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ABSTRACT 

The present work embodies an experimental investigation 
of heat transfer in single vertical tube closed loop natural 
circulation evanorator for water and sugar solution systems 
at atmospheric pressure. The vertical tube (test-section) 
was a copper tube of 940 mm length and 19.02mm inside diameter. 
The heating of the tube was done by electrical heating •e.lement 
of nicrome wire (22 gauge) wound externally to provie constant 
uniform flux. The wall and liquid temperatures were measured 
by means of -copper-constantan thermocouples fixed at an interval 
of lOomm length of test section. The heat flux values ranged 
from 7.108x103to 24.878x103  W/m2. Five concentrations 9.90, 
19.45,27.40,43.60 and 57.50 wt% of sugar solutions were used 
in the study. 

The experimental results slowed the expected trends 
aualitatively and quantitatively. 

The local values of heat- transfer-  coefficient were 
correlated by following equations. 
Natural convection zone of wa ter : - 

=8.3.0x105 	G p 	 "C) .624 
r r 1 •- 

with a maximum deviation of + 20%. 
Boiling zone of water:- 

hB -5 	
(ZtA 

F-1 -•=7.5x10 zs 
with a maximum deviation of + 30%. 

Natural convection zone. of. 19.45 and 27.40 wt% sugar:- 
Nu=0.913(Gr  Pr) 	(Pr)

-C1.26 

with a maximum deviation of + 20%. 
natural convection zone of 43.60 and 57.50 wt% sugar:- 

ply.0033 (p ) 	 0.17 
u=9.6334 (Gr 
with a maximum deviation of + 20%. 

.091 	z 12.79) 

w d 



Boiling zone of sugar•solutions 

-4 p c 	 -1.3 - 	2.93 hB 2,25x10 	iL -1D d (At)stI9 	86Lti,  
ri„ z 	 tw  d „ 	s 

with a maximum deviation of + 30%. 
The physical properties used in the correlations of 

boiling heat transfer were taken at the saturation temperatures 
of the test liquids while for natural convection region they 
were taken at arithematic of wall and liquid temperatures 
corresponding to the location under consideration. 



CONTENTS 

CERTIFICATE 

ACKNOWLEDGEMENTS  

ABSTRACT  
CONTENTS 

LIST OF F IGURES  

LIST OF TABLES viii 
CHAPTER 1 INTRODUCTION 

CHAP TER 2 REV IEW OF LITE RA TURE 3 
CHAPTER 3 EXPERIMENTAL INVESTIGATIONS 10 

3.1 Experimental Set-up 10 
3.2 gx per ime nta l Procedure 12 

CHAPTER 4 RE SULTS AND DISCUSSION  1 If 

4.1 Variation of Wall and Liquid 
Tempera tures Along the Tube-Length 

4.2 Variation of Heat Transfer Coefficient 
Along the Tube. Length 24 

4 .3 General Corre la tions 30 
4 .3 . 1Sing le phase natural convection 30 
4 .3 .2Natura 1 circulation boiling 31 

CHAPTER 5 CONCLUS IONS AND RECOMMENDATIONS 35 
APPEND DC I EXPERIMENTAL DA TA 3? 
AP PE ND DC II PHYSICAL PR C7PERT IE S OF LIQU IDS 50 
APPEND IX III SAMPLE CALCULATIONS 59 
APPEND DC IV LIST ING OF COMPUTER PROGRAMS 65 

RE FE RE NCE S ?1 



LIST OF  FIGPRES  

Pig .No . 	 Title 	 Page 

3.1 	Schematic diagram of experimental set-up 
	NO. 

4.1 	Variatio of wall and liquid temperatures 
along the tube length f or cons ta nt (6t) sub  
and various q for water. 	 15 	15 

4 .2 	Variation of wall and liquid temperatures 
along the tube length for constant q and 
various (At) sub for water. 	 16 

4.3 	Variation of wall and liquid temperatures 
along the tube length for various q and 
(At)sub for 9.90 wt% sugar solution. 	 20 

4 .4 	Variation of wall liquid temperatures 
along the tube length for various q and 
( 'At ) sub for 27.45 wt% sugar solution. 	 21 

4 .5 	Variation of wall and liquid temperatures 
alon the tube length for constant q and 
constant (11t)sub  for various sugar solutions. 	22 

4.6 	Variation of wall and liquid temperatilres 
along the tube length for constant q and 
constant (ist)sub  for various concentrations 

of sugar solutions. 	 23 

4.7 	Variation of h with z for a constant (at)sub  
and various q for water. 	 25 

4.8 	Variation of h with z for a constant q and various 
(1t) sub  for water. 	 26 

4.9. 	Variation of h with z for constant q and 
(pt) sub  for various concentrations of sugar 
solutions. 

4.10 	Variation of h alongzwith constant q and 
constant (At)sub for various concentrations of 
sugar solutions. 	 29 

4.11 	Comparison between experimental Nusselt numbers 
and those predicted by ectn (4.2) . 	 32 



Y11 

4.12 	Comparison between experimental bn  and those 

predicted by egn (4,3) 
	hC  

33 



LIST OP TABLES 
	 v t 4 

TABLE 4.1 	Range of Experimental Parameters 

TABLE 4 .2 	Values of C1 	1 	2 rl and n in eq. 4 .2 



Q 

t 

t 

LS T 

NOMENCLATURE 

d

A 

h 

 

k  

 

C 

g 

G 

Surface area 

Specific heat 

Inside diameter of tube 

Acceleration due to gravity 

Mhss velocity 

Heat transfer coefficient 

Thermal conductive ty 

Heat fit= 

Heat input 

Temperature 

Temperature difference(tw-tA) 

Temperature drop across the 11quid 

41ini 
Degree of subcooling at inlet 

Velatcity 

Two ,qohase mixture quality 

Distance along the test section 

from the bottom 

„1112 

kowlr 0 kg C 

mihr2  

kg/m2- hr 

Witt2.4w 

kcalim.hr_oic 
W402 

o c  

eC  

OG. 

Tri/hr 

m 

zs 	Distance along the test section 

from the bottom to a point corresponding 

to saturation boiling. 

GREE T< LETTERS:- 
Coefficient of thermal expension 

Latent heat of vaporization 

Viscosity 

Density 

Surface to 

Kinematic viscosity 

iftd 

kCa 

kgArgmbr 

Kg/1113 

mihr 

m, 

SUBSCRIPTS:- 

av 	Average 	out 	outlet 

B 	Boiling 	pred 
	

Predicted 



c 	Convective 	 s 	Saturated 
exptl . .Exporime nta. 1 	 T 	Total 

in • Input 	 TP 	Two-phase 

L 	Liquid 	 V 	Vapor , 
mix Mixture 	 W 	Wa 11 
z 	Dis-ta,. nce 

DIMENSIONLESS  GROUPS 

r 	Gra sh of number 	 223 te t 
V 2' Nu 	Nu s se lt number 	= 	hd/k  

Pr 	Pra nd t 1 number 	- - 	CO/k  

Re 	Reynold s number 	= 	dVP/m, 
( n° .9 pv/n 1  0 .5 Xtt LockhR  rt-MIrtine 1111 	 i  

Parameter 



CHAPTER  

INTRODUCTION 

Natural circulation evaporators are commonly used in 

ghemical processing industries to concentrate solutions of 

non-volatile solute and volatile solvent. 

Natural circulation closed loop evaporator units 

essentially is a U- tube with movement due to difference in 

density in hot and cold leg of circulating system. The hot 

leg in these units is a one pass heat exhang with process 

fluid to be vaporized in vertical tubes. The prediction of 

flow and heat transfer rates are two main requirements for the 

design of these equipments. Hydrodynamics and heat transfer 

phenomenon in natural circulation boiling of liquids is compli-

cated owing to the presence to two phases. 

A number of experimental studies have been carried out 

during last few years. It has been observed that most of 

studies has been done on nure liquids,a few studies is carried 

out on salt solutions. Therefore, it is important to obtain 

experJmental data on natural convective boiling of industrial 

impo*ant salt solution. However it is felt that expertimental 

data on aqueous sugar solutions will prove useful to add new 

important resuhts for sugar industries. 

In view of the foregoing the study was taken with the 

following objectives :. 



1. To collect expertmental data on natural convective boiling 

of water and sugar solutions at various concentrations at 

low & moderate het fluxes and one atmospheric pressUre. 

2. To develope generalised correlations for heat transfer 

during natural, subcooled & m-turated boiling ofiwater 

and sugar solutions. 
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CHAPTER 	2 

REV IE W OF LITERATURE 

The ma jor published work on the heat transfer in natural 

circulation vertical tube evaporator is on pure liquids and 

their mixtures. Quite a few informations is reported about 

the solutions. Most of the studies conducted are experimental 

Ile nature and have resulted in a number of emperical and semi-

emperioill correclations, some work had also been done to g ive 

the ore tica 1 approach to justify  the deve loped correlations. 

A brief review is presented below :. 

Pire t and Isb in (1) investigated six systems comprising  

of water, carbon tetrachloride, Isopropyl and n-butyl alchols, 

35 wt% and 50 wt/ K2 CO3 aqueous  solutions at atmospheric 

pressure in a 1-inch nominal copper tube with 46.5-inch heated 

length. They used a modified Dittus Boelter equation to corre-

late the inside heat transfer coefficient. The equation is - 

hayd 	[dvm pt,10.8 C 	0.6 r6H0-1  0.33 
.= 0.0086  	

2 
 

k L 	 61. _1 
(2.11 

Where Vm is log mean liquid vapor assuming  a homogeneous 

flow and is given as :- 

( Vmix out - VL in)/ 1n (imix out VL in ) 	
(2.2) 



Guerrieri and Talty(2) studied heat transfer to boiling 
of cyclohexane, methyl alchohal, benzene, pentene, and heptane 
in two differen single brass tube natural circulation vertical 
boiler. The tubes were light oil heated and were of dimensions 
0.75-inch by 6 ft long and 1 inch inside diameterf  by 6.5 ft long 
respectively. Wall and boiling luquid temperature were measured 
at 6 inch intervals along the tubes. Local heat transfer coeff-
icient and the amount of vapor generated in each 6 inch section 
were calculated. Heat flux ranged from 2170 to 17400 Btu/hr-ft2  
vapor quality of tube outlet from 2.8.to 11.6 wt%, boiling film 
temperature drop ranged from 6.1 °F to 24 .2 F. The heat tansfer 

in the system occurred simultaneously by convection and by nucle-
ate boiling. The authors presented an analysis which accounts for 

both processes and based on this analysis, correlated their heat 
transfer results in the form of local two phase convective heat 
transfer coefficient to the liquid phase coefficient as a funct-
ion of the rec iprocal Lockhart-Martinelli parameter. 

3.4 (1/x 	0.45  
hL 	tt 

(2.3) 

%there h r.,  is the coefficient calculated from Dittus-Boelter 
equation for liquid flowing alone. 

he: .0231(ko 	GT(1-X) )0.8 cLitti„  0.4 (2e) 
kL N 

where GT (1-X) expresses the point mass velocity of the unvapo-
rized part of the stream. 

Dengler and Addoms (3) investigated the mechanism of 
12-iling and heat transfer during vaporisation of water in a 
v:.rtical copper tube of 1- inch inside diameter by 20 ft - long . 

Me principal conclusions drawn are as fallows 

!. The rriecnnism of heat transfer during vaporisation in tubes 
• 7-rimari1v collvctive. Nucleate boiling is dominant only untlftr 

iti 	low 	iltso,ci4gy and is gradIVAlly,suppressed by 
the *Wit-  4o-.7 vapor 1,14wc0 forced flow. 

4 



2. Operating variables exert ilicieper"jonf. 7.1r1 ofton oppac.1110  

effects on each of these mechanisms 

Increase in pressure may increase the heat transfer 

ct)e-criL:le"L- by its effect on nucleate boiling or 
decrease them in the range of two phase convection by 
rising the average fluid density and thereby lowering 
the velocity. 

(ii) Increase in tempera ture differences promotes nucleate 
boiling but has no direct effect on the convective 
coefficients. 

(iii) Increase in total mass throughput increases the 
convective heat transfer but decreases the nucleate 
boiling heat transfer by lowering the available effec-

tive temperature driving force for nucleation. 

They arrieved at a correlation similar to that of 
Guerrieri and Talty 

hTP 
3 -511_ \o.5 	 (2.5) 

L \ xtt i 
where 4L  is the coefficient calculated from Dittus-

Boelter eauation for the total flow. 

h 	.023( kL) 4G 	0.8 	0.4 

ift)Lti, ( 14-11c 	) 	
(2.6) 

Johnson (4) Treasured circulation rates and overall 
temperatere driving forces for a 15-inch shell reboiler 
containa 96,1-inch; 12 gauge, 0 ft long tubo-s. One tube was 
equipped with a temperature probe to obtain local boiling 
stream temperatures. The systems investigated were water and 
a hydrocarbon having a normal boiling point Of 80.8 °C. 
Circulation rates were estimated by Kern's method. The Lock-
hart Martinelli parameter is used to calculate friction and 
':,,:pansion losses :for  the two phase zone. Overall coefficients, 

forces,, fluxes, flow, and vaporisation rates are 
--Qbu la tc:d 	'Typical temperature profiles were studied for six 

- -s 	rocarbon. 
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Lee of al (5) used a reboiler consisting of seven tubes in 
a bundle. The tube s were of 1—inch outside diameter 14 gauge, 
10 ft long admiralty metal. They investigated seven liquids and 
presented data for a pressure range of 2 to 120 psia. Overall 
coefficient were presented as functions of overall temperature 
differences. The average inside film coefficient and the maximum 
flux were presented in terms of dimensionless groups. The maximum 
flux was found for each fluid and corresponding system pressure. 
For heat fluxes above the maximum flux, vapor lock occurred. 
Recommendations include a maximum overall coefficent of 500 Btu/hr 
and the need for giving Particuler attention to reboiler entrance 
and exit piping. 

Ladiev (6) carried out experiments in three tubes 1500 mm 
long and 24,28 and 52mm diameter. Special attention was given to 
maintain indentical conditions in all tubes. Experimental results 
on heat transfer aspect were correlated graphically for water at 
atmospheric pressure. The apparent liquid level in the tube had a 
significant effeCt on the rate of heat transfer. It was found to 
decreased with an increased-in the level. The sharp reduction in 
the rate of heat transfer at' boiling in vertical tubes with inhere-lit 
circulation was found to be associated with lAequate flow in upp.2v 
part of the tube. Increase in tube diameter has no siguiflerant 
effect on heat transfer rate, but circulation velocity certainly g* 
decreased. tinder vacuum, the general eiaracterstics regarding heat 
transfer was retained but its absolute level was lower than that at 
atmospheric pressure. 

Claire (7) obtained fundamental information regarding 
heat transfer in a pilot evaporation plant. The coefficient of 
heat transfer for brass and stainless steel tubes of different 
dimensions 2.-inch outside d iame ter, 6 ft longth and 1.5 inch 
outside diameter, 4 ft length were respectively compared. 'lists 
with water boiling atmospheric indicated that the heat transfer was 
at maximum when the level of water was maintained at about 1/3 of 
the tube he j 'ht. For clean tubes the value of U is always higher 
for brass tubes than for stainless steel tubes. 



Bergles et al (8) carried out experiments on water at low 
pressure (below 100 ps ia) to investigate the effect is of tubes 
le ng th s , in le t temperature , tube d lame ter and pressure of the 
critical heat flux. The results were related to instabilities 
of the slug flow region. Critical heat fluxes for water are 
normally considered to start around 0.4x10

6  Btu/hr-ft2, however 
the authors have shown values of half this amount under low 
pressure conditions. 

Beaver and Hughmark (9) conducted experiments on twelve 
fluids in a 4 inch by 8 ft long carbon steel tube, heated 
electrically, to investigate the reliability of using developed 
correlations in vacuum conditions. It was concluded that for 
wall minus saturation temperature differences less than 15°F, 
single phase coefficients dominate and can be predicted by a 
modified Dittus Boelter equation (Sieder Tate modification) 

N = .023 (Re )()  '8  (Pr) 0 A 
( 

	0.14 
AL/ ) 

/-1-w 
For temperature differences greater than 15 F, nucleation 

sets in and local inside coefficients can be predicted by existing 
two phase correlations. 

Shellene et al (10) carried out plant tests on a highly 
instrumented 110 ft2 reboiler having a 14-inch shell, containing 
70,1/4 inch 13 gauge, 3, 7/8 inch, 12 gauge, 8 ft long tubes. The 
reboiler was operated in conjunction i.rith an existing distillation 
column and, except for instrumentation, was identical to a 
typical commercial unit. SIrseam was used as the heat source and 
process fluids were benzene, water, isopropyl alchol, methyl 
ethyl ketone, glycerine and various aqueous solutions of the 
alcohol, ketone, and glycerine. The process pressure was 
slightly above atmospheric. Of particular interest, in the work, 
was the expoloration of the onset of unstable operation. It was 
found that the addition of flow resistance to the inlet line 
extended the stable operating range, and the allowable pressure 
drop across the tubes decreases as the heat flux increases. 

(2.7) 



w 
Adding flovr I-eclat:arm-0 to thv vapor return line results in 
a decreased in the maximum flux. The authorto recarrwni3 to 
keep -the return flow area at-least equal to the total flow 
area to the tubes. Maximum heat fluxes were tabulated for the 
various fluids with accompanying temperature differences and 
percent vaporisation. Other data were presented as heat 
flux versus log-mean temperature difference and mass 
volocity versus pressure drop. 

Takeda et al (11) measured the axil distribution of 
vapor hold-up and boiling heat transfer coefficient in the 
annuli of a na tura 1 c ircu la ti on vertical tube evapora for for 
pure liduids (water, methanol). Vapor hold up in the annuli 
was expressed in terms of heat transfer rate and length of 
boiling region. The effect of vapor holup on the boiling heat 
transfer coefficient was analysed to give an empirical 
diamensionless equation. 

Calus et al (12) carried out experimental work on 
single tube natural circulation reboiler to investigate heat 
transfer to single component liquids. One copper and one 
stainless steel tube each equipped with a six compartments. 
steam jacket were used. All the tubes had nominal dimensions 

of 0.5-ineh diameter and 48 inch height. Three workers worked 
independently to obtain the length mean and local point 
coefficients Of heat transfer for water, isopropanol,n -pro-
panol and their azeotropes. Two phase heat transfer 
Coefficients for all liquids were 	correlated by a singl 
equation. 

hTP 0.065 (1 v TIN 01  0.9 	(2.8) 
L 	

x 
ttik AT -2-, j 

L 

All the length mean coefficients from runs with a 
two-phase mixture quality between 0.02 and 0.68 at the tube 
exit are correlated well within + 20% accuracy limits. The 
same equation correlates local heit transfer coefficients from 



runs with a quality in -the range of /2% to 50% with In + 30% 
accuracy limits. The dimension less groups (T,'  ) 	6H 0/ o Tf 	2 6  
are powerful correlating factors. The latter group accounts 
for the difference in the nucleating properties for various single 
component liquids and its correlating effectiveness indicated that 
nucleation was one of the impor.tt mechanism present in flow 
boiling. 

Skoczylas el al Inzynierial (13) studied heat transfer 
thin film boiling of aqueous sugar solutions in a SkNBAY type 
evaporator.Wasurement were carried out at atmospheric pressure 
and reduced pressure of 380mm Hg  with T. otor revolutions 6600, 
14100 rpm. The heat transfer coefficients were also calculated 
by a derived boiling of one component liquids. The mean absolute 
error amounts of 13.7%. 

Veneraki (14) investigated the effect of orientation of 
heat transfer surface on boiling of water and sugar solutions. 
The heat transfer surface was kept in vertical and hclizontal 
positions. The pressure was changed from 0.1 atmosphere to 
1 atmosphere and heat flux ranged from 4x103to 55x103 Kcal/m2-hr. 
Maximum sugar content in the solution was corresponding to 
60 Brix. The heat transfer surface was cylindrical made of 
brass pipe. Based on experimental data a correclation was 
recommended in the following form:- 

h=Ci  q1 pm 	 (2.9) 

The exponent of p, m was found to bo dependent on nature 
of boiling liquid a-ma the oriezatation of heating surface. The 
value of m was found to be greater in vertical position than in 
horizontal. Accordingly the heat transfer coefficent for a 
vertical orientation of heating surface was higher than that for 
horizontal position by 20% lt high heat fluxes values. At low 
heat flux values the difference was 40%. Reduction in pressure 
from 1-atmosphere to 0.1 atmosphere increased the difference 
between vortical and horizontal position heat transfer coefficient 
by 25% to 30%. 
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CHAPTER 3 

EXPERINENTAL INVESTIGATION 

3.1 nXPRRINENTA F, SET-UP 

The test apparatus used for the present investigation 
was a closed loop single vertical tube natural circulation 
evaporator. The unit mainly consisted of a test section,condensers 
separator and a cooling- jacket. 

A sketch of set up is shown in fig 3.1. The loop 
consisted of two vertical tubes connected by horizontal pipe 
et the bottom and a vessel at the top. The heated verticll 
tube (hot leg) is a copper tube of 19,02r,nrn inside diameter, 
1.58mm wall thickness and 940mm heated length. The upper and 
lower ends of test section were connected to two sections of 
glass tubes of 19mm inside diameter through gland and nut 
arragemGnt. The glass tubes were Parefully aligned with test 
section to malc-g the axes of allti t. ree tubes coincide. These 
glass tube section were pre7,Nrided for visual observations of 
flowing  licmid and ensuring the absermm of any distrubance caused 
by escamaof air bubbles in the loop. 

The test section was wound externta.11y with nichrome-
wire element (22 gauge) in porcelain beads in two sections, 
ea ch section of length 470mm, over the tube, The electrical 
power to heaters was supplied through a stabilised A.C. source. 
It was regulated by means of auto transformers and measured by 
calibrated wattmeters. Since one of the objective in present 
investigation was to study the variation of local heat transfer 
coefficient all along the length, it became necessary  to obtain 
we'll and liqui.d temperature d.:,_stribut!_on along the test section 
at differen t imposed heat fluxs. The wall temperatures were 
measured by ten copper-constantthermocoup1es whose beads were 
lmbedded in the tube wall thickness at locations 100mm apart 
starting from lower end of heated length. In order to get the 
bulk temperatures of be- tE-9 	, a cup mixing deVice was 
providing just before the exit thermocouple probe . The 	inlet 
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1, test section 

2, wall thermocouple 

3. 	liquid thermocouple 

Mass  tubes 

5, cooling ;racket 

6, coding water line 

7, liquid level indicolcr 

8. separator 

9. condensors 

10. air vent 

cup mixing device 

Fig.3,1 Schematic diagram of experimental setup 



and exit temperatures were measured by means of copper constantan 
thermocouple probe inserted in the tube. All the wall and liquid 
thermocouples were connected to vernier type d.c. potentiometer 
through a cold junction and twelve point selctor switch. The 
potentiometer was provided with a sensitive spot reflecting 
galvanometer which made it possible to measure e .m.f upto 
0.001 millivolt with an accuracy of 0.01%. 

The exit end of loop after can mixing device was connected 
to cylindrical vessel of 282mm inside diameter and 425 mm length 
with a conical bottom and flanged top cover. This vessel was used 
to separate vapor from the liquid emerging out of the test section. 
Tie conical bottom of vessel was connected to the inlet end of loop 
through a jacketed vertical tube of same inside diameter as the 
test section. The cooling water to the jacket was supplied from 
a constant level tank. The inlet temperature of the test liquid 
was controlled by regulating the water flow rate to the jacket. 

The ascending vapors from separator were condensed by 
two surface condensers and returned to the circulating liquid. 
The internal condensor consisted of a spiral coil made of 12.5mm 
inside diaineter copper tube. 11-e coil was kept just below the top 
of separator. The inlet and outlet ends of coil were taken out 
through the cover. A jacketed copper tube 20mm inside diameter 
served as external condenser. The external condenser in series 
with internal condenser was fitted to the top of the separtor. 
Water was used as cooling medium and was supplied to condensers 
from a constant level tank. The air vent arrangement at free end 
of jacketed tube was helpful in visual observation of removal of 
lest traces of dissolved air from test liquids. 

.2 EXPERINENTAL PROCEDURE 

Performance of all the wall and liquid thermocouple 
installed in position was examined. Water was filled upto a level 
in the separator to ensure complete submergence of circulation loop. 
A mercory thermometer was placed in the water. The liquid was then 
heated by an immersion heater in separator and was circulated through 
the test section., The 114.t.tid te.mperatore was raised to a particulr 
value and was main'-ained by means of cooling jacket. Sufficient 

12 



13 

time was given to ensure termal equilibrium between test liquid 
and tube wall and restings of thermocouples and therosyv  meter was 
recorded. Similar runs were taken at different liquid temperature  
and reported in tabular form. Calibraticn of wattmeter performed 
earlier by R. Prasad (16) were checked . 

After the assembly of the experimental set-up, the 
circulation loop was flushed with water to clean it thoroughly. 
The electrical and thermocouple connections were made and 
performance of measurement system was examined. Preliminary 
runs were taken With forced convection to check the heat balance 
and reliability of experimental data. When the wall temperatures 
ceased to change 4rther with time under identical conditions, 
the main experiment began. Two runs were also Wren for pure 
natural circulation (without boiling) for water at fluxes of 
3.554 x103 and 5.331x103  Wfrnz. The heat transfer coefficent 
calculated were compared with the predicted values of heat 
transfer, coefficients given by equation (16,17) and good 
agreements was found. 

During the start up actual run, the test liquid was 
boiled for about half an hour to drive out any air entrapped 
in circulation system. This was an important precaution 
particularly for initial runs with test liquid as dry test 
surface always entraps a very thin film of air. This air on 
heating takes the shape of tiny air bubbles will', leave the surface 
on further heating and join the liquid. Thus there sets in, 
rnicroconvection near the heat transfer surface in addition to 
those due to density differences. When the release of air 
bubbles ceased, cooling water to jacket was allowed to flow 
and desired heat flux adjusted. The system was then left to 

. attain equilibrium conditions. The readings of wattme ters. 
wall thermocouples and liquid thermocouple were recorded. 
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CHAPTER 4 

RESULTS AND DISCUSSION 
• 

The expernvntal program of the present investigation was 
carried out with a view to study the beat transfer characteris-
tics during boiling of water and aqueous sugar solutions at 
atmospheric pressure in a natural circulation single tube 
evaporator. The experimental measurements included the wall 
and licpid temperature vara tions along the evaporator tube 
length for various values of heat fluxes, degree of subcooling 
and sugar concentrations. The ranges of the parameters studied 
are reported in Table 4.1 

Table 4.1 Range of Experimental Parameters 

System Concentration 
wt% sugar 

Inlet degree of 
subcooling, °C 

Heat. flux 
W/m 

Water 0.00 24-60 7 •108x103-24 .878x10
3 

■■••••••■■■■•■• 

Aqueous 9.90 18.75-55.00 
Sugar 19.40 20 .00-52 .00 
solutions 27.45 17.00-53.00 7.108x103_24 878x103 

43.60 10.50-46,35 
57.50 16.20-48.65 

In this chapter, from the wall and liquid temperature 
distribution  a long the tube length, the probable mechanisms 
of heat transfer are discussed. The local values of heat 
transfer coefficients are computed and their variation along 
the length of test section examined under the influence of 
various parameter affecting them. 

4.1 VARIATION OF WALL AND LIQUID TEMPERATURES ALONG THE TUBE 
LENGTH:- 

Figures 4.1 and 4.2 show the typical variation of tw  
and tL with z for water. In Figure 4.1 the experimental runs 
with almost same degre,  of s,,11:-cooling have been plotted for 
various heat fluxes as parameter while the effect of inlet degree 
Of subcooling has been shown in Figure 4.2 for the same value of 
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heat flux. From thcp.0 figures the follnwing ch-emcrvterlstic 
features may be noted. 

a. The wall temperature increase aburetly with decaying rates 
which eventually become constant at a distance of about 100mm 
from the lower end of the test section. Beyond this length of 
the tube the temperatures rise linearly with the distance along 
the tube is upto certain points around which they 	attain 
the maximum values and startdecreasing slowly tending to become 
almost insensitive to the distance in the section near upper end 
of the tube. 
b. The liquid bulk temperature increase linearly with the 
distance along the tube length upto certain points beyond which 
they seem to become almost constant. The value of the above 
temperatures correspond to the saturation temperature of the 
liquid. 
c. The nature of temperature distribution curves is similar at 
all heat fluxes but with the rise in the value of heat flux, the 
curves are shifted to higher value s of wall. temneratures. Till s 
shifting is more pronounced in the linear portions of the curves 
than others and thus the points of maximum wall temperatures are 
moved to lower values of z. 

d. When the degree of subcooling of liquid entering the test 
section is increased keeping heat flux constant, the liqdri as 
well as wall temperature distribution curves except the ir almost 
horizontal portions are shifted to lower values of temperatures. 
The slopes of linear portions of these curves also have a tendency 
to incr-ase with the rise in (at)sub  showing that the wall and 
liquid temperatures increase with faster rates as the liquid 
entering the tube has lower temperatures. 

The above observed characteric features of wall and liquid 
temperature variations along the tube length seem to suggest the 
e:- istance of three distinct regions along the test section 
associated with definite mechanisms of heat transfer. The lower 
most extending upto a distance of about 100mm from the end 
cc_L-- ii4sp,-,ricls to the entrance effect. The non linear variation of 
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wall temperature in this region may be attributed to the fast 
development of thermal boundary layer. The section of the tube 
for which both wall and liquid temperature variations are 
represented by almost parallel straight lines, corresponds to 
the second region. The heat transfer in the region seems to take 
place by natural convection without boiling. The points beyond 

1 -which the vatlive temperaturestart decreasing mark the begining of 
the third region. The wall temperatures at these points are much 
higher than the saturation temperature of the liquid although the 
liquid core temperature is less than its saturation value. The 
bubbles nucleate at the superheated surface and grow to a small 
size till they extend to the colder liquid where the condensation , 
leading to their collapse takes place. Thus the boiling process, 
through initiated, gc,--- t confined to the heat transfer suer creating 
some additional turbulance. The rate of heat transfer is enhanced 
resulting in the decrease in wall temperature. As the liquid moves 
of its temperature also increases linearly and the bubbles nucleate 
and growko bigger sizes making the boiling process increasingly 
effective. This process of surface boiling continues along the 
tube length till the liquid temperature attains its saturation 
value and fully developed nucleate boiling sets in. The vapor 
exists as second phase and its quantity increases along the tube 
length The heat transfer in t 	region is affected by the 
combined action of both natural convection and nucleate boiling. 
As the  quantity of vapor increases along the tube length, and 
therefore the fluid velocity, the nucleation effect diminishes and 
the convective heat transfer predominates. The mutual interaction 
of the two mechanisms seem to counteract each other and thus the 
wall temperatures in fully developed boiling regions become 
insensitive to distance, 

At higher values of heat flux the wall temperatures also 
become higher so as to compensate the increased rate of heat 
transfer. The increase of the tempratures in boiling regions 
is less then those in natural convective regions, presumably 
because the effect of heat.flux on natural convective heat 
transfer is only through the rise in tw  whereas the nucleate 
boiling heat transfer is very strongly influenced due to a large 
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number of nucloi for bubble formation becoming active at higher 
be flux values. 

The effect of inlet liquid temperature on the axial wall 
and liquid temperature distribution* may be explained with the 
help of following equations :- 

(4.1) 
'dz 

The slope, dt-L,  of liquid temperature curves increased 
as the liquid massd  rlow rate, m, decreases if the specific heat 

C, remains unchanged at a given constant heat flux. When the 
liquid enters the tube at a lower temperature, the induced flow 
rate, m, of the liquid decreases while the specific heat, C, 
remains almost unchaged. Thus the slope dtl,  of liquid tempe- 

rature curves increases for a given constgAt beatflux making the 
lines steeper as seen in Fig. 4.2. 

Figures 4.3 and 4.4 represent the typical plots of tw  
and tL  versus z with various values of heat flux and inlet 
degrees of subcooling as parameters for aqueous sugar solutions 
of 9.90 and 27.45 wt% concentrations respectively. The exclusive 
effect of heat flux and degree of subcooling could not be shown 
for sugar solutions as was done for water. However, it may be 
seen from the figures that the characteristic nature  of wall 
and liquid temperature varitions along the test section length 
is essentially similar to those for water. The curves for 
higher heat flux and lower degree of subcooling are shifted 
relatively more to higher values to tw  than those for water 
The spread between the adjacent curves, particularly in 
matural convective and surface boiling regions, is also observed 
to be mere for sugar solutions. 

The effedt of sugar concentration on temperature 
distribution curves is shown in Figures 4.5 and 4.6. Figure 
4.5 represents the data at high inlet degree of subcooling and 
low heat flux value while in Figure 4.6 the data at low degree 
of subcsooling and high heat flux values have been plotted. 

q  = mC dtL= h (tw-t ) 
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The concentration of the solutions forms the parameter in both 
the figures. The nature of curves is almost similar at all 
concentration but the wall temperature curves are moved to 
higher values of tv  as the concentration is increased. The 
curves of Figure 4.5 also indica ted that the na tural convec-
tive heat transfer mechanism extends over the major portion 
of the test section where as boiling process seems to be 
predominant for the conditions of Figures 4.6. 

4.2 VARIATION OF HEAT TRANSFER CCEPFIC/ENT ALONG TFE TUBE 
LENGTH:- 

The local values of heat transfer coefficient along the 
tube length were computed from the measured values of wall and 
liquid tempretures along the rest section at uniform heat flux 
conditions of by using Eq.(4.1). The experimental values of 
small h so obtained have been plotted in Figures 4.7 and 4.8 
with q and (a)sub  as paraeen  ters respectively for water. 
The data points of entrance section have not been included 
in,these figures. 

The heat transfer coefficient increase's almost linearly 
tor with z at a slow rate upto certain position of the dealliteyond 

which it rises with a progressively enhancing rate. The 
strailpht line portions of the curves represent the region of 
single phase natural convective heat transfer and remaining 
portions indicate the nucleate boiling region. The increasing 
high rate of heat transfer nucleate boiling region is attributed 
to the turbulence created by nucleation and growth of bubbles 
at reducing local degree of subcooling along the heating 
surface. The number of active centres for bubble formation 
depends strongly upon heat flux and as it is raised to higher 
value, the number of nucleation sites multiplies resulting 

in more turbulence at the heating surface. This explains the 
shifting of curves in Figures 4.7 to higher values of h as q is 

increased. The increase in h with q for single phase natural 

convection region may rbe attributed to the rise in the wall 

temp
e
retaure. The effect of increasing the value of (At)sub  

at test section inlet is to shift the curves to lower values 

of h. The decrease in heat transfer coefficient with increase 

in the inlet degree of subcooling during natural convection 

Z4 
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seems to be due to the reduction in wall temperature in 
Contact uith colder liquid, while in nuclikate boiling it is 
the resultant of 	convection and bubble formation which 
may be suppressed by the colder liquid. 

The representative plots of h versus z for aqueous 
solutions have been shown in Figures 4.9 and 4.10. The data 
points have been selected for various concentrations at the 
save values of heat flux and approximately constant inlet 
degree of subcooling in both the figures so as to show the 
exclusive effect of concentr,tion of hest transfer' 
coefficient. It is observed from the figures that the 
variation of h with z is similar to that of water by the 
addition of sugar in water lowers the values of heat transfer 
coefficient at almost all levels of the test section.. The.  

* curves, however, tend to coverage somewhere inbetween the 
natural convective and fully developed saturated boiling 
regions of the tube. At low heat flux and high degree of 
subcooling this condition seem to be reached near the exit 
and all the tube as illustrated by Figure 4.9. From Figure 
4,10 it is observed that this region of almost same values 
of h at all concentrations is shifted to a lower level of 
the tube as the heat flux is raised and inlet degree of 
subcoling is lowered. The decrease in heat transfer 
coefficient with increase in the sugar concertration of 
soution during natural coveetion may be due to the changes 
in physical properties of solutions. In the boiling section 
of the tube, the retarded rate of bubble formation and growth 
on the beating surface may be responsible for lower heat 
transfer coefficients at higher concentrations of solutions. 
As the boiling sclition moves upward with a net amount of 
vapor generation, it becomes more concentrated and the heat 
transfer coefficient increases with a decreasing rate 
eventually passing through a maximum value for each 
concentration and finally decreases. This seems to be the 
probable explanation for the characteristic behaviour of 
curves in Figure 4.10. 
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4.3 GENERAL CORRELATIONS:- 

The results of the previous sections have clearly indicated 
the existence of two distinct regions where heat transfer takes 

place by the following modes. 
a. Single phase natural convection 
b. Natural circulation boiling 

The region of non-boiling natural convective heat transfer 
starts from the lower most and of the tube and extends upto a 
point where the wall superheat attains a value sufficient enough 
for the effective surface boiling. The nucleate boiling takes 
place in the remaining portion of the tube. Since the mechanisms 
of heat transfer process in the above mentioned two regions are 
different it was thought desirable to develop the correlations 
for them Aoprately. 

43.1 Single Phase Natural Convection 

The natural convective heat transfer coefficient depends 
upon the temperature difference between hgat transfer surf,ce and 
the liquid and its physical properies. The correlations for 
computing heat transfer coefficients, therefore, have generally 
been developed in terms of Nusselt, • 	and Prandtl number,. 

The experimental data points for water and aqueous sugar 
solution in the present study were found to be best correlated 
in the following functional form 2.:1- 

Nu = C1 	r Pro n1 (Pr) n2 	 (4.2) 

The dimensionless groups in Eq (4.2) were computed at 
various thermocouple positions along the tube and the physical 
properties were takeri at arithmetic avenge of corresponding wan 
and liquid temperatures. The exponents n1and n2 and constant 
C1 for Eq(4.2) were determined by regression analysis. A least 
square curve fitting program was prepared and the computations 
were done on a digital computer, I.B.M 1620. 

The values of n n2 and C1 for water And sugar solution 
have been given in Table 4.2. A comparison between the experimo3t4 
Nu and those predicted by the proposed equations have been show 
in 	4.11. Alm st all the data points for water and sugar 

1:Je w"-.1- Ln r7ximum error of ± Z41%. 



system 1  n1 

Water 8.10x105 -0.624 

19.4 and 
27.45 wt% 
sugar solution 

0.913 0.15 

43.60 and 
57.50 wt% 
sugar solution 

9.6334 -0.0033 

0 

0.26 

0.17 

Table 4.2 Values of Cl, nl  and n2 in Eq 4.2 

4.3.2 Natural Circulation Boiling 

The heat tansfer coefficient for boiling region depends • 
upon the additional turbulence created by the bubble formation 
and their dynamics over natural t*vective flow. rt was, 
therefore, decided to use a rates of these transfer coefficients 
with those of single phase natural convection for developing a 
suitable correlation. The parameters influencing the value of 
hEl/hc  were grouped together and a correlation in the following 
functima 1 forms, as suggested by earliei- workers (16) for water 
glycerine solutions, was obtained. 

The values of n3, n4  and C2  were determined by the regr-
ession analysis as indicated in the previous section. Using 
the values the Eq(463) assumes the following form :- 

---te= 7.5 x10--(--..— 

	

hC 	

c  Py.  C 	as (4Nt) club) ( tt, 
 z/ 

 ) 
Pv  d 	-

2.79 

 

u,  -0.90 

tw  d  • 

For sugar solutions:- 	 (4.4) 

-t  

2.93 

	

B 	 p C z 	. 1.386 / t _g ) 
= 2.25x10k -- e-(6t) sUbj 	tw 

t, 
 a4.5) 

Figure 4 
of h ' B/h

c 
the data 

.12 shows a comparison between the experimental values 
and those predicted by above quations. Almost all 

points of surface as well as saturated boiling of water 

3J 

— C 	
1, 	(. 2  10 C d  .4tuip  L  z ,)n3 h  t  

1

'4 
he" 2 ( Pv  z$  ( tw  d (4.3) 

h 
hC  
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and aueous sugar solutions show a reasonably good agreement 
with a maximum deviation of about + 30%. 

The physical properties for Eq (4.3) of wa ter and sugar 
solutions were taken at their respective saturation temperatures. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

1. Based on wall and liquid temperature variations aldng the 
tube at uniform heatflux, it is concluded that there exist 
distinct regions over different lengths in which heat transfer 
takes place by natural convection, sugar boiling and fully 
developed saturated boiling for watewand aqueous sugar 
solutions entering a vertical tube of an evaporator. The 
lengths of the tube corresponding to the regions are strongly 
influences by the heatflux, inlet degree of subcooling and 
sugar concentrations in the solutions* 

2. The heat transfer coefficient remains almost same or 
increases very slowly with distance along the tube length in  
natural convective region except near entrance. Beyond the 
onset of boiling, transfer coefficients rise sharply along the 
tube length. The values of h are observed to increase with q 
while they decrease with inlet degree of subcooling. 

3, The increases in the sugar concentration of solutions 
affects the heat tansfer coefficient adversily in all the 
regions. Near the exit end of the tube during saturated 
boiling region, the transfer coefficients /attain maximum 
values and then decrease. 

4. The experimental data of single phase natural convective 
rection, excluding entrance, have been correlated by the following 
equation with a maximum deviation of about + 20%. 

For Water:- -0.624 
Nu= 8.10 x105(Pr  Gr) 

19.4 and 27,45 wt% sugar solutions:. 
Nu=0.913 (Gr 

Pr) 0.15 (pr)-0.26 

43,6.  and 57.50 wt% sugar solutions:. 
-0.0033 	0.17 Num9.6334 (Gr  Pr) 	(r) 
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5. The heat transfer coefficients for subcooled and saturated 
boiling of water and sugar solutions wer best represented by 
the Aa,owing equations:- 

For Water:- 

—= = 7.5x10-5  ( 	s 	subb 5.09(t 	2,79 hC 	 P

PL C z
V 	 L ) 

tw  

h.  B 	
-4 zs Ult) -1.386 

hC =2.25x101 ( \ 'V 	d 	sub 	t) 	(,11  i) 2.93 

The maximum deviations between the experimental values of 
h and those predicted by the above equations were found to 
be about 30%. 

The investigation may be extended to more industrially 
important aqueous salt soulutions over wide range of 
concentrations, heatflux and degree of subco')ling. The 
,experimentals may be carried out at higher pressures and 
'vacuum to de\41op generalized correlations useful for the t. 
design of multi ale effect evaporators. 

For Sugar Solutions :- 



APPENDIX I 

EXPER INENTA L DATA 

Table 1.1 Experimental Data of Heat Transfer 

to Water. 

Table 1.2 Experimental Data of Heat Transfer 

to Various Sugar Solutions. 



46.80 39.00 
59.75 

	

66.80 	
- 

	

74.65 	
- 
- 

	

81,75 	- 
88.25 75.99 
94.55 83.90 

101.40 90.80 
102.90 96.70 
101.20 95.65 

52.80 45.25 

	

65.50 	- 
73.30 

	

80.70 	
- 
- 

89.10 
94.00 85.30 

101.40 92.80 
107.60 101.40 
103.90 99.75 
103.70 98.80 

• •■ 
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Table 1.1 EXPERIMENTAL DATA OF HEAT TRANSFER TO WATER 

zx10-2 
Temperature, °C 	zx10-2 Temperature, °C 

mm tw  tL 	 mm 	tw  tL 

q=7.108x103 W/m2 ' 
Run No W,1 	 Run No W.4 
4© 	' 48.85 	42.00 
1  59.05 - 	 o  62.05 55.40 
2 	65.40 	- 	 1  74.60 
3 	74.30 	- 	 2 	78.10 	

- 
- 

4 	83.20 	- 	 3 	83.35 	- 
5 	87.55 81+25 	4 	89.75 - 
6 	96.25 90.20 	5  93.90 84.40 
7 103.70 99.35 	6 	98.90 88.50 
8  101.20 98.05 	7 	103.40 95.70 
9 	101.20 98.05 	8  102.60 97.20 

9 	101.05 96.80 
q=8.885x10 3  W/m2 

Run No W.2 
a 	48 .10 	4 2.00 
1  59.50 	- 
2 	66 .80 	- 
3 	75.00--, 
4 	82.30 	- 
5 	88.65 	81.95 
6 	96.15 	84.80 
7 	103.15 	97.00 
8  101.60 	98.30 
9 	101.60 	97.85 
Run No W.3 q=10 662x103W/m2 
0  55.60 	49.10 
1  67.40 	- 
2 	73.70 	- 
3 	79.50 	- 
4 	86.70 	-- 
5 	90.70 	81:45 
6 	97.65 	88.00 
7 	102.60 	94.60 
8  102.00 	96 .95 
9 	100.60 	96.30 

Run No W-5 
0  
1 
2   
3 
4 
5 
6 
7  
8 
9 

Run No W.6 
0 

1 
2 
3 
4 
5 
6 
7 
8 
9 
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zxl0-2  
mm Temperature, 4C 

tW 	tL 

zx10-2 
mm Temeperature,  

tW 	tL 

 

 

q=12.439x103 W/m2 

Run No W.7 Run No W.10 
0 53.60 45.00 0 58.85 51.40 1 67.40 1 72.90 2 74 .30 2 78.60 
3 79.95 3 83.20 4 86.95 4 91.05 ear 

5 92.00 83.25 5 95.15 83.60 6 98.70 92.20 6 100.55 89.90 
7 105.05 99.55 7 106.55 97.30 
8 104.00 98.70 8 107.35 99.45 
9 	102.80 98.50 9 104.85 98.95 

q=14.216x103  W/m2 Run No W.11 
Run No 0 W.B 
a 65.35 58.50 0 65.50 57.70 
1 79,00 - 1 78.30 
2 82,05 - 2 81.35 
3 88.20 - 3 88.40 
4 94.95 - 4 95.00 
5 98.40 87.15 5 99.60 86.80 
6 103.50 91.30 6 106 .n0 94.00 
7 107.60 97.80 7 108.10 99.50 
8 105.70 99.50 8 103.70 98.80 
9. 104.80 98.90 9 104.50 98.60 

Run No W.9 Run No W.12 
0 
1 

53.75 
67.50 

44,90 
- 

0 
1 

72.30 
84.60  

65.80 
- 

2 
3 

73.30 
79.30 

- 
- 

2 
3 

87.95 
92.40 

- 
- 

4 86.75 - 4 98.25 - 
5 91.35 80.50 5 101.00 88.10 
6 98.50 86.60 6 105.10 .92.70 
7 104.70 96.65 7 107.85 96.80 
8 106.85 99.20 8 105.30 98.55 
9 104.25 98.55 9 103.60 97.45 



Temperature, °C 
tW  tL  

zx10-2 TEemperature., 
mm 
	

tW  tL 
zx10-2 

mm 

39 

cr-17.777 W/m2 

Run No W. 13 Run NoW16 
O 71.65 63.95 0 61.40 53.65 
1 86.65 - 1 77.00 
2 89 .65 2 81.40 - 
3 94.50 .. 3 86.00 - 
4 99.90 - 4 93.40 .. 
5 102.95 90.25 5 98.00 82.75 
6 106.85 93.05 6 102.70 88.60 
7 109.35 97.85 7 107.35 95.20 
8 104.70 98.50 8 107.35 99.70 
9 104.10 97.90 9 105.65 99.30 
Run No W.14 Run No W.17 
0 68.05 61.00 0 52.45 42.00 
1 -82.95 - 1 68.60 - 
2 85.60 - 2 75.95 -- 
3  90.60 - 3 81.80 - 
4 96.90 - 4 89.90 
5 100.95 86.70 5 94.75 79.80 
6 105.25 91.95 6 100.50. 86.75 
7 108.20 96.70 7 106.80 95.25 
8 106.70 99 .90 8 107.65 98.90 
9 105.80 99.25 9 106.20 98.85 

Run No W.15 Run No W.18 

0 54.00 45,90 0 79.90 72,30 
1 70.05 ONO 1 93.00' 
2 76.35 2 94 .05 
3 81.20 OM* 3 58.70 
4 88.65 11111•11 4 104.20 
5 93.50 80.80 5 - 106.30 91.80 
6 100.85 87,35 6 109.50 95.30 
7 105.95 95.45 7 109.80 99.20 
8 108.90 99.90 8 105.20 99.20 
9 105.90 99.30 9 105.70 97.90 



84.05 	75.75 
99.30 

100.55 
103.50 
108.90 
110 .30 
111.90 
109.20 
106.80 
106.85 

ONO 

92.90 
96.20 
99.30m 
99.30 
98.50 

Run No. W.21 Run No. W.2 

q = 23.101x103  W/m2 q = 21.324x10
3 
 W/m2 

0 	57.70 
1 	76.15 
2 	79.50 
3 	85.30 
4 	93.00 
5 	97.70 
6 	102.85 
7 	109.25 
8 	109.45 
9 	106.80 

0 55.25 44.10 
1 75.00 
2 80.55 S 

3 85.20 
4 91.75 S 

5 98.90 ••• 

6 103.55 87,45 
7 108.30 96.20 
8 111.80 99.85 
9 107.45 99 .00 

47.55 

••• 

88.15 
88.70 
95.65 
99.50 
98.55 

40 

-2 zx1.0 
mm 

TtMret7tUre1 4it zx10-2 
mm TEYPerature, °C 

tW 

Run No W.19 	 Run No. W.22 
0 75.10 66.50 0 
1. 89.80 1 
2 91.70 2 
3 97.10 3 
4 103.10 4 
5 105.80 90.30 5 
6 110.00 94.00 6 
3 111.60 

106.30 
99.30 
99.30 

7 
8 

9. 106.30 99.30 9 

Run No W.20 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

Ss 19447 vi/,tet 

	

55.30 
	45.24 

73,10 

	

78.70 	Om 

82.90 
91.85 

	

96.'20 	89.00 

	

102.30 
	86.10 

	

108.35 
	92.60 

	

107.35 
	99.50 

	

105.35 
	97.50 

Run No W.23 
0 68.10 
1 85.00 
2 85.90 
3 92.95 
4 99.80 
5 102.50 
6 107.20 
7 109.90 
8 106 .40 
9 106.85 

58.05 

87,30 
92.50 
99.20 
99.00 
98.35 



7x-10 	Tempera, „re ziftv .."2 

--••■•■■■•■•••"..."..." 

au= -240 . 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

MM 	 tw 	t L W 
tL 

Run No W.25 

0 	82.25 	74.45 
1 	99.15 	- 
2 	 99.70 	- 
3 	103.20 	- 
4 . 	109.10 	- 
5. 	110 .55 	93.45 
6 	112.50 	94.70 
7 	109.60 100.70 
8 	109.65 	99.05 
9 	107.35 	99.05 

W.28 

92.60 
106.15 
111,90 
113.15 
113.85 
114.00 
108.60 
106.50 
107.10 
109.20 

85.85 
- 
-- 
- 
-- 

: 96.15 
99.10 

 99.10 
99.75 
99.25 

q .--.-- 24 .878x10 3 	W/m2 
Run No W. 26 Run No . W. 29 

0 	56.00 	44.25 0 77.56 68.50 
1 	76.80 	. 1 95.80 - 
2 	81.80 	- 2 97.50 - 
3 	87.30 	- 3 100.50 - 
4 	94.00 	- 4 107.75 
5 	99.20 	81.20 5 109.60 90.05 
6 	104.40 	88.90 6 110.75 94,00 
7 	109,90 	97.25 7 109.30 97.45 
8 	111.90 	98.30 8 108.90 99.60 
9 	108.70 	98.30 9 10.9.75 98.75 

Run No W.27 Run No. W.30 

0 	77.90 	67.90 0 68.40 58.60 
1 	VE 	- 1 8 7 . 20 
2 	94.40 2 90.00 
3 	100.50 	- 3 94.60 
4 	106.35 	- 4 101.50 
5 	-109.40 	88.70 5 104.20 86.20 
6 . 	111.90 	94 .50 6 109.30 90.80 
7 	109.50 	99 .70 7 110.60 95.20 
8. 	106.25 	98.40 8 109.55 99.45 
9 	107.85 	97.65 9 108.30 98.60 

' 



4-1 

zx10-2  
mm 

0 
Temperature, C zx10-2 

mm 
Temperature o■C 

tw tL  tL_ 

Run No W.31 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 

62.05 
81.50 
85.20 
89.60 
96.15 

100.55 
lrc.40 
rilt10 
110.80 
108.40 

50.30 
IMP 

IMO 

ONE 

••■• 

82.40 
87.60 
94.15 
98.70 
98.70 

Run No W.32 

0 	83.60 
1 	100.75 
2 	104.35 
3 	104.35 
4 	111.10 
5 	112.40 
6 	111.05 
7 	108.80 

107.20 
9 	108••50 

75.05 

OPP 

.101. 

•Olis 

93.60 
97.10 
99.45 
99.45 
98.85 



4-3 

Natural Circulation (Non-Boilincr) 

mm Temperature, C 
tW 	tL 

zx10-2 
mm Temperature, 0  C 

t 	tL 

q = 3.554x103  W/m2 	q = 5.331x103  W/m2 

Run No W.33 Run No. W. 34 

0 40.20 36.30 0 54.30 49.75 
1 45.70 - 1 60.70 - 
2 47.35 - 2 62.30 - 
3 48160 3 65,00 _ 
4 49,35 - 4 68.35 - 
5 50,95 45.30 5 69.70 63.55 
6 53.05 47.10 6 71.90 65.85 
7 54.70 48.70 7 74.30 68.30 
8 57.20 50.50 8 77.45 71.00 
9 58,4,65 52.35 9 79.90 73.05 



q = 7.108x10
3
W/m

2 

Run No. S.1 

0 52.10 
1 63.10 
2 70.30 - 
3 79 .45 - 
4 87.55 - 
5 91.75 84.80 
6 100.40 93,95 
7 106 .10 99.95 
8 106.30 98.90 
9 103.70 98.50 

+4- 

Table 2,2  EXPERIMENTAL DA TA OF HEAT TRANSFER TO WAR IOUS 
SUGAR SOLUTIONS 

zx 10 
- 2  Temperature ,aC  zx 10 -2 Temperature, oC 

mm 	tW 	tL 	mm 	t 	tL 

9.90 Wt% 	Sugar Solution 

q = 17.777x103  W# m2

Run No. S.4 

0  83.30  76.70 
1  97.30  - 
2  101.10  - 
3  102. 50  - 
4 

 

 108.45  -  
5  109 45  94 .40 
6  111.90  97.65 
7  108.45  99.40 
8  104.70  99.20 
9  104.70  97.70 

q = 10.662x10 3 W/m2 
Run No. S. 2 

q = 21.324x10 3 Wm  2 

Run No S.5 
0 68.10 61.30 0 88.10 81.25 
1 79.90 . 1 105.15 - 
2 84.05 - 2 108.35 - 
3 88,85 - 3 108.80 - 
g 95.40 - 4 114.70 - 

99.05 88.30 5 115.15 97.65 
6 104.40 93.10 6 114.10 106.20 
7 108.90 99.35 7 108.25 101.70 
8 103.60 99.35 8 106.40 100.20 
9 103.10 98.50 9 108.00 99.75 

q = 14.216x103 W/m2  

Run No S. 3 

0  76.55  69.85 
1 	89.90  - 
2  92.30  - 
3  95.80  - 
4  100.90  - 
5  1D3.75  90.90 
6  107.00  94.85 
7  108.85  99.60 
8  103.15  98.30 
9  103.15  97.85 

q = 24 

Run No 

.878x10
3 
W/m2 

S.6 

0 91.75 83.70 
1 108.65 - 
2 110.10 1111.1. 

3 111.05 - 
4 114.70 95.40 
5 110.75 99.70 
6 107.10 100.95 
7 103.95 100.30 
8 106.30 100.05 
9 109.05 99.70 



45 

zx10-2 
mm 

Temperature,°C 
tw 	tL 

zx10-2 
mm 

0 Temperature, C 
tw 	tL  

19.40 Wt% Sugar Solutpn 
q = 7.108x103 	q = 14.216x103  .W/m2 

Run No S. 7 
O 	56.25 	49.30 

ON. 1 	67.50 
2 	74.25 

OEN 3 	81.35 
4 	88.95 	... 
5 	' 94.20 	'85.75 
6 	101.95 	95.6e 
7 	108.70 	101.15 
8 	106 ,35 	100 .45 
9 	103.85 	99.30 

q = 8 .885x 103  W/m2  

Run No. S.lb 
O 	78.20 
1 	91.80 
2 	95.50 
3 	98.35 
4 	103.35 
5 	= 	107.50 
6 	111:45 
7 	111.20 
8 	106.20 
9 	106.00 
q  = 17 .777X103 

69.95 
.11110 

- 	92.80 
98-05 
102.70 
100.50 
99.85 

W/m2 
Run No S. 8 Run No S. 11 
O 57.10 49.60 O 82.90 75410 

69.40 1 	. 98 .45 
2 76,00 2 102.05 ONO 

3 83.15 3 104.80 
4 90.60 4 110.95 
5 94.95 87.40 5 113.70 96.40 
6 101.40 94.55 6 110.55 100.85 
7 108.70 101.25 7 104.80 99415,  
8 109 .35 99.75 8 104 .80 -98.90 
9 104.70 99.15 9 105.65 98.25 
q = 10.662x103  W/m 2  
Run No S.9 

q = 21.224x103  
Run No. S. 12 

w/m2 

0 66.00 58.05 O 90.70 81.65 
1 78.85 1 106.455 
2 85.30 IMO 2 11Q.85 •••• 

3 90.90 - 3 113.40 M•10 

4 98.35 - 3 117.60 95.50 
5 101.75 88.50 5 117.60 9.50 
6 107.65 95,25 6 111.50 101.35 
7 111.15 102,50 7 109.25 101.10 
8 105.85 100.35 8 107.40 101.20 
9 104.40 98:85 a 108.00 99.75 



zxl0 -2 	Temperature,  ad 	zxl0-2 	Temperature 0C 
mm 	tW tL 	 mm 

	
tW tL 

q = 24 

Run No 

.878x103  W/m2 

S.13 

0 91.40 82.40 
1 108.80 
2 112.40 
3 114 .50 
4 117.50 95.25 
5 116.30 98.50, 
6 109.55 99.15 
7 106.00 99.75 
8 106.40 98.60 
9 108.30 98.40 

q = 7 

Run No 

lex lo 3  W/m2  

S.14 

27.45 Wt% Sugar solution 

w/m2 q = 104C2x103  

Run No. 
0 54.90 47.90 0 64.10 56.50 
1 67.55 - 1 77.80 - 
2 75.50 - 2 84.85 - 
3 81.50 - 3 89.95 41111. 

4 89.50 - 4 96.25 - 
5 95.30 85.40 5 100.45 86.80 
6 103.40 94.45 6 107.45 94.00 
7 109.05 102.70 7 112.25 99.80 
8 112.00 101.45 8 112.50 98.45 
9 	104.80 98.90 9 	106.20 98.55 
q= 8.885x103 w/m2 q = 12.439x103  W/m2 

Run No S.15 Run No S. 17 
0 66.10 0 73.55 65.60 
1 78.20 - 1 89.20 - 
2 85.30 - 2 94.60 - 
3 89.60 - 3 99.90 _ 
/.. 97.20 - 4 105.20 - 

101.70 87.50 5 107.95 92.10 
4; 106.90 93.30 6 113.00 96.50 

111.75 99.40 7 114.30 100.95 
t3 115.15 99.20 8 106.50 98.60 
9 108.30 99.00 9 104.45 97.90 



Czxl0-2 	Temperature, C 	tx10 	 C 
mm 	tw __tL 	mm 	 tW 

q =17.777 xio3 Ta/m2 

Rug NO 	18 

q 	24 

Run No 

-878x 103 	W/m2 

S. 20 

o 79.75 71.10 0 93.00 83.60 
1 97.80 1 111.35 - 
2 103.75 2 115.25 - 
3 108.25 - 3 115.10 - 
4 112.50 91.70 4 116.80 - 
5 T '115.25 95.20 5 116 120 98.60 
6 116.45 100.35 6 116.20 100.60 7 111 .45 100 .35 7 114 ..10 100.10 
8 107.40 98.85 8 109.70 99.75 
9 105.95 98.85 9 109.70 99.25 

q 21.324x103  W/m  2  

Run No S. 19 
0 87.60 77.50 
1 107.40 
2 11 3.50 4111M 

3 113.20 ORR 

4 118.75 94.80 
5 118.95. 99.45 
6 109.05 100.50 
7 104.80 99.50 
8 105.40 99 .30 
9 108.00 99.30 
•■••••••••••• ••■■■■■■-.". 

         

         

q = 1-08x 10 3  w/m2 
Runklo S. 21 

43.60  Wt% Sugar Solution 
q= - 8.885x10 
Run No S. 22 

3 

 

0 56.55 48.15 0 67.50 
1 70.40 1 81.75 
2 77.50 - 2 86 .70 
3 84 .10 - 3 93.40 
4 91.75 - 4 99.55 
5 96.70 35.65 .5 103 .15 
6 104.05 92,60 6 108.60 
7 110.65 98.55 7 113.90 
8 107.05 100.05 8 112.20 
9 102.70 98.50 9 105.25 

59.50 
- 

- 
v 

87 :SO 
95,80 

102140 
102:00 
100.00:. 



q = 10.662x103  w412 

Run No S. 23 

0 73.40 64.05 
1 87.90 
2 93.30 GIMP 

3 93.25 
4 102.70 Oleo 

5 106.25 90.04 
6 112.40 94.40 
7 115.30 101.90 
:3 11t.30 101.90 

105.20 99.90 

q = 14.216x103  W/m2 

Run No S. 24 

0 80.25 71.35 
1 96.65 
2 102.75 
3 107.20 
4 111.45 91.15 
5 113.35 94.60 
6 117.40 99.30 
7 117.40 102.50 
8 110.70 99.70 
9 106.70 99.70 

q = 7.108x103  W/m2 

Run No S.27 

0 
 

66.25 55.35 
1 
 

80.35 
2 
 

87.90 
92.90 
99.75 
103.40 85.65 
110.40 94.20 

-  101.10 
105404. 100.40 

99.15 

••• 

/MO 

48 

zx10
-2 Temperature 

o 
C 
 

zx10
-2  

Temeraturg  C  6 
mm  tw 	tL 	mm T1 	 tIAT 	tL 

q= 17.777x10
3  

Run No S. 25 

0 89.60 79.45 
1 108.50 
2 122.45 MINA 

3 112.50 Ana 

4 115.55 94.50 
5 118.25 97.10 
6 116.20 102.20 

108.00 101.60 
8 105.85 99.70 
9 107.10 99.45 

q =21.324x103 

Run No S. 26 

0  92.50 

W/m2 

1 113.15 1.10. 

2 119.20 .1110 

3 119.00 IWO 

4 119.00 100.35 
5 116.95 101.25 
6 108.55 101.25 
7 106.20 100.40 
8 107.30 100.00 
9 106.65 99.75 

57.50 Wt% Sugar  Solution 

q = 8.885x1 0
3 
W/m

2 

Run No S. 28 

0 72.05 60:80 
1 87.70 41•11. 

2 94.15 11.111. 

3 99.85 
4 106.05 lam 

5 109.25 93.45 
6 115.30 94 .95 
7 120.10 104.50 
8 116.80 102.25 
9 106.70 99.65 



0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

49 

      

zx10 
mm 

Temperatkire r °C 
tW 	tL 

Temperature, °C 
tw  tL 

     

q = 10.662x103 W/m2 
Run No S. 29 
0 	79.65 67.65 
1 	94.90 
2 	101.30 
3 	106.65 
4 	112.50 90.80 
5 	113.35 94.30 
6 	119.75 98.80 
7 	121.45 105.75 
8 	116.40 103.20 
9 	107.75 100.45 

q 14.216x10
3 W/m2 

Rtiin No S. 30 
86.00 73.40 

105.05 
112.50 
117.50 
122.15 ` 95.00 
123.60 96.90 
124.90 101.40 
117.75- 103.50 
110.30 101.40 
108.90 101.40 

q = 21,324x103  W/ m2 
Run No S. 31 

99.70 84.05 
122.35 
123.95 -
121.65 -
122.50 99.35 
118.50 101.50 
112.30 103.90 
109.70 102.40 
110.50 101.50 
111.80 101.50 

q = 24.878x103 W/m2. 

Run No S. 32 
0 	101.70 87.80 
1 	123.90 - 
2 	123.90 
3 	 120.15 
4 	121.00 98.00 
5' 	121.00 99,25 
6 	116.45 103.30 
7 • 	'110.15 102.50 

111.50 102.00 
9 	113.40 101.80 

OMP 

Mee 

ONO 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 



APPEND DC II 

PPYS±CAL PROPERTIES OP TEST LIQUIDS 

Table 11.1 Thermal Conductivity of Aqueous Sugar 

Solutions. 

Table 11.2 Specific Heat of Aqueous Sugar Solutions, 

Table 11.3 Specific Gravity of Aqueous Sugar Solutions. 

Table 11.4 Visosity of Aqueous Sugar Solutions. 

Table 11.5 Volume Factor For Thermal Expansion of 

Aqueous Sugar Solutions. 

Table 11.6 Value of Various Constants. 



Table IT, 1 7ER L CONDUCT ATY (Kaal2hr-m=o)  OF AQ}E__OLTS 
SUGAR SOLUTT0NSTTS7-  

Temperature Sugar concentration Wt% Sugar in Aqueous Solution  
°C 	0 	10 	20 	30 	40 	50 	60 

0 0.486 0.468.  e.434 0.407 0.381 0.355 0.329 
10 0.501 0.474 0.447 0.420 0.393 0,336 0.339 
20 0.515 0.487 0,460 0.431 0.404 0.376 0.348 
30 0.528 0.500 0.471 0.442 0.413 0,386 0,357 
40 0.540 0.511 0.482 0.452 0.423 0.394 0.360 
50 0.551 0,522 0.492 0.461 0.432 0.402 0.373 
60 0.561 0.531 0.501 0.470 0.440 0.410 0.379 
70 0d570 0.540 0.509 0.477 0.446 0.416 0.386 
80 0.578 0 d547 0.516 0.484 0.452 0.422 0.:*1) 

Table 11.2 SPECIFIC FEAT OF A QUEDOUS SUGAR SOLUTIONS (la) 
kca 1/kg  2d 

Temperature ., Sugar Concentrations Wt% ,Sugar  
vC, 	0 • 	. 10 	20 	30 	40 	50 	65 

20 	04999 D 0.9428 	- 	0.8299 - 	0.7213 0.6.416 

99 	1, 0077 0.9510 0.89-'3 0.8381 0.78300'7295 	- 

* The specific heat of sugar solutions at 99°C was estimated 
by assuming the similar variation with temperature as heat 
of water. 

• 

lo 9c90-9  
MAL LEIlt"v milifFRSITT OF ROOM 



Table 11.3 SPECIFIC GRAVITY OF AQUEOUS SUGAR SOLUTTOrS  IN 
gm/n.11(18) 

Wt% 
sugar 
solution. 

in 
Temperature,0C. 

0  10 20 25 30 40 50 

0 0.9998 0,9997 0.9991 0.9982 0.9970 0.9956 0.9929 0.9881 

9 1.0371 1.0359 1.0350 1.0340 1.0327 1.0310 1.1070 1.0230 

10 1.0410 1,0401 140392 1.0380 1.0360 1',0350 1.0310 1.0270 

20 1,0E354 1.082 1,0823 1,0800 1.0790 1.0770 1.0730. 1.0680 

- 	27 1.1182 1.1153 1.1144 1.1128 1.1111 1.1092 1.1049 1.1000 

23 1,123C 1.1205 1.J.191 1.1175 1.1157 1.1138 1.0950 1.1047 
46 1,2150 1,. 2'? 1,2090 1.2070 1.2050 1.2030 1.1980 1.1930 

1.2770 1,273 1,2710 1.2680 1.2660 1.2640 1.2580 1.2530 

1.'20:-.10 1.2790 1,2770 1.2740 1.2720 1.2690 1.2640 1.2590, 
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.Table  IT,S VOLUIT 	FACTOR FOR TI-TERMAL EXPENSION OF AQUEOUS 
SUGAR SOLUTIONS 14 (123 

Temperature 
cc 

Wt% Sugar Solution 
30 	40 50 60 10 20 

0 0.9969 0.9950 0.9940 0,9930 0.9920 0.9920 
10 0.9980 0.9980 0.9970 0.9960 0.9960 0.9960 
20 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
30 1.0027 10029 1.4030 1.0030 1.0000 1.0030 
40 1.0063 140063 1.0072 1.0072 1.0072 1.0082 
50 1.0106 1.0110 1.0110 1.0110 1.0100 1.0100 
60 1.0150 1.0160 1.0160 1,0160 1.0170 1.0170 
70 1.0210 1.0210 1.2220 1.0220 1.0190 1.0180 
80 1.0270 1.0270 1.0280 1.0280 1.0280 1.0270 
90 1.0342 1.0342 1.0342 1.0342 1.0342 1.0360 

100 1.0417 1.0417 1.0417 1.0417 1.0400 1.0390 



PHYSICAL PROPERTIES OF TEST LIQUIDS:- 

During the experimental investigations, a wide variation 
in wall and liquid temperatures along tube length was found to 
exist. The physical properties of liquids used were strongly 
temperature dependent. In order to calculate the physical 
property at certain location, the airtha

110  tic average of wall 
and liquid temperature corresponding to the reauired location 
was taken. The physical properties which were not available 
in literature have been taken by extrapolation. A third 

0 
degree pAloynomial was fitted for available data to express 
the physical properties, except the viscosity of sugar 
solution, as a function of temperature. The equation is of 
the following form :- 

P.= A+ Bt+Ct2+Dt3 

The viscosity of sugar solution was represented by a plynomial 
in exponential form :- 

, P=EXP (A+Bt:Ct2  +Dt3 
 / 

where P=PrOrty a:nd t = Temperature,QC 

The values of physical constants for water and sugar' 
solutions for different concentrations are given in Table II.6 
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SIMPLE  CA LCU IA T I ONS 



DtJGENERAL 
 59 

Calculation of heat transfer surface e-

Inside diameter of test section = 0.01902m 

Length cf heated section 	= 0.94000m 

Heat transfer area 	A = x.°1902x0.94 
= 0.05618m2 

• _00 Calculation of heat flux :- 

q= Q/A= 0/.0.05618 W/m2  

= 17.777 O. W/m2 

where Q is in watts 

. (t) Calculation of temperature drop across the tube wall 
of test Section:- 
The eqution of conductive heat transfer through a 
cylindrical test surface gives the temperature drop 
across the wall as below :- 

tw  = 	cid() 	in da  

2k 	di 
d = Inside diameter of tube 

do = I. d+2xiia11 thickness between inner surface 
and thermocouple bead. 

for No run n all for water 
z 0.70m,t 103.70°C 

at thtsFtgaperature k,  for copper (19) 322 kcalfin.hr:c  

47./77x0K0.840.0206  in 0.0206 
0.01901 2x322  

=0.03875°C 
III. 2 	Experimental And Predicted Values of Natural Convective 

Nusselt Number for Water:- 

P-,.n To W,21 

'7,=21.324x:03  W/M2 	t= 97.500C 
500 mm • 	 t L = 82.00°C 

Overage tampereture= 97.50+82.00 = 89.75.0 
2 



60 

Physiep.1 	-,t average temperature- 

k = 58.5x10-2 kcal/m.4.1r  ec  

I= 965.3 kg/m3.  
C = 1.005 kcal/ • • kg C 

= 0.326x10 m2/sec 
= 6.95x10 -4 

 14 
N = C At 
Pr  —2  = 1.005x1.001x3.6  

58.5x10 	= 10.251 

N Gr = gp3/36t = 9.81x1 ( .019 ) 2x6.95x10-4  x (92.50-82.00) 
X"' 	 ( 

5 (0.326x10-6 ) 2 
= 6.82x10 

h = 21.324)(10
3x0.86 	= 1183.135 kcal/m2 hr-C b27,-50-82.00) 

N = hP 1 .1 03 139x 019 Nu 

	

	 - 41.169 
58.5x10 

Computed Nusselt number from correlation 
-0.624 

	

N = 8.10x10- 	Pr  ) • 

	

5 	6 -0.624 
= 8.10x10 (6.9949x10 ) 
= 43,326 

Thus % error = 43,326-41.169 x 100 = + 5.2387% 
41.169 

111.3 EXPERIFENTAL and Predicted Values of Natural Convective 
Nusselt Number For Sugar Solution of (19.45 and 27.40) 
Wt% Sugar 

run no S.7 
2= 200 mm 

= 7.108x 103  W/m2 
W t 	74.25 QC 

tL - 64.40°C 
Average Temperature = 74.25+64.40 o 

4 	 2 	- 69.30 C 

17-1-lys :Ica 1 pr):rri,!: - a t b s.  torr'...  

k = 0.509 hr-m C 



= 1.094x103 kg/rn  

Cp= .8381 kcal/kgo-C  

= 0.88 centi-poise 
1.022 1/0c  

NPr = C74  = 0.838 1x0.88x 3.6  = 3.084 0.509 

3, 2 	3 
NGr= gD3/36t = (  1.094x103)  x9.81x(.0  19) x1.022x(74 25-64.40) 

2 
( 0.88x3.6 ) 

= 3T69 x 10
9 

h = 7.108x10 x0.86 = 620.589 kcal/2! (74.25-64.40) 	hr-mc  

NNu= hD = 620.589x0.019 
0.509 	- 23.594 

Computed Nusselt number from Correlation:- 
. 	`- 0.26 15 	; N = 0.913(Gr Pr)015 rA , Ap 	= 0.913(1.0019x1010 )- (3,084).

26 
 

= 21.800 
Thus % error in'Nusselt number = 21.800 - 23.594x100 

234594 
= - 7.5845% 

t 
111.4 Experimental And Predicted Values of -  Natural Convective 

Nusselt Number For 43.60  and 57.50 Wt% Sugar Solutions 

run number S.21 - 
Q . 7 . 108x 10

3 
 w/m3 

z = 200mm 

= 77,4040.  
tL = 63,40°C 

-Average Temperature = 77.40+63.40=. 70.40°C 
• • 	• - 2 

Physical properties at average temperature:- 

k=0.446 kcalim" hrPc  

f=1.187x103 
kg/m3  

C 	kcalr;g.0 
A
P.
1,2 80 centi -,_s, 
11,_1.a22 



ig 2-. 

Npr= 0 .7830x 2.00x 3.6 = 58.1 16 
k 	0.446 

N 	(1. 187x 103 )2x9 .81x (0 .019) 3x 1.022x 14 
GI' 	a.  (2x3.6)2- 

7 =1.65x10 

h= 7.10QF10  3x0.86 424 .50 	Ktikl I  :5  -ry) 

NNu= hD = 424.50x0.019- 17.979 
k 	0.446 

Nusselt number calculated from correlation :- 

% Nu= 9.6334 (Gr Pri - .0033 (p )0.17 

= 9.6334 (9,6239x108) -°°°33  (53.216 )0'17  

= 17.864 

Thus % error in Nusselt number = 17.864  - 17.979x100 
17.979 

= -0.63973% 
III. 5 E:isserltaim 	And12±Lecittfd Values of Heat Transfer 

Coefficient For  Boiling-  of Water 
run no. W.18 

z= 800mm 	 t = 104,70°C 

Q=17.777x103VI/m
2 tr. j= 98.50°C 

zs= 700 mm 	 (At)sub  = 26.80 C 

Physical properties at saturation tempera ti ire - 

(*L= 958.4 kg/m3 

f v= 0.598 kg/m
3  

Cp  = 1.00 centi-poise 

= 539 kcal/kg 
hB  = 17.777x103x0 86 2351 kcal/ 2 

(104 .70-98 .50) 	m -hr-C  
(hc.),..vg= 1.032x 103kcal/m2_ 



11711217-- 2351/1.032x103= 2.276 

tr.  
ig47Gx800 = 339.511 

inT 
d 

8.00X19 

sub) 

V 	z s 	958.40x1.0.2x26.80 
0.598x535x760 

2.162 

Thus heat transfer coefficient calculated from correlation :- 
-.091

Cn d (at) 
7.5x10-D(--f'L 	

tL  2   2.79  
12  tw  d V 

	

= ._ 	(2 .16 2) -.°9 1  ( 39 .511)2 '1-79  
= 1,9580 

error in I) B = 1.9500-2.276 	x 100 

	

he  2 276 

= -13.97% 
111.6 Experimental And Predicted Values  of Heat-- Transfer 

Coefficient for Boiling of Sugar Solutions 

run no. W. 3.7 

z = 900mm 	tw= 104.00°C 

Q = 7.108x103 W/m2 
	

ti7 100.00 C 

zs= 700mm ( 	
(At) 	=44.00°  

sub 	
C 

PFysical properties at saturation tamper tura : 

PI) = 1.0927x10)  kg/;71  

PV = 0.598 kg/r13  

A = 539 kcal/ 7  

GP = o.3.943 kca 	4  
l< 3-C 



2,25x10-4 (3.62) -'1386  (45.54)2'93 	tW  

- z 0 	io 	d 	 tt 	(CrCp z 4. 	( t) 	i1.38( 	2.93 

a 

3 h =---7.108x10 x0.86 	1528 	/ 2 	0 

	

B 	 m -hr-C T104.00-100) 

(h,) 	= 665,00 kcal/ 2 	* avg 	 m -hr C 

	

E3 	- 1528/665 = 2.295 
'C 

T. 	 - 	10/.., .00x 900 - 45.54 

	

IA/ 	:,_00.00x19 

FiL  Cp  d(At)sub=  
.c>"7 	z 	1092.70x0.894 3x44 

E3 	 0 . 5 98x 539x700 
= 3,62 

Heat trans:Fer coefficient calculated from correlation:- 

64 

= 2.7420 
error in h13/ = 2.7420 	2.2950 hc  2,2950 

+ 19.479% 
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*mom** * ******************************************************* 
PROGRAM 1 

viliwww************************************************************* 
C C CALCULATION OF DIMENSIONLESS NUMBERS FOR SUGAR 
C  0 IS CONSTANT 
C.  N3 15 NUMBER OF SUGAR, CONCENTRATIONS 
C  CP IS SPECIFIC HEAT 
C  DFLUX IS MEAT FLUX 
C  TW IS WALL TEMERATURE 
C 	TL IS LIQUID TEMERATURE 
C 	AM 1$ MASS FLOW RATE 
C 	DELT IS DIFFERENCE OF WALL. AND LIQUID TEMPERATURE 
C  TN' IS AVERA6t. TEMPERATURE OF WALL AND LIQUID 
C  AK IS THERMAL CONDUCTIVITY 
C  AMU IS VISCOSITY 
C  BETA IS COEFFICIENT OF VOLUME EXPANTION 
C  R 14 DENSITY 
C  M IS KAT TRANSFER COEFFICIENT 
C  ANU IS NUSSELT NUMBER 
C  RE IS REYNOLDS NUMBER 
C  PR IS PRANDTL NUMBER 
C  GR IS GRASHOF NUMBER 

DIMENSION. TNI. OOWL1200/pA(20051201tC1201 
D0404.3**022/(0,0,01000,01941 
READpN3 
00200 MM*1013 
READ*CONC 
PUNCH*CONC 
READ*4A41101110C44 04.41 
READOI*CP 
00200Kel*141 
READ0200FL X 
REA011TW(J1 tTL j1.401..N.2 
DO 200 401042 
AMIRDCIPLUXIML141.4L11,1*(P1 
DELT101W441,40,4 
TM1a003114TWIJI+TL(J1) 
TM2*-TAI*TML 
AK*A11111.0411*TM14-C11)*TM2 
PeAl2)+012)*TMI.C121*TM2 
AMOtEXPFIP4•305 
OETARA1111+6(Ulti'Ml+C111/*TM2. 
R04A(41+814)*IM1.C(41*TM21*1 00E03 
HIRQFLUX/DELT 
RBYMU*RiAMU 
ANU0s0194*M/AK 
RE*410194*AM/AMU 
PR0CP*ANU/AK 
GR1943319E02*BETA*DELTIFRBYMO,RBYMU 
PUNCH. 202,ANUtRE*PRIM*HOW(JI*TLIJI4FLUX 

202 FORMATIOF100) 
200 CONTINUE 

STOP 
END 	' 

DATA CARD FOLLOWS 
*******************4**************************************** MOM** 
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000****0000000000006001 0000000000 3[i0a4}t?At>Chi?d3!!0f3t}0000 000 )f 0 otmoota 
PROGRAM II 

***41pott ta*0** 0 C• tHICIO trO*0 0000 0,0****0. 3!0 ***f} 	**WPC 411**-0111*****-0******-0. 
C C CALCULATION OF DIMENSIONLESS NUMBERS FOR WATER 
C  CP 1$ SPECIFIC MEAT 
C  QFLUX 16 HEAT FLUX 
C  0 IS CONSTANT 
C  TW IS WALL TEMERATURE 
C  TL IS LIQUID TEMERATURE 
C  DELT IS DIFFERENCE OF WALL AND LIQUID TEMPERATURE 
C  AM IS MASS FL(RATE 
C  TMI IS AVERAGE TEMPERATURE OF WALL AND LIQUID 
C  AK IS THERMAL CONDUCTIVITY 
C  BETA 15 COEFFICIENT OF VOLUME EXPANTIOM 
C  H IS HEAT TRANSFER COWICIENT 
C  ANU IS NUSSELT NUMBER 
C  CUBYR IS RATIO OF VISCOSITY AND DENSITY 
C  RE IS REYNOLDS NUMBER 
C  PR IS PRANDTL NUMBER 
C  GR IS GRASHOF NUMBER 

DIMENSION TW(200)*TLI2001 
D*40,5**022/100019400.0194) 
READ.NleCP 
00200 K=IIINI 
READ,N2tQFLUX 
READlotTWIJ),TLIj)*  2) 
DO 200 J=102 
AM0D*OFLUX,4(TL141 mimpoti 
DELT*Tou)on14) 
TM1=0.5*(111W+111.111 
TM20TMOTM1 
AK=471026E...034,245,146E-.050M1...166.385E...070TM2 
AMU0593.010E...024410 lE•.03*TM14.155005E*050TM2 
BETA= ..121.249E4.06+1,96,162E+0010M1 
CUBYR05924160Bemb0544.141.0331E0*06*TM1=156.615E...08*TM2 
H=UFLOOIDELT 
ANU=.01940H/AK 
RE01,0194PAMIAMU 
PR=CP*AMU/AK 
GR=90319E02*8ETAODELT/CUSYR/CUBYR 
PUNCH 202tANUJRREORsGRoMeTWIJ),TLIJ OFLUX 

202 FORMAT I$F1041 
200 CONTINUE 

STOP 
END 

DATA CARD FOLLOWS 
i?ii4711441100000000000474 0000 	00000-00000.00000000000000 000000000 110 0 
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of00041112***********000po*****oll00000mmommommoommerfoollopoommotwooto 
PROGRAM III 

0*******ot000l000mmoommoopoo*coomo,*otoop000lloopoNtooe****************oommato 
C 	LEAST SQUARE METHOD CALCULATION FOR BEST CURVE FITTING 

DIMENSION A(15115)oXi150200),X8115),C0115)0Y12001sERI2001 
READ/040*ln 
FORMAT13151 

C 
C 
C 
C 
C 
C 
C 
C 

N IS NUMBER OF VARIABLES 
M 1$ NUMBER 0 DATA POINTS 
1401 INDICATE THAT RELATIONSHIP IS OF TYPE YDA01X**13)0(zooc) 
14a2 INDICATE THAT RELATION IS OF TYPE YPOO*X+C(4 

READING OF DATA POINT X11,J) 

3 FORMAT16E145) 
DO5 JgoloM 
REA03otX(114)10101,N) 
PRINT 3#1X11$4,101,N1 

5 CONTINUE 
C 
C  CHECKING THE VALUE OF 14 
C  IP 1401 GOTO STATEMENT KW 
C  1P I1402 GOTO STATEMENT NO 20 
C 

C 
C 
C 

IF114.'1110.10,20 

TAKING THE LOt`+RATHIf OF GIVEN DATA (X( 

10 DO 15 111)104 
DO 15 41tIoN 

15 X1141.))*ALOGIXt1 

*AI 

C 
C 	MEAN VALUE CALCULATION X. X0 I S MEAN VALUE 
C 

20 Agog 
DO so I IA 
SUM00o0 
DO 40 J*1.14 
SU4a$U44,111oJI 

40 CONTINUE 
X011)*SUM/A4 

50 CONTINUE 
PRINTA5 

55 FORMAT( 5X, I1H4EAN VALUES//1 
PRINT5o1X0111•101oN) 

C 
C  SUBSTRACTING MEAN VALUES X011) FROM DATA POINT X1I.J) 
C 

DO 60 I IA 



661  

DO 60 JeloM 

C 
60 X(I.JI=XI1►J1rABtl) 

 

C  COEFFICIENT ARE DENOTED DY AtIsKI 

 

C  GENERATION OF COEFFICIENT OP EQUATION TO BE SOLVED 
C 

N100.1 
DO 65 140101 
DO 65 K010 
A4IsKI*0410 
DO 65 Ju1►M 
AII$K1sATIIK)4441$4)*X4K10) 

65 CONTINUE 
C. 

 

C  INVERSION OF MATRIX OF COEFFICIENT it(AlloK)) 
C 

DO 70 1•2AN1 
11=1.'1 
DO 70 'Polon 

70 A(ItJ)10A4,161 
PRINT 71 

71 FORMATI'5Xt 24HOEFFICTENT OF EQUATIONS /) 
00 SO jelpill 
PRINT3,1AiltAlljeloN) 

8i0 CONTINUE 
C 

	

C 	CALCULATION OF ROOTS OF EQUATION DY SUMO NE SIMEG 

	

C 	EXP•VALUES OF UNKNOWNS ARE CALCULATED POWER OF RELATION 
C 

CALL SIMEGIA,N1403 
C 

	

C 	DETERMINATION OF POWERS AND CONSTANT OF RELATION 

	

C 	POWERS ARE DEIIOTED BY CO AND CONSTANT BY COI 
C 

COI1,048(N) 
DO 82 KoloNI 
COII*C011.6COttl*X84K) 

82 CONTINUE 
IFTIM#1)03,03,84 

83 COI0EXP IC0111 
GO TO 85 

04 COIBCOII 
85 PRINT 86 
86 FORMATI5X#22HCONSTANTS OF RELATIONfil 

PRINT87,COI 
87 FORMATI5X,2H010F10$4) 

PRINT8811(COIK),K*1011) 
88 FORMATI2X0H811)*, 6E145) 

C 

 

C  CHECKING THE RELATION WHICH WE (At THROUGH THIS METHOD 

!Irt "11  IRIIIRCITY OF ite011M 
xocz"i' 



C  THIS MEANS THAT WE ARE CALZ LATINO NUSSELT NumseR UACK 
C 

4090 KeliN 
4090 J0114 

90 KIKoJ1aKIK10J1 
00100 Ja1o4 
T(JIqC011 
00100 K01,41 
Y(41)01.1)+CO(K)*X(1L,J) 

100 CONTINUE 
IF(10.4/109,109,120 

109 40119 0104 
00110 InIoN 

110 KII,J10EXP (X(1,01 
Y(JimEXP (YU)) 

115 CONT INUC 
C 
C  CALCULATION OF ERROR PERCENTAGE WHICH OCCUR IN CALCULATIONP 
C  OF NUSSELT /WNW BACK BY FINAL REATION 
C 
120 00150 101,M 

ER41160,411.0UN I)I41100aK4N*II 
190 CONTINUE 

PUNT131 
131 FORr3AT t 5X t 12HF INAL RESULT/i) 

PRINT132 
132 FORMAT( 40H0000lot0000poop000 o at  p0000poopoolam4, 

139H00000**********0*******0000000000000troo) 

PRINTL33 
133 FOR, AT41X,10HREYNOLD NOOKi10HPRANDTL NOr2XIIIHR3VISM/VISUp  

2K4140MNUSSELT NO02X*10HNUSSELT 40,2X.10HERROR PERO) 
PRINT152 
DO 140 JelloM 
PRINT880*IXII$J),IplioN10(W) ER(J) 

855 FORMAT(9X*0E12.5) 
140 CONTINUE 

PRINT) 32 
STOP 
END 
SUBROUTINE SIMEO(A,NoK) 
DIMENSION A119,19)tUt194191.U1119,15),X(15) 
MoNfl 
D020 ITalliN 
.041 
IFIJP.113,3,2 

2 J01141 
13IT 
GO TO 4 
1121T 
JOT 
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4 UtI.J10AtIoJ1 
IFILT-1)7,7,5 

5 MielTiq 
006011.N1 

6 U119410U(1...1".U1114)*V(Kt.)) 
7 IFI4P.1)1:46•10 
$ 1111+1 

1911—N14,4,9 
9' JT*2 

GOTO1 
10 Ut10)411111.41)/UtIol) 

J044.1 
IF(J'M)4.4.20 

20 CONTINUE 
0030 1111,N 
0030 jullIM 
IF(/..-0251,27.2? 

25 U111144*U11,41 
GOT030 

27 U1(1,41#144G 
30 CONTINUE' 

0035 JAII1N 
55 X(0004 

N1*N. 
44 i*N1 

X(1)*U14IPM1 
0045 .01101 

45 X(1)*Xt11,,,U1t_irj)*Xtvi1 

IFIN1.1147•40,40 
47 RETURN 

'ENO 
************** *. .* 41**************** ********** * * ****** *WSW 
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