4 Mot 15 T
MTBANUULLAENT AN LATa 9T = Lusiuvunoudanl uuan g

P
W9d derT UL Tyddan

iy 4. "
QmuqﬁnuﬁuLﬂuﬁqun§4ﬂﬂqnqrﬁnﬁﬁﬂﬁuuangnrﬂ?qm«?muﬁﬁﬁaﬂruuﬁﬁ&ﬁn
neunI T Ll Luniln
MAinmndl grraenramInindy

W.f. 2522

\ \ 7575505



THE DESIGN AND STUDY OF A VERTICAL FILM EVAPORATOR

Miss Sodsri Chai jareonswad

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science
Department of Chemical Technology
Graduate School
Chulalongkorn University
1979



Thesis Title The Design and Study of a Vertical Film

Evaporator
By Miss Sodsri Chai jareonswad
Department Chemical Technology

Thesis Advisor Pienpak Tasakorn, Ph.D.

Accepted by the Graduate School, Chulalongkorn University

in partial fulfillment of the requirements for the Master's degrec,

... Dean of Graduate School

(Associate Professor Supradit Bunnag, Ph.D.)

Thesis Committee

D) <
............. d;iimg, s deamie R, . Chairman
(Professor Prasom Sthapitanonda, Ph.D.)

GHULALONGKORAL. (SNIMER .. Member
(Assistant Professor Kiartchai Santiyanont, Ph.D.)

L

(Associate Professor Phol Sagetong, Ph.D.)

t?' —
enAn— Advisor
(Pienpak Tasakorn, Ph.D.)

Copyright of the Graduate School, Chulalongkorn University



[V aaady - i J ¢ Eis Ql
MR UNYE nqraanunuua:nqwﬁnnqlﬂraqrzLuuuﬁuuuuuuﬁaﬁTuuuqﬂo

‘: [ - ‘
Tiidn Ud1 dnrd Ti9Tyadan

d o p o
I TUNYT NLA AT. INUTHT TR vifiaT
weunI o Lhil Lniln sl 7

\
Inrinun 2521 K\i ” -
: \\_\\H ____, .
UnAnLa

J s: 1 & 1 “i :: 1
tﬂrﬂqr-Lunuﬁuuuuuuﬁ@uTuuuqﬁq lﬂulﬁfﬂafztﬁUUﬁﬁluﬁﬁsﬂu

] v

< 4 4
aﬁurnaqravaﬁﬂuﬁmﬁnuﬂnnnﬂaﬁﬂTﬂﬂﬂﬂnnquhQﬁureu LURIIINLATANT L uY

.
Hﬂuﬂﬂuﬂﬁﬁﬁhﬂf-aﬂﬁﬁﬂﬁﬂﬂfﬂﬁﬂlﬁﬁﬁﬁh?ﬂuﬂiﬂduﬂ?uﬂﬂﬁﬂﬂuﬂﬂﬂﬂQﬂﬂﬂﬂmﬂﬂﬂ

v

4
uﬂﬂ lﬁ?ﬂdr lHUﬂﬁﬂﬂﬂﬂHﬂﬂTUﬂﬁ?ﬁﬂﬂﬁuﬂﬂﬁfﬁ'ﬂﬂﬂ1ﬁﬁlﬂuuﬂuqﬂuﬂﬂQ ot UH

v i

uqmaﬂﬁu1u uav1ﬂuﬂLﬂﬂﬂﬁ?ﬁﬂaqmrauaﬂnquuan waﬂaaﬂﬁﬂra~QﬁnTutﬂuuuu

o
7aunnﬂﬂnuuu1ﬁwﬁ Lwamv-TuTawatnnvﬂnnqtr.Luuuﬁuaan1ﬂﬂquuu1ﬂ uan

74

4’ = = 4
?ﬁﬂuﬂiulﬂrﬂdquﬁﬁﬁMTﬂuﬂﬂﬂulHHﬂﬁ?HHLﬂﬂﬁﬁT? tuumﬂaﬁqnquamunﬁﬁﬂqaﬁr
4
~aquwlaﬁ1ﬂ1utﬁrﬂqr < Lwgl
4 a £
Tunwrﬁnyqt?ﬂqnqr?vtuunuuuu?ﬁu 1ﬂwvﬁrmﬁﬂﬁLﬁauﬂaQﬂhﬂt.Rwﬁ
ﬂﬁIﬁﬂHlWﬂﬁﬁNTﬂulﬂUﬁﬁn ﬂﬁuﬂ?ﬁqﬁquﬂﬁfwﬂ@ﬂﬁ1ﬂunﬂﬂfﬁﬂﬁt1nﬁlﬂﬁﬂﬂﬂ
v v 1] 1
ez ﬂmunnaaqﬁﬂra~aqu ﬂmunﬁﬂﬂaiauﬁﬂﬁﬁ nqﬁuﬂﬁqmaunTuﬂquﬁ
o
LAaMTTe tuu uw-ﬁqqnuuﬂaaqﬁﬁra AN 2 LY uﬂﬂ?ﬁﬂu1ﬂwﬁﬂﬁrdﬂﬂﬁ
?gunuﬁﬂauomﬂ ﬂmunnﬂae1ﬂw;nﬂa1nnﬂrr S WazRNUNInR g T Az ANy

“l - 1 1 ‘ga |
uﬂﬂﬂﬁ#1ﬂ1unﬁTWﬂﬂﬂQ T snaunTAumAY Ladudilr s r o L

v

vl

?auaﬁ?ﬂﬁuamaanunﬂLuasﬁqmquﬂrﬂqa 9



v l v v

ﬂ"’l'iii ful ﬁ?’ﬂ AR LL!.Il!ﬁﬂ’]‘l. WINUANT 222 Uﬂﬂﬂ’] i 'G‘H AU L AN DU

4
15 aqﬂw?n ™ G’l‘lﬂﬂﬂ‘iﬂﬁﬂlﬂﬁd'ﬂﬁ?’lﬂ’]?? Lumﬂu 7 ﬁauﬂ/%ﬂm/mma in

1 L7 '
ua*'ﬂﬂ?'\m?mummmmmﬁu 6x 10t uw/ﬁﬂm/mmeﬂm mumfﬁjﬂr‘?mq

1 v i 1

NITRY LUAILTRUNAN LUANY 900 uma/mlmlmm uru"laﬂ/mﬁovgﬂ



Thesis Title The Design and Study of a Vertical
Film Evaporator

Name Miss Sodsri Chai jareonswad

Thesis Advisor Pienpak ' Tasakorn, Ph.D.

Department Chemical Techneclogy

Academic Year 1978
ABSTRACT

Vertical film evaporatorsare most suitable for
thé evaporation of heat sensitive products, because these
evaporators have high heat transfer coefficients at a low
temperature difference. A vertical film evaporator was
designed for the study of heat transfer in an evaporating
film, Liquid flowed as a thin film over the interior
surface of the heated tube,; and steam, as a heating medium,
flowed outside. A distributor was specially.designed to
let the vapor pass through. There was also a preheater
connected to the top of the evaporating tube for the con-
trolling of the feed temperature.

In the study of film evaporator, the mean heat
transfer coefficient was the main interest. The variable
parameters studied were feed rate, feed temperature, steam
inlet temperature, length of heated tube and viscosity of
feed., In addition, the heated wall temperatures, vapor

phase temperatures and viscosities of sucrose solutions
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using as feed were measured for the calculation of mean

film heat transfer coefficients.

The results were summarized in the graph showing

’

//{'-2 \1/3
relationship between hm(' ) and Re., The mean

heat transfer coefficient can be predicted when the opera-
ting conditions are known.

When this type of evaporator is used for sucrose
solution, of 15 Brix, it is best operated at the mass flux
of 7 1b/hr £t° and the heat flux of 6 X 10% stu/hr £t2,

The mean heat transfer coefficient is 900 Btu/hr ftz.oF.



ACKNOWLEDGEMENT

The author wishes to express sincere thanks to
her advisor, Dr. Pienpak Tasakorn for his kind encour=-
agement, helpful advices, patience especially his very
active and kind co-operation during the experimental
process. The other important person which the author is
much impressed by his kind introduction and guideline is
Assistant Professor Dr. Kiartchai Santiyanont who is the
first advisor. She is much grateful to the approval com=-
mittee for their useful comments and suggestions.

At the same time she would like to thank the
official staff of the Department of Chemical Technology,
Faculty of Science, Chulalongkorn University, for their
co-operation in laboratory work.

Above all, she would like to thank the Committee
of the Graduate School of Chulalongkorn University for
granting her an assistantship which made some part of this

study possible.



CONTENTS

Abstract (Thai) @8 0 @008 A000 80800000 BO0BB0BRBEDNS
Abstract (EngliSh) $ 9 P RSO FOCEO0EONBBRONCOOONONOONBES

ACKnOWIGdgement @ 5 8 O 0P B0 O S0P RO RO O RO R

List of Tables o--coo-u.-a---aao-r;h
/ o p

LiBt of Figures oaoocllll‘lﬁiﬁfu?ota‘ﬁh}
l ]-k i o (i

Nomenclature 0&..000-0.oo.o«tiigconni}l
. R

Chapter N

a8 0000808 B

I INTRODUCTION
1,1 Evaporator ssssecsscccsccsssssssssssns
1,2 Vertical Film ZEvaporator ssessscosscss
l.3 Objective and Scope Of WOrk sseesssnscs
IT LITERATURE REVIEWS AND THEORETICAL
CONSIDERATION
2.1 Evaporators sssecssscsssssssssssncnnse
2,2 Film Evaporators ccsecscscscccessessos
2,3 Vertical Falling Film Evaporators ssee
2,3.1 Principle of Vertical Falling
Film Evaporator cscecsesavescscs
2.3;2 Design Consideration scecsvesnne
2.3.,3 Theoretical Consideration ssese
2,3.4 Heat Transfer in Vertical Film
Evaporator sccccsssesccssssssan
2.,3.5 sSpecial Features of Vertical

Film Evaporator sesesessccvessnsee

Page
iv
vi
viii
xiii

xiv

17

18

19

26

33



Chapter Page
III APPARATUS AND EXPERIMENTAL METHODS
3.1 The Design and Operation of a VeFtical
PLIm Test RIG ssscsscincisscsscssensss S5
3.2 Temperature MecasurementsS ssesvecessceee 43
3.3 Preparation of Calibration Curves and
Charts «ecessssanccscsosccsosncssscncsssns 44
3.4 Experimental Variablée ssecesssesensee 45
3.5 Experimental MethodsS .ssscesscssessense 46
3.6 Experimental ProceduresS «ssssseecsccess 49
Iv EXPERIMENTAIL RESULTS
4,1 Experimental Results Using Water as
an Evaporating Liquid scscsscesssseess 5l
4,1,1 The Heated Wall Temperature of
the Evaporating Body sssesesssss Sl
4,1.,2 The Vapor Phase Temperature
Along the Heated Tube seesseese 5l
4,1,3 The Film Heat Transfer ‘.
Coefficients sseescescsssceccee 54

4,1,3.1 Effect of Feed Rate
on h 54

m"'l.l...‘..l.l

4,1,3,2 Effect of Feed Tempera=-
ture on hrnlollo'lt.l 57
4,1.,3.3 Effect of Steam Tempe-

rature on hm EEEEEEER N 57



Chapter

4.2 Experimental Results Using Sucrose
Solution as an Evaporating Liquid ...
4.2.1 Viscosity of sSucrose Solutions
4.2.2 Effect of Viscosity on nm e

DISCUSSION

5.1 Some Considerations on the Design of
Experimental ApparatUsS ceececessceses

5.2 Variations of h, with Operating
Pargmotors <o s essNeisssessonconssnsss
5.2,1 Effect of Feed Rate on hy eees
5:2.2 Effect of the Wall Temperature

Of N seceesscscccssnssscnnce
5+2.3 Effect of Viscosity on hm ces
52,4 Effect of Feed Temperature

On N secsesssssocnssncsssnnne
5.2.5 Effect of Length of Heated

Tube on hy seesccccscescocene

5.3 Performance of the Experimental
BVADOTALOYr ssssivashessssssssssbsesnss
5.3.1 Comparison with Theoretical

EXpPression seeesecescsocsssses
5¢3.2 Selection of Operating .

COPMKILLLON sossnsenenibvme shsas

5.4 Viscosities of Sucrose Solutions ...

xi

Page

61

6l

64

65
65

66

70

73

73

74

74

74
76




xii

Chapter Page
VI CONCLUS ION FEEEEEREENEE N N E B N AN A A A NN RN 79
ReferenCes ocscsesvssssssssesseccsosssccocesscscsosdcase 81

Appendix
A CALIBRATION DATA @0 8 9 &8 s8R C OO SO RO RDOE0N0DN 84

B SOME PROPERTIES OF SUCROSE SOLUTION ssssces 89

C MEASUREMENT OF HEATED WALL TEMPERATURE AND
VAPOR PHASE TEMPERATURE sescscevssscscsasess Ol

D NUMERICAL RESULTS sssvecsocscssscssosescscs 94

Vita ...lll'...l...l‘....l.llll...'.'.l'l.llll....l 108



Table
241

Bl-32

Cl

C2-C3
DL-D9

LIST OF TABLES

Comparison between the process carried
out in various types of evaporator
Calibration of rotameter

Measurement of viscosity of sucrose
solution

Measurement of heated wall temperature
Measurement of vapor phase temperaturec

Numerical Results

Page

12

86

91

92
93-94
95-103



Figure
2.1
2.2
2,3
2.4
2,5

3.1
3.2

3.3
3.4
4.1
4,2

4,3
4.4

4,6
4.7
4.8

LIST OF FIGURES

Evaporator types

Static film evaporator

Mechanic film evaporator

Evaporation on a vertical heated tube

Local heat transfer coefficient as function

of Reynolds number

A vertical film test rig

Schematic diagram of the vertical film

test rig

Evaporating body and preheater assembly

Cross-section of evaporating body

Variation of wall temperature with feed rate

Variation of wall temperature with steam

temperature

Variation

Variation

Variation

Variation
Variation

Variation

of
of

of

of
of

of

vapor temperature along l-ft tube
vapor temperature along 2-ft tube
3 y3¥/3
N ) with Re
jﬁzgka
hm with feed temperature

h, with steam temperature

viscosity of sucrose solution

with concentration

Page
lo0
14
lé6
21

29
36

37
40

52

53

55
56

59
60

62



Figure
4,9

5.1

5.2

5.3
5.4

5.5

5.6
Al=R4
A5

A6

variation of hm with feed rate and
viscosity

Local heat transfer coefficient as
function of Reynolds number

variations of evaporated fraction and

total heat transfer with steam temperature

Variation of hm with viscosity
variation of hm,Atz 1/3 with Re for
f;i 3
gk

sucrose solution 0=15 Brix

Comparison between r L and [ L
exp theo

Comparison between rZexp and flaq
Calibration curve of rotameter
Calibration curve of chromel~alumel
thermocouple

Calibration curve of Brix refractometer

Page

63

67

70
71

73
76

79

86=87

88

89



O\\Qk\wowﬁsﬁr—]rrg*obgtx;jlg‘qU'UQQ

]

1

]

n

n

NOMENCLATURE

concentration (Brix)

specific heat (Btu/lb °F)

diameter (ft)

gravitational acceleration (£t/hr?)

local heat transfer coefficient (Btu/hr ft2 Or)

2 °r)

average heat transfer coefficient (Btu/hr ft
mean heat transfer coefficient (Btu/hr ft2 °r)
thermal conductivity (Btu/hr ) ft)

Kapitza number, ‘ﬁgks (dimensionless)

wall length (ft) fo
pressure (1bf/ft>)
Prandtl number, CE/‘
time (hr) 2
temperature (°F)
velocity (ft/sec)

thermal diffusivity (ftz/hr)

mass flow rate per unit width of the wall (1b/ft=hr)

f£ilm thickness (ft)

latent heat of vaporization (Btu/1b)
absolute viscosity (1b/ft=hr)
kinematic viscosity (ftz/hr)
density (1b/ft3)

surface tension (1lbf/ft)
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Subscripts

H = liquid heating without evaporation
1 = liquid

L = at y=1L

8 = saturation condition

te = transition

v = Vvapor

w = at the wall

x = coordinate along the radius

vy = coordinate down the wall
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