the
system was kept at atmospheric pressure and the steam

pressure set at 1.3S7~1Q‘ Pa absolute. When a steady state

was reached, the temperature was recorded for a period of at

least 15 min. An average value of\the temperature read by
each of the 7 thermocoUples over this. period was taken.;The
temperature fluctuatlon, which was nil for thermocouples 1
and 2, increased wzth the distance to reach a value of 1°C
at tﬁermocouple 7 (exit temperature)

The temperature .profile along the tube as a function of
the dlstance z is shown for different flow rates in ‘

Figure 4. From Flgure 4 it appears that the lower part of

.the exchanger tube W@oes not seem to be effective; this was

probably due to the fact that the flow was laminar prior to

the heat transfer zone and'the thermocouples placed at the

. center of the tube did not record w temperature change.

After a short length of heating, ‘the tube being vertical,

‘convection occurred ana the\velocxty profile was no longer

parabolic.

pe

*
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Recall Equation 12:.

;)A,

Looking at Figure 5, showing 1n(T#) versus V\* P oyan see
that for a glveqfflow rate 1n(T+) can be apV\\ﬂ?ﬁgveq Py a
second degree pQﬁgnomlal in Z*:

In(T*x) = A + B.'z.:f + C.2%?

N

. The coeff1c1ents A, B and C for each flow PR\A Jik glvzn ip

' Table 1. Z.% is the root of. Equat1on 44 whgq Af/ {n Qpé

1nterv’i [0, 1]. It g1ves the dlstance at wh\ﬁﬂ V&g hast
transfer apparently starts and reflects enthAAfJ &ngQLS.

| .The 1nlet conditions are known, therefq\ﬁ JV& 1H1£1a1
Peclet Number (Pe;; is kﬁewn

‘Figure 6 shows ‘the values of A, Baend Q Af%VMg 1/fe..

. The lines represent the best least sduares f«A J! A R and c

N

function of 1/Pe; for a regre551on of-degre& JV& ‘A apd

.degree 2 for B and €. The squares of mult1plA§¢Jv&Ql&t90n

coeff1c1ents are, respectlvely, 0. 992 for A,J f%@%s fa{ B

. and.0.9985 forTY

" | (44).

L N ittt 5 Pl KO i e

<
#




~ 1n(T*) . ' Lo | Flow rate
2.5 by : ) ‘7- ' . (kgos-“.1oa)'

0.88

: 2.0 4 | ] - R R

Ly 1.47

1.97

.04 = ‘ | b |

; | | . S Lt S 340

K 0.5 , Ny ' 440~

1%

O-‘v T |. : : | - T ) - |

) I Fig. 5. L1qu1d zone: 1n of ‘the dxyens1on1ess temperature
S _ ; Tt versus the d1mens1on1ess p051txon 2% - _
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Fig. 6. Coefficients A, B and C from ,Eq‘ﬁati-on 43 ;.v..g_ﬁ%m .“7
. ' .. The curves represent the best least squares - - = -
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. 2.'Experimentation under vacuum.

’Vacuun. 1f;. we degnss:d t

‘tewpentwre profxle unde_.‘ ,

. . . . -
’ . -

. : » | . . .
This eguation permits the pvaluation of the local Heat
transfer coefficient in the liquid zone when no gas bubbles

are present.

-

v

When using the evqpoéntoffundér vacuum vith vater from

the tap, we found that thi tehperature increases faster and

j ‘
“earlxer than predicted unggrg;mqqpbqpig_pressure.\‘

Loaklng at the lxqux zone, we can geé a-mplkiéudé of

’

re released £rom'the vhter undet

tiny bubbles ot gas vhich
‘vater before’ evaporatxon, the

‘acuun remamtd the uu’ for

-ffatnetphlrie prqssute, a8 houn in ngure 7. The heat

-4
LR

-

":trandtnr %h'the lxquzd zdne . is 1ncrcascd by the grelencc of

&
L
“3
[

PpYa

A v 0.,01698 - 498.9/Pe; - (45)"
[N S T |
o o _ ~
B = »-—0.0'5& + 9445/Pe, + 5.22 10*/Pe;? . (46) .
C » 0.238 + 755/Pe; - 135 107/Pei’ i | (47) .
& SR - A
Now Equation 12 becomes: )
¥ *
pe, ' . ot .
Nug = —(B + 2C.2%) : - (48)
8 : - |
- _ | 7 j LA
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gas in solution atbatmos:p:her'ic pressure thch is released
under vacuﬁm to form tiny bubble'é creating turbulence in the
l'iqu'id. Unlike the atmospheric pressure case or when using |
e ~~1§e§assed water, th;e-~ tempe’rat-ure-x\%%es immediatelyat the

bottom of the tube.

A nev set of equations for the liquid zone using water .

»
oL from the tap was developed:
»
i - 1n(T#) = Z* (B, + C,.2%) ’ | ‘ (49)
~with B, = 0.3851 - 6739.3/Pe; ' (50)
and C, = -0.081 - 1719/Pe; + 3,12 10 /Pei?* . QS’ w (51)
“.:_. ‘h‘ ‘- . .
> B : : : ST ‘
o : w -
In this case the Nusselt Number is given by:
.v’ ’..' L ‘- ‘. Pe . | i ' . - -v - ]
o '_ o NUI = .—-(B| + 2C| o>2*) . . A‘ (52) N
) N . 4 , . e, ~ . ._’ . . . . . ) ‘,..
'l‘hrs eguanon permts the evalnat:ong the local hea
transter coethcxent m the hquzd z when gas bubbles are

,0‘- .. . ”-.

;eleased under Vacuum. .".“~“_»:_'r~t e
f&;mtzon 44 or, 49 \ull be used m the tesfmg oI o
,1“tov'fictermne vben the bbzling temperature 1s ruc\":ed
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e - . 3= 1 S e s o

. fk‘

B, Bbillng zorie .

Aqhality increases linearly with the distance, therefore the .

distance:

43

In the Theory section we developed the eguations

B "“ .-“ . .
'controlling the pressure drop, the void fraction and the

heat transfer 1n the b0111ng zone, Now we have -to solve

v

these, eqgyations to see if they lead to values consqstent

with the xper ent.

Experimentation in the boiling zone was conducted with
. . .

water entering the tube at a temperature correspbnding to:'
the boilin%jpoint~in the,syetem (depe;aent‘on the vacuum).

Both heat tranefer and preasure dtop equations contain:
the mass flow rate of l1quld phase and vapor phase wh1ch are
a function of the position in the tube. The on&g pos1t1ons
where we know these values by exper1ment are at the inlet
and at the oulet of the evaporator tube.

As-suggested by Wallis (1969),.we can' assume that the.

mass flow rate ofithe.vapor increases linearly-with the

¥

\3

W, = Z¥.W,exit T e (s

— #w,exit o (s4) - @
azs e . Lo (54 8
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»

NowAEquation 37 can be solved numerically using a 4th order
Runge Katta method to obtain local values of the pressure
along the tube. Then the temperature 16 the vapor phase can
be. calculated from.Equation“31; . |

As the distance‘Z* iS'inc:emented at each.step of the-
numerical 1ntegratlon, a local heat transfet coefflcfent U:
is evaluated frOm Equation 43,
| The deta11ed computer program is given in Appendix B.

Figure 8 shows the approximate temperathre profile
obtained by numerical solution compared to the experimental
temperatures from Table 2. The valueSoqf the local heat
transfer coeff1c1ent U. obtalned from all data- (var1at1on of
feed rate, vq;zgt1on of steam pressure,_var1at1on of vacuum\
Tables 2, 3 and>4) appeared to be the same for a glven
position'Z* Table 5 show the mean and the standard :
deviation of the estimated values of U, whzle Flgure 9
repreSents the best least square% fit of the average, heat

<

transfer coeff1c;ent versus 2% for a regression of degree 2.

(square of multiple correlatien coefficient'é 3.9999).
A e
'O » | |
Ur = 615.5 - 112 Z% + 41,55 Z%° 3 * ° (s55)

)

Y. can be aisofrelated to & in the following way: A

Us = 615.5 W.m-?.K-' for & < 0.64 .
e o | 56
- U: = 805.44 - 295.4 « for 0,64 < a < 1

'S

e

PR VERFUUY S 3

S st




RIS
45
T(*C)

iy

-va}ues as per Table 2.-

, Temperatute pro£11e in the boxlxng zone:

The solid curve represents the numerical solution.
The vertical lines represent the experxmental _

N A
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- V1. TESTING THE MODEL

When the evaporator is gséd under vacuum and .the feed

introduced at a temperature lover than the boiling

‘A, Distange at: which boiling starts.

zone, dependlng on the presence or absence of gas reIeased

 pos1t1on._

Tat
1

.. Equation 12 gaves.

_temperature, the known parameters are: . . . __ .

-initial conditions (T , Cp , ki)
-feed raﬁélﬁ. o ‘
-vacuum in the system P,. .

-steam préssqte Ps.

-Equations 44 and 49.

parameters to be determined are the following ones:

N - ‘ ' N . ' - )

®Zbx = distaﬁce.atvwhxch'bo111ng starts,

“-q,ex1t = vapor rate at the outlet of the evaporator.

--Texlt = temperature at the outlet of the ev.porator.

&

To dete:m1ne the temperaturt prof1le 4n the liquid

4

'under -vacuum, we have to solve Equat:an 12 uszng either

'ln(T*) as a tunctxon of the 1n1t1a1 Pe&let Number and

¥-

»

- No - bubbles tn—the lzquxd zone. -

51

' Equat1on 44 (no gas) or Equatzon 49 (w:th gas) to. evaluate,

~ . ' ?
ez S .
dln(T*) ® —— [ Nu,.dzs St s,
: Pe. R L A -
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52
Introduction of EQuation 44 gives:

4 f[2+Pe | $.
In(T+) = — — (B + 2C.z%)32¢ B ]
e Pei JZ.x 4 S 3
dntegration with respect to 2# gives: f
: 1
. R 1 : : 3
An(T#) = [B.2% + C.2%7]) B (58) ¢
U Zo* e 3
'.r_'.'d | T ﬁ ’ 4

In(T#) = =B.Z,% ~C.Z,%2 + B.2% + C,I#? \ (59)

; } = : | o
The’ computer program of Appendzx C shovs the case when
no gas is released. - '
The coeff1cient A is evaluated from an average value of

z * for the f1ve lower flow rates as g1ven in Table 1:
Ar-zsBrcan '
The. values for the two hzgher flow rates were not used

" begause such, h1gh flow rates are not encountered wgen nszng
the evaporator under vacuum' the temperature at the exzt

' belng lower than the boxlang poznt therefore no. evaporatlon
Aoccurs in the tube.-, o

-From the vacuum in the system we knou the temperature

s'ffat wh:ch bozlxng statts (the vapor follows the séturatxon




s st Lo

e s e o S . S 0.8 T

‘curve).

-The boiling poxnt rise due to the congentration ot the

feed has to be added when not using pure water.

e -So}utton*of~8quation-59 !orwthatdtemparatune_giues"us___,AH.“

the distance zbs at which the boiling zone begins,

" 2. Bubbles released in the liguid zona. -

Introduction of Equatlon 49 in Equation 57 nges'

'r_A .’
1% , o :
ln(T#) = [ (B, + 2C,.2#)dzx . . (60)
0 . .
Integration with respect to I# gives:
oL N _ » N
CIR(TH) = BiuZe.+ C,.267 » o (61)

‘v -

=

Solution of Equation 61 for the boiling temperature as .

.defined earlier gives us the aistshqe zb* at which boiling

»

_starts.

. ®

\\._, .

B, Temperatune and vapor rate inﬁ?HE'bOITIna'zone.

In the Results section, we used the.ex@enimenéal value

of W,exit to determine dw,/dz*. Now dw,/dz# is unknown and

-we have to use.Eqdqtion 43 to determine the éhadgé-of_vapof

flow rate with the positiom: hd

o : .‘ . A 4 ’ R .‘




&

A

A,

8 54
s

dw; x*.D.¢.L.U; (w| .Cp. + W, .cpg)n.C.P".'. dp

dzs A ' SO aze

K

w1th U. ngen by Equat:on 55. ‘ .

e e e o e e

o

-startteg at Zs=Zb* we solve numerically Equations 37
and 62;using a double Runge Kutta 4th order method.
-When Z*=1 is reached ~we know the pressure at the exit,
therefore the temperature, and we know the vapor rate
I Woexit.’ '
The computer program to evaluate these~parametere is;'
given in Appendix C. |
Table 6 shows the comparison of experimental results
vith- the results obtaxned from the model using Equatxon 4’
in the liquid zone and: lcity water as medium,
We can see that the agreement is very good,athe maxzmum
d1fference for the dxstance at which boiling starts bexng
3:5% while the maximum dxfference,nn the vapor rate at the
exit of the evaporeto{ is 4.43%. | A

. Table 7 éhows results obta1ned for degassed veter us:ng

Equation 44 in the liquzd zone.

;§yenhghenkusingﬁdeg _ed uater, the boxlxng starts L3

[T -

little bit earlier than predicted numerically, pr

be%ause some gas is stllI prepent in the feed (th feed'tenk

being held at atmospher:& prenure. some. gu vent back into |

-

"~eolutzon dnring the. proc@ss).

- &
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C. Testlng with lfquid food.

The model was tested Wwith sucrose solutmons of -

different concentrations and tomato juice. We chose tomato
—_— - -‘juicethecause'it>&s”well~known"&n*the~food~industry—aswheingw]

a product d1ff1cu1t to evaporate dge o the figh proportion

of pulp it contams. The results ‘
Y% ¥
7 The sucrose solutions were;

Shown in Table 7.
legassed and the
dxfference 1n the boxl;ng posx -betveen experiment and

calculataon decreased when the concéntrat1on of the feed

;%?' . increased. ThlS is due to the vxscos:ty eftac the more
et . viscous the product is, the more d1££1cu1t. TE%?E}ithe,gas

- : R T R
e to be released !.-ﬁ;ﬁlbv ' *-\“1j'ﬂfﬂ S
ST I _ . . : L ‘

For tomato juzce ‘we could not use the rotameger because"
. ~ . e

of the pulp present 1n the feed- lﬂd the c\»or,/éhe feed rate

- weight of the
feed tank during the process. ?;. . ;) o '_b; s P

> . ‘,\I.
.

o Even wmith the problems created by the release of gas

4; o was determzned by record1ng the decrpas g

, . | bubbles in the lzquzd zone uuder vacuum, we can. see from
o - .'rable 7 thawe dtfferences between the experzmental* \;lues v
ETET _ ‘and the cdmputed valuepﬁfdk the d1stance at whzch 5°i&553

»starts and for t‘ﬁ&vapor rate at the exit of the evaporafﬁr

Lo "fd"'; is always belov 10% Thls is very good cons1der1ng that the

K¥A

e T error on the feed rate reqdlng canabe 3% and the error on-
. o - the condentrate rate is betweenxzx and 5% depend1ng on the ; _

«rate at whlch oondensate enters the tecexver. The ‘error on

"j . the vapor rate, observed exper1mentally at the ex1t, is then

: ' ,betveen 5% and 8%.‘ T | ) - ',gv-ﬂfﬂbn
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Vil. DISCUSSION OF RESULTS

A. Liquid zone.

In the development of the equatlons to determ1ne the

heat transfer in the liquid zone, the Peclet Number came out

naturally during the dimensionalization of the equations.

All the initial conditions are known: temperature of
the feed, :

feed rate, heat capaéity and thermal'condugtivrty
*of the feed at‘the 1n1et temperature, but some of these

quant;t1es vary along the tube and are tﬁireforq unknown for
"""i’ Sy
Fa f;g p051txon 2+ ¢ 0. This is wﬁy i?wisagdvantogfpus to develop
A nr

the equat1ons using the 1n1t1a1"

= (;ﬁ -

In the liquid zone, we_ obtained two equa ioms aut
correlatlnqpthe Nusselt Number to the 1n1tlal Peclet Number

and the posxt1on 2%, whé.‘ two. equatzons are of a s1m11ar

1form but differ-in the1r"'~ff1c1ents. Thls is due to the

-

)
QA
fact that we used the thermal conduct1v1ty of l1qu1d water

in both cases, whlle,-when gas bubbles are present

the :eal
value is somewhere between the thermal conduct1v1ty of the
l1qu1d and the thermal oonduct1v1ty of the gas..i &

In Chapter 13 of B1rd et al. (1960) the sowlon ‘to
d - 3

“the Graetz equat1on, as proposed by Leveque «applles to

lamlnar flow 1n plpes. kt is as follows. )

- RS 'i »EF'

. - | (
o
Na '

58
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Nu, = 1.62¢Re.Pr.D/L)*:'??

'withrNum = nm LD/k

”
o

.- . v...\__._ e
\' .

In our:qpés'fhe Nusselt Number:is aiso'e'funcoion of the
Peclet«Nuiger (Re Pr) The flou in.the 11qu1d zone being

1am1na: thxs supports the valzd: "&‘our qbdel because the

equat1on we developed is s1m11er o -the Leveque equat1on.

¥ the 1liguid.zor® when the system is under a é&ospher1c
.‘:pjiﬂﬁdft or when us:ng degassed water, we -found that the
.temperature at the center does not fncrease 1mmed1ately. All
the'flow rates 1ﬁvestxgated correspond to the lamxnar flow_i(
_ zone (Re < 2100). As is well known, the w.loc1ty.prof11e is
parabol1c for lam1nar flow 1n tubes. The &emperature profxle

'for rad1al heat flow from the wall of a ‘tube is 1em1nar as

welL~ th1s expla1ns why the thermocoup}e which is s1tuated

; 'at 15 cm from the begznn1ng o: the steam jacket at the

center of the tube records almost the ‘same temperature as'
R

‘the thermocouple located befagg the heatzng .aone, Hogevér,
&7

-

"pafter a short dxstance of . heat1ng, natural convecﬂﬁon occurs

. and the veIOC1ty and tempereture profxles ar; mod1£1ed In
"Fxgure 10 the solxd curve represents the parabol1c veloc1ty
,’proflle encountered in 1am1nar flow, whxle the shop dotted

P v

'.curve represents the theoretzc!g veloc1ty proflle whzch
:s{uould be encountered 1n the heeted tube fxlled w;th water
"i(ﬁith a zero flow rate) subject to natural convect1on. The

5l_ dotted curve represents the resultant veloczty prg{;le

(AN
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which is supposed to occur in the tube\after a certain .

distance of-heating. It can be seen that this profile, which -

o longer pafabg;iq.

X
k) :

ie the sum of the two brevious ones,kis
and is elose.to@the-veloéitﬁ.p:ofiie-encou tered in
turbulent flow. | . |
Wﬁen working under vacuu‘iﬁ%ﬁe release of\the diSSOIVed
gasesiprior to the ‘heating zdne'creates a turbﬁl nt flow
velocity profile before the lxqquﬂgnters the evap rator
tube, and then the temperature at the center rises
immediately as confirmed by Flgure 7. Thds phenomenon Ne
as cr1t1ca1 for solutions of High v1sc051ty, 11ke sugar

‘solutxons and toTato juzce, as for water because the r151ng
veloc;ty ‘of the ;aubbles is louered by the v1scous drag and |
for hxghly coné§ntrated sucrose solutions &nd tomato juzce

vﬁéﬁifhe bdbﬁies travel Eﬁmost at the same speed as the lzquxd .
| reducing tﬁﬁlr agitation effect oq the veloc1ty prdflle.
In the Results sectaon, the model was_ valxdated usxng

B Ty
water. The dimensionalization of the eguat1ons was done to~

.lfr

take into account the influence of the change‘1n phytlcal ."
r.e

propertxes which will appear when. using other lquId .ot

;products (v15cos1ty, heat capac1ty, ‘density and thefmal s

Fad

conduct:v1fﬂ§ This ig why the modea gave good agrevmeﬂt*=~

 w1th the exper1mental values when tested wzth sucrose

solutions and tomato*ﬂhree

&
-

-
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n.'BofI}ng zone.
In the boiling zone a first attempt at modeling-vas
made usxng the equatxons proposed by Wallis (1969) which are
'%1 " concerned w1th separated flow w1th phase change. The model
dld not work regardless of the repartition of the force for

. momentum increase due to phase change between Stream 1 and

‘Stream 2. The obtazned pressure drop was always toé\h gh and

as negative (below freezing). .
In the equations proposed by WaJixsf?qpe drag force

exert by the tube wali¥'on the vapor and on\the_liqu1d and
the drag\force between the two componenta‘(liqUid and vapar)
have to be valaated uaing the Loakhart and Mattinelli

+(1949) carrela ionvyhié% was established for isothermal
'awo-pbase,.two—c ponent-flow without phase change. In our
case these two hypo eses cannot be mgde: the flow 1s not
1sotherma1 and the pha e gliange 1s.véry 1mportant.

by Malhes (1975) were:

k\\\\ friction and body terms can be

. inertia and phase change.

K
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W /W..(l-a)/a rema1ns constant. L

. AP 63"

. .
~
A / ' .

The introduct1on of V, and V, as per Equations 20 amQ ‘g,

21 nges.' -
LN . ."
P, G, (1 - a) ,l : o , >
S = — — , N g
va G! a ‘ ."lv‘, -t
o ‘ A
The mass fluxes are related to the mase flow rates as
follows: |
G, = W,/(%.D}/4) and G, = W,/(%.D'/4) - .
- i ‘ ™
We have nowt P ‘
. - :';' G
. T ’ . N ﬁ
S = — — —— - -
Py W, a
. ‘ . _ 'y
we can see that an 1ncrease Jgn W, is compensated by an
i.' ) R M

1ncrea5e 1n a, wﬂﬁle the decrease in the value of w is

~

compensated by a decrease in (1 - a) Then the expresszon

The slip rat1o is then proportxonal to p‘Ap, whxch can  '

‘be assumed constant for a ngen exper;ment. B

3 f
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For this mbdei.qhe void graction/had to be determiged
from another. equation. The Darmouth cerrelation modi}ied by
'Turner (1966) was approprlate becaUSe it is given for
”vert1cal upward ‘cocurrent annular flow. It is developed
assuming that the regime in the.annular\flow presents
viséousAand'surface—tensipn‘forces wh&ch\ere'small, and the
fluid dyngmics are;governed'by a balance between hydréstatié
“forces ahd inertia forces in the gas and the'liquid This is
compatible with the assumption made by Levy (1960) that
1nert1a and phase change terms are. usually much larfer than
friction and body terms when rapzd evapqratxon occgrsv1n the
tube. o | ‘. E \'. .
' This ;hoice of*calch&ition for o was fprfhercsupported ,
by the fact that all our experimental values-for the Y
\ - dxmens1on1ess volumetrxc fluxes Jo¥ and 3,; were ,}thxn tHe
\ - graph givern by Wa%lxs (1969) represent1;g the tggge for
. whxch the equatzon prdposed by Turner (1966).&8 val:d
: . R 3 S ' S
~ : . . *-
b c About the computer pnognams - : 5

b . . In the numerxcal evaluat1on of the pressure in the-

.

bozlzng zone' (see Append1x B) the step size used. in the"‘

'jKutta method uas set at 1/20 Th1s chozce 1s*not an-

%rb1trary one. A series of tests vere made on the same set f'
- . of data for ﬁafferent step sxzes of 1/5,. 1/1Q, 1/20 and

1/50"?he ndherzcal values of pressure, heat transfer .

coeff1c1ent qnd voxd fract1on at the etit of the evaporator -

Y - .
> ‘(ztsi) were compared The dxfference between valueg: obta1ned

—
‘- . - . - \ .
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;”; ﬁ‘size,bf'1/5”and values obtained for a sﬁep'sizé
5t71/10 was about 10%- the differehce between.a step size of

1/10 and a step sxze of 1/20 was 2%; while the difference

~“_—_-~_~—bgtween-a “step srze»of 1/20 &fhid—a- step size of 1/50 was less -

* than 0.3%. A difference of 0.3% being a lot smalder than the

preczsxon we have on exper:mental data, a step si'ze of 1/20
was chosen., A step S1ze of 1/50 could have been used, but. 1:
would have requxred~more computing time and greater expense
for a gain in ptecxs1on which is not sxgn1f1c¢nt As stated
earlier f¥é§ling the model sectlon), the error on the vapor
rate observed exper1mentaly at the exit of the evaporator is
between 5% Ind 8%.

1In Append1x C a step size of (l-th)/ZO is used. Thls

is smalli#bthan 1/20 and_,’ are sure that the precxsxon of

‘.,

the numerical solutxon,z .
3 e

east as good as the one
obtained in Appendix B. e
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VI!i APPDICATION TO AN INDUSTRIAL. SIZE EVKPORATOR
Data for an 1ndustr1a1 size evaporator were provzded by Dr.
'Merson of the Department of Food Science and Technology,
Unxvermty-;;Callforma, Davi‘. Calafornza. 'I‘hey are .
summarized in Figqure 11, L.

AN

A. Description of the evaporator.

* A schematic diagram of the evaporator to be studied is
given in Fiéuré.11. ‘

This evaporator is used to concentrate pinthple juicp
from 13.5;Brix t6'62'Brii»§$ a rate of approxim&tely
5,000 kg/hr.’ | . ’

As.can be seed on the diagram, the evaporator is
composed of 3 cbnéecutive sectiphs, each section havinéAmb:e

tubes fhan~;he.pveceedihg one to permit expansion of the

:‘vipor and ‘ensure a climbing film pattern during the entire .

‘process.'

‘The pnly known parameters are the 1n15t cenditions, the

outlet condxtlons and the characterxstzcs ‘of the evaporator

ﬁ(tube daametér length,,thnckness and number).

The feed 1s preheated_betore entering the

Ty e
- evaporator (115‘C) . N '
e 'I‘he pressure at the’ outlet ‘is known- #95mm Hgl .The

your glass d%aporator is 47,6um Hg for the 2’

.

ptessure at ‘the 1nlet,of the evaporator is unknown, and an

GPPropriate value can be est:mated by analo o

szngle tube glass evapbrator. The average p

44

4

L
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= 5004 kg/hr at

' 67

1.22"‘“ . .
-1 495 mm Hg. - .

o wwer con v wme e v o

2.44m{ | | 156 tubes

.
-

111 tubes’

/'Y et

%66 tubes .

e

. ‘-;—-f30° cone

co

- 115,5°C,” 13,5°BRIX

absolute ’ f-A7

-—-— ol =i oo -
;

- anen wn oman oh oo o> an
I

'1087 kg/bd. ¥ —
concentrate :
at 62°BRIX .
- and 87.8°C .ow
‘vapor. .
3917 kg/hr

¢ .o o . ,"

. .;_," L cae ., "_. BEREEIN
< L 4 . L .- e ‘

"Fig. 1. Schcmé?%g:diu@khm of the industrial evapdrator, - -

Y
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Y
- {‘x 3\ . K 1
. N - tJ‘e//// } ‘? { 2 ‘ Q C '-.
added tube length of inﬂustrzgl evnporator is 6. 7n- the ‘
expected pressure d op will be close to 119.5mm Hg, vhich

]
. added t° the outle Pr-!!f?rsi_ gives an japproximave inlet

“reay: ,,,_ e
-,l
Ty

fo e
R I
~ '9"}%;;.;.‘
-4
A
-
b

prossure of 614, SAr Hg. This correspénds to an inlet

temperatufe of 94°C. Because of thmt, flashing occurs in the ¥

conical sectxon precedung the First set of tubes, so a

. .
mixture of vapor and liquid rhaches the first scction of the\,f

evaporator and two phase flow is pr.n‘nt all along the tubos

in each section.

P

B Metmd

In of

calculat ton

dcr to apply ovur nodel to that evaporator we have
| to gofsider each secti lcpnratcly. . o
O toso

e assume that thﬁvf1°' is equally d;stribulod apong
) J

the tubes in each icctfﬁh We divide thc total flow by the
- Ve

R,
numher of tubes presquf in that tcction.-

.‘ % IIe apply tpe nodel tior one t:ube (abtcr nodxticaticn t
the character;stics of that tube leugth dxanetcr nnd 6 s

“w

transfer coeffzcaent) ;
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A : \ 1 . o A,‘u- ‘ F'% 7.1
| -2, nvnl\utxon of the heat transfer cocfhcu?\t. ‘ ' ‘
; - ) ‘When th' model was ‘set up for the@smgle tubl glas,»lfzmgl ‘? ¢
. &quorator, an qvetall heat ttansfer‘%é‘oeffxc,;ent between ﬁ? K
& 'steam outﬁde .the tube and the vapor g‘&qid& agxs t‘%e\\xo '
! ) {evsluated. 'rhe rcsistaﬂc? to heat transfen"!s composed of , R
— ’f;-’_—':t—hﬂe—fe#-rstﬂeeﬁ—ia—se{—}m one_through the film of — ‘ '
'« ts condensed steam on: the ™ é‘m siger on; thrd\hh the wall of '
‘ ““.".' the tube itself and ong thr‘bugh the film of hqu:d clmbmg ‘
‘;w tm ‘mtide of tho evbpora'tor tube.. T - “ o ‘_».’ ~ *
i J!Wg have to. uae the valuqs obuined for the smgle tub by
__ determine the heat tran#er coefchien‘t !
' | » rial.ﬁevapbrator., . ‘ N :"}’ N ‘l".'f'.' ‘
:_&,: < '..\,,,; zf. e kr;ow;the tha*p mthe wq,ll and txe matenﬂ .
ﬁ;t 36 mde oty the risuﬁanu th:'.:c.mth t'heﬁ y:l{l cangbe .:. ™ P
’ &g evaluat.ewut ’he reszgf'im;n :.m the steam‘ sfde‘end en tlu '
hlm 'sxde are 2)3: d.irgct’lyw Qvailahe. Py w_"" ‘--w.‘.-" & :

f' Q ':, of éhc tybes beiﬂggmuégx ngﬂbr thafi the




_ with x4 = 1.53 10-°m and ki = '1.163 W.m" ' K-}
. o * .

. . .1"3 ' - ‘ ‘
- : . o . A ;!;'

-

5 4’ . 9 ¢ : - -
m;;a, ,w_.u__4;. S R TAIEC I

2 0%y /ky + 1/h. o T

170 =" 1/h,

ac R 4 ' - B ) : : L
, : , : S
» . . . .‘ !
" With AXg='1.27 10°°m and ke = 15 Wom~'.K-" )
. ‘ . . v %
- Let ug assume chat the heat transfer coefh;x ts on the P

_ - Steam s:de" 2P mular m both case and L ag the heat . o S
A -"‘O"‘v . R
e traﬁtfer":m the f1lm is ‘the fo; a given void S
o “ o e . LI % ) ) . '
fractxon a. ‘Eg&mmaporr of thos: two tactoré between’ D
K] & -,‘.u ¢ 5 . ) .

E squetigﬂs 65 and’ 66 gayes* I P AU SO
' s S BT,

e o L . . N : ; ‘ .
e 2 1/Us = 1/Ud + s /Ky - Axa/ka = S LR
Y B : ‘.", ‘ ‘ O T '\ a . l f

S o T . o - R .
~ [T i e Lo » Coe e o ‘: P .
. Ce o . . . . - * :
o T .o R e . . T . . .
- .

0)15 known for dlffe:ent vaers of the VOld fractwn d. E

(tefer : ‘I‘abIe 5)« Then 1/U. and fherefore Us. -can "be




R — —
. . - o
. *

Us = 2539 W.m-*.K"' for w < 0.619 . _ S
U = 4657.1 ; 3423.7 @ for 0.619 < a < 1
e ‘
4

-
.
‘e . . \ .

'rhe square of the multlple correlatzon coef.nc;ents for the

B Lu's; WMM squues_tmys 0,947, ___i R
' . 3. Results. L : ‘ o .
I ' ; e 'rhe program converged pfter 5 1ter\t1ons. 'I‘be va-ltxes of
o -, the con’cegtrate rate, temperature and 'an art the e;,u Qf
' each ‘se‘twn are given in Table B. F, S J '
'45’":.,'The values for Setnon 3 cortagond to a. 'Brix of s l. N
4 62 24, whxch 1s‘only UM% hagher than':the expenmental ’
: ‘i o ' 62°Brix. . . S . T : e \ u,J.

'k\,;pg at the- Vapor rate duf.etenqe between tne modeh\ﬂ&ﬁ@‘
e -~

i
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% 'rhe results of th1s investigatzon indxcate t

poss?ble to pndict and control the performanag:‘« "

,‘ ¥ jmbihéﬁ f:.lm evaporator, assuming the character
: terial to be concentthted are knpvn. . | } |
; o 'rhe heat transfer m the lover l:quid »zone ia the' R f'lt_',;‘_':va_,;;‘._
‘ nn&st ‘to sol?;e becaqse it is. cmtrollcd by very veli kho\m ‘
“* rﬁ%\tgt“g ”(dn this mrtm IVIpcmbT varks 1ikt a ’nm ‘—-'—"’f -
Fy qx;haﬁgbi’) It wUs more. difflcult to’ solve- the p:oblem fpr Sl
'- ?t@cgf-ph ufla;ra;e ionvhjre ng s-ﬁtppg‘s‘.g_u % ' ”3]
" "btgéi:bﬁ'n"i ghve for ¢! ;kind os évapot : ’

‘cguﬁﬁud in wagcr ;,ooh‘
: %. f r 'hry gi‘gh
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APPENDIX A. .
S e e, -
° Data.. -
' ' i ’
" {.
o . i R o
Q. -
A Temperatur\e vs pressure for the vapor phase s

o
The values of temperature VS pressure as g1ven by

Loncin and Merson (1979) were used to derive eqguation 31:

The temperatures were converted to absolute temperatures

(K). |
| The first degree best least square £it of 1n(T) vs

' In(P) is as follow-

In(T) = 5.11659 + 0.06978 ln(p)

®

R 4

The square of multiple correlation coefficients is: 0.9992.°%

AL

 hfter exponentiation we obtain:

N e

T = 166.766 P°-\¢*?:

. B. Latent hed'“ vaponiZat ion

The values of ehthalpxes of vaporxgatxon as ngen by

-Loncxn and Merson (1979) vere used after converszon to
‘

f"r_ . -:i ‘» ‘ ‘ _ e

83

PP SO Y

PRty

nkeabid 128N
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84

absolute. temperature.

A first gegree best least square £it gives:

o N 3T38665.7 - 23T o

/,

The square of multiple correlation coefficients is 0.9955.

C. Boiling point rise of sugar’?utions.

N
The molecular elevation of the boiling point as given

by Weast (1974) is used. For water it is equal to 0.512'C

.
)

per g-mol/l. The molecular weight of sﬁcrose is:342.3;'

%Wt /%vt  g-mol/l ro)
17 1 0.530 o;;;' e g \
T8 ©0.736 0.38 -
-~ . ) ¥
Co ¥
33 10 : 0.56 _
40 ; 10375 0.70 “

D. Thenmal propert ies ..

The tubes of the industrial évapqrafor are made of 18
gauge stainless steei. '

Longin and‘Mérson (1979) giQe'a.t§Prmal cénductivity

for stainless steel of )5 w.m“.K;‘.

*>o
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The thickness for 18 gauge U, S. standaqﬂ plate as given
by Weast (1974) i 1.27 10 °*m. .‘

Weast gives a value of thermal conductivity for
borosilicate pyrex type glass of 1.163 W.m"' K-',

The thickness of the tube’ of our evaporator was not
directly available. The outside diameter was d%cessible for
measurement. The inside diameter was evaluated by measuring
the volume of. a given height of water:'this volume was -
divided by the height to obtain the inside cross section
which®was uséd to evaludte the inside diameter. The
ﬁhickness is the difference-between thé’outside radius and
the inside radius. It was found to be 1.53 10 °’m |

Loncin and Merson (1979) give a value of

_ » .
2,030 J.kg"'.K"' for the‘xégy capacity of the vapor at
100°C. This is half the valpe of the specific heat of liguid
water at the same temperature. When the concentration of the

' .
liquid phase increases, its specific heat decreases. Because

the heqt absorbed by the liéuid‘and the vapor phases }s

small éompareé to the heat of vaporisation) in the cbmbuter. 7
'p£ograms we copsider that ﬁﬁé specific heat of the liguid is
identical to that of water while the specific heat 'of the ka\

vapor is taken as half of th1s value.
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APPENDIX B,

————

Computer program.fpr the boiling zone.

> . ™
i 3 i '
-

computer program evaluates the pressure drop and the

heat transfer coefficient in the boiling zone when

boiling occurs all along the tube. -

. This program is composed of ‘a2 main program and two

subroutines.
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0O 0 N o o

C
.C
o
C

C - LIN THE BOILING ZONE,
COMMON W1,W2,R1,R2,R,DM2,T

ay

R

REAL K1,K2,K3,Ké

O 0O o0 o0

« READ (1,300)K
300 FORMAT (12)

. NK'O y

3 IF(NK.EQ.K) GO TO 1 -

N

NK=NK+ 1

READ (1,100)PS,DM,DM2.

>

100 'FonMAT=(3E12 5)

'READ (1, 110)0@?

, AND THE LOCAL.HEAT TRANSFER COEFFICIENT WHEN

EVALUATE DP/DZx

‘C PRESSURE DROP IN THE CLIMBING FILM EVAPORATOR

TO EVALUATE THE PRESSURE DROP, THE VOID FRACTION

FILM BOILING 1S PRESENT ALL ALONG THEITUBE.

.

K1 TO K4IARB THE RUNGE KUTTA COEFFICIENTS TO

~n

PS=STEAM PRESSURE (PSl), DM=FEED RATE (GR/MIN),

'DM2=VAPOR RATE AT THE EXIT OF THE EVAPORATOR..

C ‘PV‘VACUUM READIRG (CM OF MERCURY)

A .
B UNE
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“ :

) g’ .
C © XeDISTANCE AT WHICH aoxL;NG,szRis: X=0,
c S ‘ Ny
110 rbgMAT (2E12.5) .- \; ‘
R1=1000. - . : —
R=0.015 . ' ‘
DM=DM/60000
DM2=DM2/60000
WRITE (6,120)PS,DM,DPV
120 FORMAT (/,5X,'ST™. PRESS.=',F5.2,5X, |
" «'FLOW RATE=',E12.5,5X,'VAC. READING-‘,Q?.zi"
WRITE (6,130) i )
130  FORMAT (/,SX;'ZB',]5},'TEMP-ﬁ,12X,‘H.T. COEF.=',6X,

«'ALPHA=',/) S |
PS=(14.7+PS)*6890.

N=20 - _— _ : -
Y-(56.—Dpv{/1oo.*13690.#9.81
2=X .

" ALPHA=0,
TEMP=166.766%Y*%0.06978-273.
H=(1.-2)/N

2 W2=DM2#2 o |

'sty:*o,93022/77045.892 : ol - .

W1=DM-W2 , |
| s S

.

*e . Sé‘r.’
. "”W \::1‘

¢ : ) " - Can
C - | THE VALUE OF DP/DZ* IS EVALUATE IN '

c . SUBROUTINE DPM,

S

PR 28
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o,

. .

- THE LOCAL HEAT TRANSFER COEFFICIENT 1S EVALUATED
IN"SUBROUTINE COEF AFTER COMPLETION OF ‘THE RUNGE

KUTTA EVALUATION OF DP/DZ».

CALL' DPM(P,DP,U)
CALL COEF(Z,PS,P,TEMP,DP,UZ)

‘WRITE (6,200)2,TEMP,UZ, ALPHA

IF(2.GT.0.99) GO TO 3 °

+K1=H*DP

R2=(Y+K1/2.)%%0.93022/77045.892
TeZ+H/2. |
W2=DM2xT

W1=DM-W2

P=Y+K1/2.

CALL DPM(P,DP,U)
K2=H*DP ‘
R2=(Y+K2/2,)*%0.93822/77045.892

P=Y+K2/2,

H -
_CALL DPM(P,DP,U)

K3=H*DP
R2=(Y+K3)**0.93022/77045.892
T=2+H .

W2=DM2=*T-

W1=DM-W2 )

P=Y+K3

CALL DPM(P,DP,U)

(2
.

Ké=HsB8p



200

-

CymY+(K1+2.#K2+2.¢K3+K4) /6.

=T
ALPHA=U

" TEMP=166.766%Y#*0.06978-273.

FORMAT (4(5X,E12.5))
L4

GO TO 2

CONTINUE

STOP

- END

90
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SUBROUTINE DPM(P,DP,U)

TO DETERMINE THE PRESSURE DROP DP/DZs* IN THE
BOILING ZONE. — - .
™ A

COMMON W1®W2,R1,R2,R,DM2,T
REAL J1,J2
IF (W2.EQ.0.) GO TO 1

EVALUATION OF THE VOID FRACTION U BY SOLVING

EQUATION 38,

A=3.1416%R¥x2
C=1,20736E-05
Al=3,1%22
D=9.81%0.03%(R1-R2) ~ A
D=SQRT(D)
J1=W1/SQRT(R1)/A/D
J2=W2/SQRT(R2)/A/D .-
Bi1=3,1%(J2+J1-1.)

C1==J1 ¢

DELT#B1*%2-4, %A 1%xC1

X=(-B1+SQRT(DELT)) /2. /A1

U=1.-X

S=W2*R1/W1/R2%(1.~0}/U
Vi=W1/R1/A/(1.-U) A o

V2=W2/R2/A/U

\'!l



RO-Q:R2¢S#t2+(1.—U)0R1
Z=R2*U+R1%(1.-U) }
D=V 1#424RO$UsC/R2/P¢*0.D§978 5.
D=1,.-D- )

DMV=DM2

BxB+9. 812, 67‘2 _;";“F"l'
. *;éix‘Fw g “
QP=-B/D fﬁ‘ '3'«.« &{égl K ol
, i R .
NN 4y ~
GO TO 2 ”Uj§x‘ % .

DP--9 a1:§.e7aam
CONTINUE
RETURN

END |

92



O O 0o o0

93

A

-, 4

SUBROUTINE COEF(Z,PS,P,TEMP,DP,UZ)
i
TO DETERMINE THE LOCAL HEAT TRANSFER COEFFICIENT

IN THE BOILING 2ONE (UZ).

COMMON W1,W2,R1,R2,R,DM2,7T ° -

*

.REAL LAM
CP2=4180

CP1=2000

X=TEMP+273., . .
sLAM-3135665.7-2345.714:3 e
DMV=DM2

A= (W2«CP2+W1+CP1)%0,06978«DP/P*20,93022 . .
A=A+DMV*LAM/166.766 -

B=3.1416%2 ,%R*2.67*(PSx*0.06978-P**0,06978)

UZ=A/B - »

RETURN

END
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. APPENDIX C,

Computer program for the model,

[ J

P ’
”

-

This program-evaluates the performance of the ébaporator in

mormal use given the inlet conditions.

L) ! w

The main program evaluates -the distance at which

boiling swarts and calls the subroutine VAP which evaluates

the pressure and the vapor rate in the boiling zone through N

f/

»

two other subroutines: DPM and DVAP.

. /"
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3
210

220

110

230

130

-~

“FORMAT(2E12.5) . ,

 GLIMBING EILM EVAPJRATOR PROJECT
OPERATION OF 'rm: EVAPORATOR IN NORMAT, USE.

¥ ,
IN$UT~ STEAM PRESSURE VACUUM. READING.

; e
pruw FEED TEMPE*ATURE rnnq%narz w .
"IN GRAMS PER MIN, EE .
\ AT .
, INPUTINTHERMAL DIFFUSIVITY, DEN$iTY,
BOILING POINT RAISE.
OUTPUT: DIMENSIONLESS LBNGTHAWHEH! R

BOILING OQCURS. ' ' éﬁﬁ .
¥

’J

OUTPUT: VAPOR RATE AT EXIT, VOID FRACT'ION - B

’“'Q’EMPBRATURE

COMMON W1,W2 R%gh2 R.2B,DW2. Y2 . T
. . E A )
R-O 0’5 ‘ B ’ - - o
" : ‘ . " : " -

WRITE (6,210) ,

FORMAT (/,5X,'STEAM PRESSURE=? ": . VACUUM READING=}.)

READ (5,110)PS,PV . ©. T T

WRITE (6,220) S 4 .

FORMAT (SX,'FEED TEMPERATURE=? ' FEED RATE=?')
. ke e

READ (5,110)TI,DM B A,

i
Y

DM=DM/60000 S o f“ ot Ty
WRITE (6,230} ° e

\ . | L T
FORMAT (5%,'T.D.=? DENSITY=? B.P RAISE=?") W o
: BT & : R

READ (5,130%D,R1,BPR o | B A

FORMAT (3E12.5)
WRITE (6,240) - o
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, 200 FORMAT (//) L
c . T T e e
c : CALCULATION oF rga.nxswxncz AT wnxcu BOILING™
- c “STARTS, ‘73) FROM. EQU@?I°§§,§§I§3Lr5“§9,€°R THE e
gic;"‘ ‘ g LIQUID zons., f“,ifft;""j::,?ff j‘j::‘;ff.ﬂ»fi
B . f ﬁlu 1f}iJ¢:Z4"’: ..l\;flif.j

v ”’;,}f nzpn-4 cnu/n1/3 1416/8, 03/18. l,f‘fv;”'

a--q 4saa+(9444 7*5 21vg+oe/ampn)/nmpn
"«.. c-o 2384+(754 6- 1, 34sz+07/nspnx/nmpn | o

‘ .

] L .
PR
N -

A--BtZO~CtZOtt2

. ;5 PV=(75.-v) /100, 13600, va.81 s,agw}{5'-- L
) TV-155 766*PV**0 06978 273. . _ “fm' %;;(j% - -

| Ps=(14 7+PS)*6890., o ,'.3? S #;jgw'
5= 166.766sPSxed. 66978 273, | .l
c » TAU (TS~ TI)/(TS Tvz | _:, e B | '
R » TSU.AﬁbG(TAu) R  ‘-'f:ﬂi}:'“\ S

s DELT#B;*%+A.#C!§TAU-A) S

) | .@p=(-B+SQRT(DELT))/2./C . o
:f;*vk" ZBi267 | .': | o v
; _,;ggignls (6, ZOOQTI*DM, 6 D
) | ‘fmft (6, 250)BOIL B 5“'f;' ‘_- S --. -
200 FORMAT (/ sx Fzﬁb TEMP-V,FB 2, sx 'FEED nhfgs ,312 5)

250 - FORMAT (/,10%, "BOILING STARTS AT z-' F7. 2 K
R (za GE.1.) GO TO 1 R SR

‘ .

C : B B - FN : ' o _ . o .J' . / - .



300

" CALL VAP(DM,PS,bv,TV,U)

. §ToP

97

THE PRESSURE AND THE VAPOR RATE™WN THE BOILING
ZONE ARE CALCULATED IN SUBROUTINE VAP FROM

z N &

Z¢=ZB& TO Z#=1, ¢

2

TEMP= 166.766+Y*%0.06978-273.

 WRITE (6,300)W2,U, TEMP

FORMAT (/, 10X, 'VAPOR RATE=',E12.5,5X,

' ALPHA=" ,E12.5,5X, 'TEMP=' ,F5.2,/)

" 6o 1o 2

WRITE (6,400) _
FORMAT (/,3%," ZB BIGGER, THAN ONE, TRY NBW GUESS. ,/{
WRITE (6,450) R ST

& 2

- FORMAT, (5%, 'SIGN=? IF SIGN=0. STOP s10n-1 CONTINUE 4
' READ (5 120)S1GN )
»FORMAT (B12.5) - - SR

IF. (SIGN. EQ 1.) 6o To 3 e

“END -
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v -

*- - SUBROUTINE VAP(DM,PS,PV,TV,0)

/

——

K

TO DETERMINE THE PRESSURE AND THE VAPOR RATE IN
_ THE BOILING ZONE USING A .DOUBLE RUNGE KUTTA 4TH

4

.~ . ORDER METHOD,

/COMMON WT,W2,R1,R2,R,2B,DW2,Y,2

' REAL K1,K2,K3,K4,L1,L2,L3,L4

K1 TO K& ARE THE RUNGE KUTTA COEFFICIENTS TO
. SOLVE EQUATION 37. |
L1 TO L4 ARE THE RUNGE KUTTA COEFFICIENT§ TO

SOLVE EQUATION 62

N=20 o §
H=(1.-ZB)/N
1=ZB

WV=0.

Y‘PV

W2=WV

‘-

P=Y
W1=DM-W2
R2=P#+0,93022/77045.892

DP/DZx 1S EVALUATED IN SUBROUTINE DPM

| DW2/DZ# 1§ EVALUATED IN SUBROUTINE:DVAP

- 98 7



K2

p

L3=H¢DW2 -

CALL \DPM(P,DP,U)

'CALL DVAP(PS,P;DP)

K1=H*DP

L1=H*DW2:

Z=Z+H/2.

W2=WV+L1/2.

P=Y+K1/2,
R2=P+%0.93022/77045.892

. » Wi=DM-W2

CALL.DPM(P;DP,U)‘.
CALL DVAP(PS,P,DP)
K2=H*DP .

L2=H*DW2 - .
P=¥+k2/2%'”

W2=WV+L2/2.

R2=P#+40,93022/77045.892

W1=DM-W2

CALL DPM(P,DP,U)
CALL DVAP(PS,P,DP):
K3=H#DP v
Z=2+H/2.

P=Y+K3

Cw2=wv+L3 L
 R2=P+#0.93022/77045.892

W1=DM-W2 B

CALL DPM(P,DP,U)

-}

99
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CALL DVAP(PS,P,DP)

Ké=H*DP - ’
Lé4=H*DW2
 YaY+(K1+2.#K2+2.3K3+K4) /6.
WVUaWV+(L1+42,4L2+2,.%L3+L4)/6.
IF (2.GE.0.999) GO TO 2

GO TO 3 ‘

W2=WV

RETURN

END

100
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SUBROUTINE DPM(P,DP,U)

"TO EVALUATE DP/D2Z#*

g,

'COMMON-WI,WZ,R1,R2,R,ZB,DW2,Y,Z \

REAL J1,J2

IF (W2.EQ.0.) GO TO 1
A=3,1416%Rx*2
C=1.2Q736E-05
Ai=3.1**2
D=9.,81%0.03%x(R1-R2)
D=SQRT(D) | .
‘ \

K

DETERMINATION OF THE VOID FRACTION U BY SOLVING

EQUATION 38.

- J1=W1/SQRT(R1) /A/D

J2=W2/SQRT(R2)/A/D . - - .
B1=3,1%(J2+J1-1.) e

C1§—J1 |
DELT=31¥*2-4.*A1*C1

«

W= (=B 1+SQRT(DELT) )/2./A1

L U=1.-W

s=wz:R1/w1/R2#(1.-Ui/U .
v1-w1/ni/A/(1;—U)
vesw2/R2/A/0

:Ro-ﬁinz*s#;2+(1.-u)*n1



X«R2#@+R1x(1.-U)

D=V1%#2xROSUSC/R2/P**0.06978
' {

-
D=1.-D

B= (RO¥ (R1-5#R2) /S/R1/R2+5~1.) sDW2sV1/A
B-B+9.81*2;67;x
DP=-B/D |

GO TO 2
DP=-9.81%7,67*R1
CONTINUE

RETURN

END
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COEF=615.5-2%(112.-41,55%2)

SUBROUTINE DVAP(PS,P,DP)
TO DETERMINE DW2/DZ=*

COMMON W‘,WZ,R?,RZ,R,ZB,DW2,Y,Z
REAL LAM

T=166.7664P**0.06978
LAM=3135665.7-2345.7 14T

/
/

-COEF*EOC}L HEAT TRANSFER COEFFICIENT IN THE

BOILING ZONE AS DEFINED IN EQUATION 55.

CP=4180.

. A=3.1416%0,03%166.766%2,67

DW2=A#COEF*(pS**0.06978—p**0.b6978)
Dw;=Dw24(w2/2.+y1)£c§*166.766*9.0697azp**0.93022*np
Dw2=DW2/LAM

RETURN .

END
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APPENDIX D.

Computer program for the industrial evaporator.

Th1§ program evaluates the performance of the 1ndustr1il
'evaporator capable of concentrating 5000 kg/hr of pineapple
juice from 13.5°Brix to 62°Brix.

This‘grogram is composed of a main program and tw;

subroutines.



O O o 0o o o

0O 0o o o

W1=(1.39-DMF)/66.

COMPUTER PROGRAM TO EVALUATE THE PERFOﬁMANCE

OF THE INDUSTRIAL EVAPORATOR.

)
R g

COMMON W1,Ww2,R1,R2,R,DW2,Y,2,L,U,V1,V2
REAL K1;K2,K3,K4,L1,L2,L3,L4

He1./20.

R=0.0095

PS=(14.7+35,)%6890.

INITIAL GUESS ON THE TEMPERATURE: 88.5 C.
DT IS THE TEST FOR CONVERGENCE.

NK IS TO SET THE EVAPORATOR SECTIQN.

DMF IS THE AMOUNT OF INITIAL FLASHING.

T=88.5+273. . _ ey o
DT=0. -

_ L _
N_K=0 . X
T=T+DT

s=(1/166 Fbs) 14331 |
DMF=1,39%4000.%(115.5+273.~T)/2,258E+06
s S |
W2=DMF/66.

[
%

EVALUATION OF THE INLET CONDITIONS FOR

"ONE TUBE IN A GIVEN SECTION.
R1 IS THE°DENSITY OF THE LIQUID PHASE.
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Kg)
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R2 1S THE DENSITY OF THE VAPOR PHASE.,
.

L=2.13

NKaNK+1

IF (NK.EQ.1)60 TO 1

~IF (NK.EQ.?)GO TO 2

L=2.44
W1=W1%111/156,
W2=W2%111,/156, - '
GO TO 1
Wi=W1x66./111.
W2=W2%66./111.
DM=W 1+W2

Z=0,

WV=W2

W2=WV

Pey

e 4 .
W1=DM-W2

WW=13.5*pM/W1

R1=987.7+4.992+WW
R2=P%%0.93022/77045.892

THE PRESSURE DROP IN THE GIVEN SECTION

1S EVALUATED. IN SUBROUTINE DPR. N—

THE RATE OF VAPOR FORMATION IS EVALUATED

IN SUBROUTINE DV.



-
CALL DPR(P,DP)
CALL DV(PS,P,DP)
Ki=H«DP
L1=H*DW2
Z=2+H/2.
W2=WV+L1/2,
P=Y+K1/2.
R2=P%%0,93022/77045.892
W1=DM-W2

CALL DPR(P,DP)

CALL DV(PS,P,DP)
K2-HtDP'

L2=H*DW2

P=Y+K2/2.

W2=WV+L2/2., “
R2=Px*0,93022/77045.892
w1=nm-wé‘ |
CALL DPR(P,DP)

CXLL DV(PS,P,DP)
K3=Q*DP

L3=H4DW2

- Z=2+H/2.

P=Y+K3
W2=WV+L3

R2=P#%0.93022/77045.892
W1=DM-W2 | ‘

CALL DPR(P,DP)
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CALL DV(PS,P,DP)

7

Ké=H*DP
Lé=HeDW2
YaY+ (K142, #K2+2, sK3+K4) /6.
WVaWV+(L1+2.8L2+2,3L3+4L4) /6.,
TEMP=166.766*Y*x0.06978-273.
TEST TO KNOW WHEN THE TOP OF THE
1S REACHED (2s=1),

@
IF (2.GE.0.999)GO TO 3

60 TO ¢
W2=WV

W1=DM-W2

&

TEST TO KNOW WHICH SECTION WAS EVALUATED.
- :

IF (NK.EQ.2)GO TO 5

IF (NK.EQ.3)GO TO 6%
VAP=W2%66.

COND=W1366.
DEN=R2#U+(1.-U)#R1

DP1=0, 1534DEN#9. 81 .
Y=Y-DP1

GO TO 7

VAP=W2%111.

COND=W1%111, P

108
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b
DEN=R2#»U+ (1,-U)#*R) o ’ 1ff§‘
DP2=0. 183¢DEN*9 .81 . N
YaY-DP2 | i
G0 10 7 CE
6 VAP=W2¢ 156, - Lo T g
COND=W 1% 156, ‘ . T
C .
c OUTPUT AT THE TOP OF EACH SECTION: ) .
L SECTION, W1, W2, T‘I;{{P., ALPHA. _
) ,
7 ' WRITE (6,100)NK,COND,VAP,TEMP,U '
100 FORMAT (5X,12,4(10X,E12.5)) ' o
” “IF (NK.LT.3)GO TO 8 ,
o , s
¢ : . ' v
c CONVERGENCE TEST ON THE OUTLET TEMPEggTURE;, ;?
C ’
%

§T=88. 5~TEMP
TEST=ABS (DT)
WRITE (6,200)
200  FORMAT (/)
" IF (TEST.GT.0.001) GO TO 9

STOP
END
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A GIVEN SECTION.

v T‘ '.
‘r :
9
_ . \
. SUBROUTINE DPR(P,DP) : - . .\\\
7O EVALUATE DP/DZ* IN ONE TUBE OF -

4

COMMON W1,W2,R1,R2,R,DW2,Y,2,L,U,V1,V2.

* REAL J1,32
1P (W2.EQ.8.) GO.TO 1

A=3, 1416%Re*2 .

C=1,20736E-05 | )
. co 3,

"A1=3, 1%%2 '

. P_ .

D=9.81%2,¢R*(R1-R2)

D=SQRT(D) |

SOLVING EQUATION 38 TO DETERMINE ALPHA.

<
d1-w1/sgnf(kr)/A}D | =
"-?az-wz/sgnr(nz)/kin
1B1-3 1*(J2+J1 j1")
L cam-at ;
fﬂDELThB1*¢2¥;*;Ar*c | : '
“iw31534+sQRT(DELT))/2 /A1 E
N f-U-=1 WL
"’;Qg-wztnxzw1/azc(1 —U)/U'.'
3 “?4/R1/A711 -0)
-w2/32/A/U - :
y ;’ -
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SOLVING EQUATION 37.

RO=U*R2#S*%2+(1,~U)*R1
X=R2#U+R1%(1.-U)
D=V 1x%2xRO*Us«C/R2/P*%x0.06978
D=1.-D

B= (RO* (R1-5%R2)/S/R1/R2+S~1. ) *DH2*V1/A
B§B+9f81#L¢X | |
DPI'-'B/.D_\‘; B a 8
GoTO 2 |
DP=-9,81%L*R1
CONTINUE
RETURN
END



\

SUgROUTINE DV(PS,P,DP)

TO EVALUATE. DW2/DZ*
\ '

\

COMMON W1,W2,R1,R2,R,DW2,Y,2,L,U,V1,V2

REAL LAM

T=166.766%Pxx0.06978
kLAM53135665.7-2345.714*T
CP=;\§0;‘~ ]
A=3.1416*2.*R*166.766*L
DETERMINATION OF THE HEAT TRANSFER

COEFFICIENT (EQUATION 68).

IF (U.GE.0.619) GO TO 1
_COEFF=2539.

GO TO 2
COEFF=4657.1-3423.7%U

CONTINUE

SOLVING EQUATION 62.

DW2=A*COEFF#* (PS*%0.06978-P**0.06978)

112

DW2=DW2- (W2/2.+W1)*CP*166.766%0.06978/P*%0.93022+DP

.
5 (—4 4
DW22DW2 /LAM

RETURN .

END



