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Abstract of 112212.22E.E,h, 

The main purpose of the research has been to find the 

heat transfer coefficients for boiling liquids in climbing 
film evaporators. Two small evaporators, one in glass and 
the second in stainless steel, have been designed, construc-
ted, and used for the work. 

The first unit is equipped with a single glass tube, 
inch in diameter and 5 ft. long, jacketed by a 1 inch dia-

meter glass tube. Hot water circulating at constant velocity 

in the annulus is used as the heating medium. Visual obser-

vations of the boiling phenomena under a range of operating 
conditions are described and discussed. Experimental data 
for different liquids boiling under vacuum over the whole 
length of the tube and covering a range of operating con-
ditions are given. Boilin film coefficients are determined 
by an indirect method using a Vlilson plot and have been re-
lated to the heat flux temperature difference and feed rate. 

The second unit is equipped with a single stainless 

steel tube, i inch in diameter and 5i feet long, jacketed by 

a 1 inch diameter stainless steel tube. The unit is fitted 

with a travelling thermocouple to measure the liquid tempera-

ture at any point along the tube. Hot water circulating at 

high velocity in the annulus is again used as the heating 

medium. Experimental data are given for water, sucrose and 
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Teepol solutions, and isopropyl alcohol, when boiling under 

vacuum over the whole length of the tube for a wide range of 

operating conditions. Overall and boiling film coefficients 

have been determined by the same method as in the first unit 

and have been related to the temperature difference, heat 

fli.x, feed rate, surface tension, viscosity, Prandtl number 

and boiling temperature. The problem of recirculation and 

the influence of pressure drop through the tube are discussed. 

The data are compared with the meagre inforaction given in 

the literature. The reculs, when compared with sTemeraed 

boiling, show that the climbing film unit is particularly 

efficient when operated at low temperature differences. 
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INTRODUCTION. 

Since P. Iestner introduced the tube, or climbing 

film evaporator in 1899, its virtues have resulted in 

its ever-increasing use in the chemical industry. The 

short twine of conact, the low hold up and relatively 

simple construction are factors that aipeal to most in-

dustrial users of process equipment. Its use is not now 

oenfihed to the concentration of aqueous liquors but it is 

used as a vertical reboiler for distillation units where 

the liquors are not too viscous. Despite its undoubted 

popularity, there are relatively few papers in the litera-

ture giving precise details of tno performance of these 

units and at present they are designed largely from ex-

perience and not from any agreed relationships between the 

operating conditions, physical properties of the fluids and 

the consequent heat flux or transfer coefficient. This 

thesis contains an account of the construction and operation 

of two small experimental evaporators. .ne first unit was 

of glass and was primarily designed to enable a visual pic-

ture to be obtained of the type of boiling taking place. 

It has, however, been possible to obtain data on the in-

fluence of a number e factors on the boiling film transfer 
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coefficient and to provide some form of empirical correla-
tion between the variables. ]his data could be applied to 
the design of small units such as are used in the concen-
tration of pharmaceutical products. The greater part of 
the work, however, was devoted to the construction and 
operation of a stainless steel unit in which it was pos-
sible to obtain moo accurate and complete data on the 
working. Some attempt has been made to express the re-
sults for heat transfer in the form of a general equation, 
although there is hardly sufficient data to be specific 
about its final form. It has however been. possible to re-
late in a quantative manner a number of the factors that 
influence the operation and these results do, it is 
thought, o2fer a much wider range of conditions than 
those hitherto available and should be of help in design. 
In the early part of the thesis, an account is given of 
previous published work and the relltion of the present 
data to that is discussed in later chapters. The factors 
that have been given special examination are: 

Fed rate to the unit; 
Temperature difference, overall 

and acroos the boilin; film; 
Temperature level; and 
Viscosity and surface tension 

of the fluid. 
The general question as to the desirability of recir-

culation in this kind of equipelent is also discussed. 
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CHAPTER 2. 
...111•41,0•011.11.*•••44.1, 

Review of Earlier Work. 

A History of Climbing Film Ivaporator. 

The early years of the 19th century saw two big ad-

vances in evaporation technique, which established the 

basis for design of such of the plant In use today. The 

first was the introduction of steam heating by means of 

fixed coils immersed in the liquid; and an extension of 

this method by William Cleland and etzcti l̀a)  wnereby 

1,artly immersed ooils were rotated and a crude form of 

film evaporation took place. The second was the invention 

of the vacuum pan by Howard. One of the most important 

aspects of Howard's wort is the stimulus it gave to the 

development of multiple effect evaporation. Between 1325 

and 1840, numerous crude forms of multiple effect .were 

tried out both in the soar and salt industries, but the 

first efficient double and triple effect evaporators were 

due to the pioneer work of Ilorber iallieux(113). By the 

middle of the century, t.IO process of multiple effect eva-

poration had been extensively adopted by the sugar industry 

in the West Indies, America and Burupe. 

The general question of the importance of the movement 

of the liquor and of the use of the films was expressed as 
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long ago as 1830 by Dubrunfaut who enumerated the desirable 

features for sugar evaporators. 7:e: sui,.;ested the advisa-

bility of:- 

(1) Concentrating the juice as rapidly as 
possible to avoid decomposition, 

(2) Giving the liquor high velocity over 
the heating surface, 

and C,,) If possible, accelerating the movement 
of the liquor so as to evaporate in 
the form of a thin film. 

Alese ideas were realised when P. Kestner introduced 

his climbing film unit in 1880. In his evaporator, the 

tubes were 22 ft. long by 2 in. O.D. The hot feed was in-

troduced at the bottom of the tubes and heat was supplied 

by steam passing over the outside surface. Under these con-

ditions, part of fhe feed was at once vaporised and the 

vapour rising rapidly up the tube not only pushes the 

liauor as a film up the walls, but also entrained part of 

it. The mixture of liquor and vapour issuing from the top 

was separated in a vapour-liquid separator and the concen-

trated liquor run from the separator, either as product or 

for further evaporation. This form of construction met all 

the requirements outlined above and relying on natural cir-

°illation did not require power for operation. Another name 

given to climbing film evaporators is 'long tube' evapora-

tors. 
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Before passing to a review of the previous experimen-

tal work with this type of evaporator, it will be neces-

sary to note the meaning of some oommon terms used in con-

nection with its operation. 

(1) dhen liquor is fed cold to the evaporator tube, heated 

from outside, it starts boiling at seine point along the 

tube. The length of the tube between this point and the 

bottom may be called the heating section, the remainder 

being the boiling seotioa. 

(2) In the process of boiling, vapour bubbles rise upward 

to a region of lower pressure and carry liquid along with 

them. The boiling action by which a series of small 

columns of liquid or 'slugs' is pushed upwards by vapour 

bubbles may be termed 'slug action'. The boiling action 

in which the li ra 	is spread over the tube surface in the 

form of a film with vapour travelling in the centre of the 

tube may be termed 'film action'. In 'froth action', the 

liquid and vapour are uniforraly mixed. 

)) 
f - x 
k The apparent temperature difference denotes the 

average temperature of the heating medium, minus the tem-

perature of the vapour - liquid mixture at the top of the 

tube (or vapour head). 

(4) The true, effective or average temperature difference 

is defined as the average temperature of the heating 
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medium minus the average ter 	of boiling liquid. 

(5) Boiling film teL 	difference io the average 

temperature difference across the boiling film. 

B. 	We rk 	Pre; 	 ye 	ate 

The original papers by Kestner deseribe the working 

of this type of unit and they do not give any extensive 

data on the performance, though good figures were claimed. 

Zerr(2), in a general investigation of evaporators in the 

sugar industry, did not claim particularly good results for 

these units, but his data was not really obtained under suf-

fioientlj controlled conditions to 'oe convincing. 

2.1. The work of Bader and his associates. 

The first attempt at a systematic investigation of 

climbing film evaporators was made by Badger and his asso-

ciates, and four papers published by them contain extensive 

quantitative data and empirical correlations. 

(1) ZL2.1_21a22,1_12R2Isa_aAjadger) (3 ). 
This contains data relating to a single copper tube, 

1.75" O.D. and 20' long. Steam condensing in an annulus 

outside the cooper tube was used as the heating medium. 

Liquid was fed to the tube at a temperature below boiling 

point, so that a finite length of tube was used for heating 

to its boiling point. Liquid temperatures along the tube 
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were measured by means of a travelling thermocouple. The 

liquid temperature distribution curve determined during 

each run showed a maximum at some distance up the tube 

and the length of the boiling section was taken as the 

distance from this point to the top of the tube. 

Distilled water was used as the working fluid and the 

feed rate, feed temoerature, temperature level and apparent 

temperature difference (temperature of steam minus the tem-

perature of vapour head) were varied. They only discussed 

the overall heat transfer coefficient and, for the boiling 

section, related this to the other factors by the following 

empirical expression: 

UBVp'27  = 
w L1 uf  

where V = vapour produced, lbs./hr., 
= feed rate to the tube, lbs./hr., 

As2Av :=7,  average overall temperature .  
difference in the boiling  
section (temp. of steam - 
average temp. of boiling liquid 
determined graphically), °F., 

m = exponent varying from 3 to 0.1 
for ATAv.,ranging from 5 to 30, 

and f = a function presented graphically. 

This treatment was a great advance on previous work, since 

it did separate the boiling from the heating section of the 

tube, whereas the earlier workers had only given an average 

value for the whole tube. 

.) S . 	• • 
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The data presented show that the heat transfer coeffi-

cient in the boiling section (UB) increases with overall 

temperature difference and suggest that it decreases with 

increase in the fraction of the feed evaporated. The 

authors foinid no effect of boiling length and temperature 

level on the heat transfer coefficients. 

Some of the reported values of UB  are undoubtedly too 

high. Thus, values of 3,000 to 10,000 B.T.U./hr./sq.ft./ 

°F seem clearly unreliable. This may be due to inaccuracies 

in the division of the tube into two sections. Some of the 

temperature distribution curves for the liquid have no regu-

lar shape and the points for maximum temperature on which 

the division of the tube has been based are not always 

clear. 
3n  Using a glass tube, e  0.D., in a glass steam jacket, 

they were able to obtain a visual picture of the nature 

of the boiling process. Three types of action - froth, 

slug and film - were found, although no definite relation 

was found between them and the environmental conditions. 

(2) S22211121.SStroebe, Baker  and Bage92122. 

This oaper describes the first systematic work in 

which the boiling fi1n coefficients were determined. The 

investigation was carried out in the same apparatus as 
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h, 

and the final 

_ 	7.8 x 106 

• 2 0_ 

correlation dervied 
X0.1 

(at)5°13  

were found 

was 

S. f* (2) 

empi- The functions of different variables 

.. 	•• 

used earlier by Brookes and Badger. Steam was again used 

as the heating agent and, in addition, a measured quantity 

of steam was injected at the bottom of the tube to bring the 

feed to the boiling temperature, corresponding to the pres-

sure at the point. Boiling film coefficients were deter-

mined by direct measurement of the tube wall temperatures 

using thermocouples. The variables mainly studied were 

feed rate, overall temperature difference and temperature 

level. The majority of the tests were made using water as 

the working fluid but a few runs were made with sugar 

solutions and Duponol 	surfaoe active solution). 

where hB = boiling film coefficient, B.T.U./(hr)(sq.ft)(°F 
v = specific volume of vapour, ou.ft./lb., 
Cp = specific heat of liquid at constant pressure, 
it.= viscosity of liquid, lbs./(hr)(ft), 
K = thermal conductivity of liquid, B.T.U./(hr) 

(sq.ft.)("T)(2t), 
surface tension, dynes/cm., 

and it = boiling film temperature difference, °F. 

No variation in the length and diameter of the tube was 

made. The variables, feed rate and temperature level, were 

studied but were not included in the correlation, although 

= 
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Brookes and Badger had introduced these factors into their 
correlation expression given as equation (1). The results 
differ considerably from those of Brookes and Badger in 
the effect of temperature difference. It is important to 
note that in equation 2 the exponent for temperature dif-
ference (Lt) is -ve, whereas in equation 1 it is +ve. The 
wide difference in the form of the two correlations is 
difficult to justify when the a:paratus and the working 
liquid were the same. It must be remembered that the nega-
tive index for it is contradictory to all previous experi-
ments on boiling and seems most unlikely. The explaration 
put forward by the investigators is that, as the temperature 
difference is increased, more vapour is formed and, sine 
the larger portion of the surface of the tube remains 
covered with vapour, less will be wetted by the liquid. 
This suggestion does not seem convincing when we remember 
that, for submerged boiling of water, there is a rapid in-
crease in liquid film heat transfer coefficient with in-
crease in liquid film temperature difference up to a value 
of 45°F. This has been shown by Jakob et al. to be due to 
considerable agitation on the surface by vapour bubbles. 
It is only beyond 45°F that vapour binding takes place and 
the heat transfer coefficient falls with further increase 
in temperature differenoe. Although it is difficult to 
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judge from their data, some representative plots of boiling 

film coefficient ( ) versus liquid film temperature dif-
fex'once (et) indicate that hD  falls rather rapidly with in-

crease in temperature difference from 2°  to about 8°F, and 

increases steadily beyond 10°F. One such Plot is shown in 

Figure 1. The points in the graph are widely scattered and 

make it difficult to establish exactly the nature of the 

curve. 
The plots also show that the boiling film coefficient 

increases with temperature level, and it is therefore rather 

surprising that this factor has not been included in the cor-

relation. 

The effect of surface tension reported was much higher 

than observed before. 

The visual observations on the type of boiling were 

made by the authors, through sight glasses suitably placed 

in the vapour head and, although it was presumed that all 

the three types of boiling (froth, slug and film) occurred, 

it was believed that film boiling occurred over the major 

portion of the tube. 

(3) :Chird aaeer Padeer (5) 

This gives only a qualitative discussion of the more 

important phenomena that take place in the evaporator tube 

and the types of boiling that may occur. 
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First the author points out that static level has no 

significance. This is only true when the liquid boils over 

the whole length of the tabe. If the feed is below boiling 

temperature, heating of the liquid to boiling temperature 

will take up some proportion of the length of the tube and 

that proportion will depend on a number of factors. 

Tio discusses at length the boiling phenomena that 

would occur when the feed rote is kept low, feed tempera-

ture below boiling point and the temperature difference is 

increased slowly: 

(1) At low temperature differences, heat transfer to the 

liquid during heating will be very small and the length of 

the tube occupied for heating will be large. In the 

limiting condition when the total heat supplied is not 

enough to bring the liquid to its boiling temperature, the 

evaporator will work only as a heater. 

(2) By increasing the temperature difference, a stage will 

occur when the liiuid begins to show incipient boiling. 

(3) On further increasing the temperature difference, 

there will be sudden ejection of considerable amounts of 

non-boiling liquid from the tube, followed by a puff of 

steam, and then, the tube will be perfectly quiet until 

another slug of liquid is ejected. 
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(4) On still further increasing the temperature difference, 

the successive periods between the slugs will become shorter 

and the top part of the tube surface will be covered, with 

large slow moving drops of liquid. The core of the tube 

will be occupied by a jet of steam. it is stated that many 

evaporators operate in practice in this way. 

(5) Vith very high temperature differences, the limiting 

condition will be found when all the liquid on the surface 

evaporates and there reains only a stream of vapour con-

taining some liquid particles in suspension and travelling 

at a very high speed. 

The author presents curves showing the temperature of 

the fluid along the tube length for different operating 

conditcns. No regularity in the curves was found and it 

was suggested that the nature of the curve depended on the 

rate of feed, the physical properties of the liquid, the 

difference in temperature between the feed and the boiling 

liquid, the effective temperature difference, the tube  

proportions and possibly other factors. 

The negative index for the influence of temperature 

difference was again discussed. The author cited some of 

the runs from Brooke's data, which are: 



Run 
No. 	LB 

L-23 14.0 972 6.5 
L-6 14.2 903 7.5 
L-13 14.9 74 10.3 
L-18 14.6 551 16.6 

where 	= boiling length in ft. 

= overall heat transfer coefficient 
in the boiling section, L.T.U./(hr) 
(sq.ft.)(°F). 

ZAT = average overall temperature dif- 
ference, F. 

It may be recalled here that Brookes' data showed an in-

crease in the heat transfer coefficient with temperature 

difference and it is surprising to note that some runs 

from the same data show the reverse effect. 111 these 

contradictory staLeuents eilphasise the nece uity for fur-

there iori in this direction. 

'47oul.th i)apl-acij.ay.sna.4_Lient.2_aljg.lalger)22. 

Using a single copper tube, i.25" O.D. and 18.5 ft. 

long, steam as the heating agent, water and sucrose solu-

tions were evaporated under varying conditions. The 

lengths of heating and boiling sections were determined 

by means of a travelling thermocouple and were allowed to 

vary according to operating conditions. The authors 

dealt with overall heat transfer coefficients in the two 

sections separately. The feed rate was kept constant and 

14. 

LT 

4.4 
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the variables studied were feed temperature (125-140°F 

apparent temperature difference (10-60°F) and boilin;'.; 

point (150-200°F). 
The overall heat transfer coefficientclin the heating 

section were correlated by the natural convection type 

equation: 
C•LITTF, fl 

UN13  - 0.06 ( 	 
' Ffl3 

• • 	• • (3) 

where UNB  = overall heat transfer coefficient in 
tne heating section, B.T.U./(hr)(sq.ft)('F), 

C = specific heat of liquid, B.T.U./(110)(°F), 
temperature difference in the non-boiling 

section, °F, 

and pciz  = viscosity of liquid, lbs/(ft.)(hr). 
The scatter of the points in their graph was attri-

buted to some tests being taken with water in the transi-
tional range of flow, and to variation in the steam film 
coefficient. 

Overall heat transfer coefficients in the boiling 360-
tion were reported but not correlated. It is surprising to 
find that many values of the overall boiling coefficients 
were two to three times those reported by Brookes (3)  and 
by Stroebe (4). These differences would be still larger if 
values of the boiling film coefficients were compared. 
The values of overall heat transfei coefficients iA the 
boiling section for 40 per cent sucrose solutions were 
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reported from 2,000 to 3,000 13.T.U./(hr)(sq.ft)(°F) for a 
number of runs. These values are undoubtedly too high. 

Even for the same operating conditions and the same boiling 
length, the values vary from 1,000 to 3,000. Jlese wide 
variations were assumed to be due to some inaccuracy in 
the division of the tube into two sections. It may also 
be due to serious errors involved in the determination of 
heat flux from the steam condensate collected. It was men-
tioned by the authors that, although difficult to judge 
from the tables, plotting showed an increase of the overall 
boiling coefficients with decrease in temperature difference 
for constant boiling lengths. As mentioned earlier, this 
is contradictory to all the published work on natural cir-
culation evaporators, and also to the work of Brookes and 

3' Badger (-)  for this evaporator. The wide variations in the 
values of heat transfer coefficients and come contradic-
tory statements emphasise again the need for further work. 

2.2. 	The Work of V.A._Rilchko (7'8)  
Two papers were published by this author on the per-

forw„nce of vertical tube evaporators, in a Russian Journal 
in l94 T. x-derimental data on the boiling of water inside 
a vertical tube were presented. The water entered the tube 
at a temperature below boiling point. The conclusions 
reached in the first paper(7)  were: 
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(1) There is no increase in the heat transfer coefficient 

if the velocity through the tube is increased by steam in-

jection into the bottom of the tube; 

(2) '.2he ratio of length to diameter of the tube has no 

influence on the heat transfer coefficient. This means a 

standard calendria will give the same heat transfer coeffi- 

cient as a long tube evaporator; 	and 

(3) The material of construction is unimportant and has no 

effect on heat transfer. 

The second paper(8)  covers experiments designed to 

show the effect of diameter on the boiling coefficient in 

a vertical tube. The work was carried out in an iron tube, 

the diameter varying from 1.8 to 25 ems. The conclusions 

reached were: 

(1) :lie heat transfer coefficient is dependent on the heat 

flux only and it varies as a 0.455 Dower of the flux below 

70,000 cals/sq.meter/hr., i.e. 25,800 B.T.U./sq.ft/hr. in 

British units and 0.21 power at values above 70,000 teals/ 

sq.meter/hr. 

(2) The coefficient of heat transfer is independent of the 

Reynold's number or Prandtl's number. 

(3) The relation between heat flux and temperature dif-

ference is different at the top and the bottom of the tube. 
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The results of this Russian experiment are very dif-

ferent from those of other workers in this field, but a 

detailed discussion is not possible as only an abstract 

of their ped,er is available. 

.3. 	The Work of V. Rumford(9.)  

Rumford used a 1-inch diameter, 12 3.W.G., 9 feet 

long, single vertical stainless steel tube, with hot water 

as the heating medium. The liquids used were water, ethyl 

alcohol, toluene and nitric acid. Except in a few runs 

with water, liquid was fed cold to the tube and the resul-

ting two sections, heating and boiling, were allowed to 

vary according to operating conditions. Boiling liquid 

temperatures were measured by means of a travelling thermo-

couple. 

This consisted of a long thermocouple which could be 

drawn in and out of a central glass tube (0.1" 0.D.) 

passing down the centre of the evaporator. Boiling 	 

coefficients were determined by an indirect method which 

consisted in (1) taking a series of runs with varying feed 

rates of cold water in the inner tube and constant flow 

rate of hot water in the annulus, (2) plotting the recipro-

cals of the overall heat transfer coefficients versus the 

reciprocal of the inner film coefficients calculated from 

a modified Dittus-Boolter expression and (3) using the 
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intercept derived from the above graph for the determina-

tion of the boiling film coefficients. 

The two heating and boiling sections were distinguished 

by means of the travelling thermocouple, on the assumption 

that the boiling starts at the maximum temperature. When 

film coefficients were calculated for the belling section 

only, the values increased very rapidly to imreal values 

such as 12,000 B.T.U./hr/sq.ft/IT, with a sixfold increase 

in feed rate. The values when calculated for the whole 

length of the tube, neglecting the division into two sec-

tions, remained almost constant. It is rather difficult to 

explain these extremely wide differences in the two seta of 

values. The author suggests that, for very high values of 

film coefficients calculated for boiling section only "the 

heat required for boiling was provided in the lower part 

of the tube", i.e. in the heating section. He concluded 

that the division of the tube into two sections is unwar-

rantable and the high values reported for film coefficients 

were wrong. The explanation given for the constancy of the 

film coefficients when calculated for the whole length of 

the tube was that the principal factor in determining linear 

fluid velocity was the volume of vapour formed which varied 

very little with feed rate. These explanations are not con-

vincing, in view of the considerable differences in the two 
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sets of values obtained. The followiyv; reasons are mere 

likely to be responsible for the abnormal results: 

(1) The largest error seems to be in the measurement of 

lieuia teoperatures and especially in finding out 

the WW1:Alia temperature for division of the tube into two 

sections. :he travelling thermocouple !unction was not 

kept in direct contact with the liquid but was sheathed in 

an empty small diameter glass tube. fhe movement of the 

thermocouple in such a small tube will undoubtedly disturb 

the temperature gradient set up inside, and tend to 

equalise the tempere,tures and thus will nake the tai e of 

accurate division of the tube extremely difficult. 

(2) All experiments were carried out at very low overall 

temperature differences, from 12 to 15°F in the boiling 

section, and the slight errors in the neasurements of the 

boiling liquid temperatures will result in large errors in 

the values of the overall heat transfer coefficients. 

(3) Though not reported in the paper, it seems from the 

data presented that the values of heat flux curve calculated 

from the vapour condensate collected. The values given do 

not seem to be correct, since no account is taken of the 

flash evaPoration of liauid from the tube top to the con-

denser. The possible vaporisatdon in the heating section, 

as indicated by the author, and the heat loss from 
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evaporator to condenser will also introduce errors. 

It is interesting to note the differences in the 

values of the film coefficients calculated for the whole 

length of the tube for to sets of experiments with water 

(1) feeding cold and (2) feeding hot. The values are al-

most doubled by che-eging the feed temperature. This 

shows the desirability of hot feed for this type of eva-

porator. The magnitude of the boiling film coefficients 

calculated for the whole length of the tube and with cold 

feed were as under: 

Water 	500-800 B.T.U./hr./sq.ft.PT. 
Ethyl alcohol 200-300 B.T.U./hr./sq.ft.PF. 
Toluene 	250-300 B.T.U./hr./sq.ft./°F. 
Nitric acid 	100-150 B.T.U./hr.isci.ft./°F. 

It is difficult to interpret these values, in view of the 

irregular variations, as much as 50 per cent with increase 

in feed rate, and also the inclusion of the unknown length 

of heating section with the boiling length. 

2.4. 	The  Work of Shunichi Uchida and his associates(1°). 

This is described in a recent paper published in a 

Japanese Journal. The authors carried out experiments in 

vertical tubes 2.5 metres long and of three different dia-

meters (11.9, 18.6, 25.5 mm. 1.D.) using water and methanol 

mixtures. 3team was used as the heating agent. The vapour 



22. 

ldauid were separated in a cyclone and rieasured in0A-
vidually. At the top of the evaporator, the vapour and 
liquid were found to be in equilibrium. The authors dealt 
with the overall heat transfer coefficient and gave a 

relation: 
= 30.4 (4_t)0.56 ( Y )0.37 (Pr )2/3 	.. (4) 

where U = overall heat transfer coefficient, 
= feed rate, 

V = vapour produced, 
r = mass rate of liquid per unit length 

of the periphery of the evaporator 
tube, 

It= viscosity of the liquid, 
A thermal oonductivity, 

and Pr.= Prandtl*s  number. 
:this equation neglects the influence of temperature 

difference and of surface tension. The work ie somewhat un-
satisfactory in that: 
(1) The liquid was fed cold to the evaporator tube and the 
values of the overall heat transfer coefficients were calcu-
lated for the heating and boiling sections together. 
(2) The temperature difference was allowed to vary accor-
ding to operating conditions. 

(3) The values of overall heat transfer coefficients were 
based on the temperatre difference derived by a log mean 
relation which does not hold ture in the present case of 
boiling. 
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C. Hetl:od of Lyeroach to the Problem. 

The correlations discussed in the previous section are 

all empirical and, in almost all cases, cover the actual ex-

perimental data only with moderate success. When we con-

sider the influence of such vital factors as temperature 

difference, feed rate and temperature level, the conclusions 

reached are not in agreement and certainly form no sound 

basis Lor design. The majority of workers have presented 

correlations onij for overall heat transfer coefficients, 

a simplifying technique that does not advance to an apere-

ciable extent our fundamental knowledge of the procese. 

Whilst offering this criticism, it must be remembered that 

the earlier work was more in the nature of a qualitative 

assessment of a new form of equipment than an analytical 

approach baaed on the mechanism of boiling. There are few 

examples of an anlytical approach involving the use of in-

dividual film coefficients. It is convenient in examining 

the problem to set out a number of features which have 

either been neglected or received insufficient attention, 

and which singly or together arc probably responsible for 

the inconsisteLcieS in the published data: 

(1) Steam has been used ac a heating medium by almost all 

workers. Experience has shown that steam film coefficients 
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vary considerably with only slight alterations in conditions. 

This complicates the calculation of film coefficients. 

Moreover, values of heat flux calculated from measurements 

of steam condensate collected in a given time are liable to 

show variations of up to 50. In early experiments with 

the glass evaporator, it was found that steam heating gave 

errors of as much as 30% which could not be explained. It 

is therefore believed that heatine should be effected by 

circulating a hot lip 	through the annulus when much more 

stable conditions are obtained. 

(2) Most previous workers have used a copper tube. It is 

believed that the surface of copper changes considerably 

with the continuous boiling of many liquids, including 

water. Since the surface conditions ere so important, 

stainless steel should be a better material, even though 

its low thermal conductivity is a draw back. 

(3) The importance of keeping the feed temperature at the 

boiling point has riot been sufficiently realised. This 

evaporator is not suitable for heating and, if the feed is 

cold, there will be a heating section, a boiling section 

and probably an intermediate section where boiling end  re—

condensation occur. Attempts to separate these sections 

have not been entirely satisfactory. Moreover, it is 

difficult to interpret data presented in the form of 
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overall transfer coefficients for the wholo length of the 

tube vhen two entirely different mechanisms are involved. 

(4) The very low hold up of this tr2e of evaporator means 

that it is sensitive to small variations in conditions and 

hence accurate control of feed temperature, rate and pres-

sure is necessary. 

Layinment used in 21.2sent work. 

l!ith these considerations in mind, two units have been 

designed and built, one -jell glass and the second in stainless 

steel. The first was largely designed to give a visual 

picture of the climbing film process, but some practical 

data have been obtained with it. The second unit has been 

operated with a variety of liquids and over a wide range of 

operating conditions and this has enabled a better picture 

to be obtained of the general performance of these units. 

The heat flux used in the glass unit was very low, on 

account of the low thermal conductivity of the glass, 

whilst in the steel unit the flux is comearable with that 

found in industrial leectice. 
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Descriptionof ituippont. 

With a vieuto obtaining visual observations of 

climbing film evaporation, a small unit was constructed 

of glass. A photograph of the unit is shown in Plato 1 

and thealuipment flowsheet in Figure 2. It was possible 

with such a unit to observe when boiling commenced and 

at the same time to obtain heat transfer data over the 

range of operating conditions. 

3.1. Evaporator. 

This consisted of a pyrex glass tube, internal dia-

meter 0.44 inch and outside diameter 0.52 inch, jacketed 

by another pyrex glass tube, internal diameter 1.02 inches 

and outside diameter 1.10 inches. The outer tube was 

scaled to the inner tube at the ends, as shown in figure 

3. The jacketed length was 5 ft., so that the ratio of 

length to inside diameter was 137:1, which is considered 

within the usual range for a long tube evaporator. The 

effective surface area for heat transfer on the basis of 

inside diameter was 0.572 sq.ft. The evaporator is shown 

as items 15 and 16 in Figure 2, and structural details 

are given in Figure 3. Tee connections at the top and 

bottom were provided for fixing thermometers. The top 
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outlet tube from the evai)orator to the vapour separator 

was kept as short as possible to reduce the pressure drop 

as well 	 the beat loss. 

3.2. Vapour osra cr  reed Tank P- other units. 

The vapour separator, shown in Figure 4, was construc-

ted from a 2-litre round bottomed flask fitted with tangen-

tial side piece for admission of the vapour-liquid mixture. 

This form of centrifugal separator gave no measurable en-

trainment when tested with a weak dye solution. The high 

vapour velocity of 150 ft./oec. at the outlet, whilst giving 

good mixing in the tube, enables good separation to be 

achieved in the separator. 

A round brass tank of 4 gallons capacity with a flat 

bottom was used as the feed tank. it was provided with a 

1250 watts immersion heater, a bimetallic thermostat for 

temperature control, a stirrer and a thermometer pocket. 

A cooler and condenser available from the laboratory 

were fitted up in the concentrate and vapour line, respec-

tively. As the condenser was handling low temperature 

vapour, a large surface area was required. The surfaoe 

area in any one condenser was not sufficient, and three 

condensers were connected together. 

Two aspirator bottles, each of 10 litres capacity 

and fitted with outlet taps, were used as concentrate 
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and condensate receivers. 

A long graduated tube was specially made and fitted 

in the condensate line in order to measure the amount of 

condensate collected during a definite time interval. 

A bypass connection to vacuum was fitted to it. 

A large rectangular galvanised iron tank of 47 

gallons capacity was used for heating water. This large 

size of the tank, when fitted with an efficient stirrer, 

was vex useful in smoothing out irregularities in the 

heat load and gave good control of temperature. Electric 

immersion heaters with a total capacity of 5 kilowatts 

were provided for heating. Later on, a closed steam coil 

immersed in the tank was used and found more convenient. 

Hot water was circulated by a centrifugal pump, the 

maximum available flow rate through the annulus being 

1u70 lbs./hr. This gave a maximum temperature drop of 

4°F from inlet to outlet. A 1," brass pipe line was used 

for recycling hot water. 

All the connections for the feed tank, rotameter, 

evaporator, receivers, etc., were made by pressure rubber 

tubing and rubber stoppers. It is of interest to note 

that, in spite of the number of such fittings, practically 

no vacuum leakage occurred. 
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The feed line to the evaporator and the vapour line 

from the evaporator
to
the separator were lagged with asbes-

tos rope. The separator was also lagged in the same way. 

In order to make visual observations of the boiling pheno-

mena, the evaporator was kept unlagged. 

The plant was assembled and supported by 'Delxion,  

angle structure occupying a space of about 35 cubic ft. 

B. Measurement and Co.Lrol_.,Jovices. 

The flow rate for the feed was iileasured by a rotaraeter 

and controlled by a stainless steel needle valve. Due to 

large changes in the viscosities of the liquids with tem-

perature, calibration graphs had to be prepared for dif-

ferent temperatures and for each liquid. Figures 5, 6, 7 

show such calibration curves for condensate water, 40 per 

cent sucrose solution and isopropyl alcohol respectively. 

By keeping 40 gallons of hot water in circulation, 

the level of water in the large tank was maintained at 

about 4 inches from the top. In this way, the suction 

head on the circulating pump was held steady and, with the 

outlet valve wide open and the bypass valve closed, the 

pump continuously gave its maximum output at a steady 

rate. ',there was some difficulty encountered in the 

initial experiments. The pump was driven by a D.C. motor 
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and the voltage fluctuations in D.C. swoly led to seed 

variations. On changing to an A.G. motor, no further 

trouble was exeerienced with the circulation of hot water. 

The temperature in the feed tank was shown by a ther-

mometer and controlled automatically by means of bimetallic 

thermostat in conjunction with a high vacuum switch. This 

device was suitable for dealing with the large range of 

o-)erating temperatures. 

The hot water tank was fitted with one immersion 

heater of 2 KW and three heaters of 1 KU. A bimetallic 

thermostat control similar to that on the feed tank was 

connected to one of the 1 KW heaters, and the other 

heaters were fitted with individual switches. With this 

arrangement, suitable control of the electric heating sys-

tem was obtained. Later, during the operation of the 

stainless steel tube evaporator for which steam heating 

was adopted because of the necessity for higher heat flux, 

it was found that good control of the temperature could be 

obtained by means of a needle valve fitted in the steam 

line. The electric heating system to the glass evaporator 

unit was then replaced by a steam coil with control by 

needle valve. This method proved better because, once 

carefully adjusted, the valve maintained the temperature 
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constant for a long period, whereas in the case of elec-

tric heating there is continuous fluctuation in heat sup-

ply, due to 'Of' and 'On' action. 

At the outset, thermometers with graduations of 0.2°F 

wore used for the measurement of hot water inlet and out-

let temneratures. To obtain higher accuracy in the deter-

mination of heat flux, thermometers with graduations of 

0.1°F were used. 2Lese thermometers with very short 

ranges of temperature, longer length and wider spacing of 

graduations, could be road to 0.02°F. The heat flux could 

thus be found to t 20 B.T.U./hr. from the temeerature drop 

of hot water from inlet to outlet. This accuracy in the 

heat flux measurements, which is the basis of all heat 

transfer calculations, is almost unattainable when using 

direct steam heating. The temperature of boiling liquid 

which varied over the tube length from 5 to 10°F could not 

be measured better than 0.2°F. It should be noted that 

the error of 0.2°F in the temperature measurement of 

boiling liquid will cause an error in the value of the 

heat transfer coefficient of less than 3 per cent when 

working at as low as 10°1' overall temperature difference. 

In order to check against calibration errors, if any, the 

inlet and outlet thermometers were interchanged under the 
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condition of idle runniN, of the evaporator and no dif-

ference in the uemperature drop of hot water was noted. 

In the earlier stages of the investigation, vacuum 

was maintained by neans of a high pressure water ejector. 

The vacuum obtained was quite saffieicAt for the plant, 

but the control was rather difficult, due to variations in 

water pressure. Leeter, Olen a vacuum pump was available, 

the control became much better and was obtained by admitting 

air through a Sine bore pressure rubber tube controlled by 

a screwed clip. An alternative control was by a fine air 

admittance control valve. Both were equally satisfactory. 

& mercury manometer, constructed from 14f" bore glass tube 

was used for measuring the vacuum in the system. 

In order to get some idea of the temperature eradient 

of boiling liquid along the tube, P travelling thermocouple 

was constreested. 	1 L 	O.D. brass tube, with fine bore 

and 6 ft. in length, was used for encaeing 32 S.W.G. ena-

melled and silk covered copper and constantan wires. The 

thermocouple junction projected about half an inch from the 

end of the brass tube, to minimise conduction errors. The 

sealing at the end of the brass tube was carried out with 

fDurofixt. The construction is shown in Figure 8b. Three 

brass fines were soldered, to the brass tube some two inches 

from the end to keep the thermocouple junction in the 
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centre of the evaporator tube. The construction for fixing 

at the top of the evaporator tube to omintain a vacuum 

tight system during the movement of thermocouple tube is 

shown in Figure 8a. The whole fitting was fastened to the 

evaporator tube by ,DuroSixt. The movement of the travel-

ling themocouple was carried out by pushing the tube up 

or down manually. The thermocouple was calibrated against 

a standard themometer before use. The temperature readings 

were obtained, with a normal potentiometer eircuit. After 

taking about 40 runs, a crack in the evaporator tube was 

noticed at a point where the thermocouple fttine; was 

attached. This was thought to be due to the frequent 

jitrks occurring while moving the couple up and down. The 

more elaborate arrangement for the travelling thermocouple 

evolved for the stainless steel tube evaporator will be 

described later. 

C. wee pf Experiments. 

The main variables studied were: 

1. reed rate 	4 to 48 lbs./hr. 
2. Apparent temperature 

difference - 	8 to 55°F.  
3. Feed temperature - 	65 to 125°F. 
4. Temperature level - 	105 to 160°F. 

5. Range of physical properties, by using: 
(i) condeaeate water, 
(ii) O.O1 eepol solution, 
(iii) 40;; sucrose solution, 
tiv) isopropyl alcohol. 
(Physical properties of the above liquids are 

given in Table No. A, on page 38) 
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Hot water was used as the heating agent. he higher 
limit for temperature in the hot water tank was fixed at 

about 185°F. In order to study a reasonable range of 
temperature difference without placing an excessive dereand 
for condenser surface area, the boiling temperature of the 
liquic 't the top was arbitrarily fixed at 130°F and for 
the sake of regularity, it was maintained constant through-
out, except for runs taken to study the effect of tempera-
ture level. 

D. Test Procedure. 
In the beginning, a number of preliminary runs were 

taken with condensate water keeping the feed temperature 
below boiling point. For all the later runs which are re-
ported in detail the feed was kept at the boiling tempera-
ture. This enabled the average boiling tem)erature to be 
taken from the temperature at the bottom and top of the 
tube, so that heat transfer coefficients could be calculated 
on the basis of true temperature difference. 

A fun consisted of continuous operation under constant 
conditions for a period of 10 minutes. This time interval 
was considered sufficient with this unit of very small 
holding capacity. During the operation, the temperatures 
of hot water and the inlet and outlet temperatures of 

boiling liquid at the bottom and the top were noted every 
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3 minutes. Vacuum, feed rate, and hot water temperature 

were maintained constant. The values used for calculations 

were the averages of the three readings taken in each case. 

Vapour condensate was collected in the graduated tube 

during the time interval and the amount noted at the end 

of the run. 

neat flux was determined from the temperature drop of 

the hot water from inlet to outlet. The temperature drop 

of the hot water with no liquid in the inner tube was also 

determined for every run. This, when deducted from the 

previous readings, gave the actual temperature drop of hot 

water dc to heat transfer to the boiling liquid. 

The feed temperature had to be adjusted for every run, 

so that the liquid boiled at the bottom of the evaporator. 

E. Dete.r.mination of_BoiliaL_Film Coefficients. 

It was desirable to determine the boiling film coeffi-

cients (hr) and, in view of the high thermal resistance of 

the glass wall, this coefficient would be much greater than 

the overall heat transfer coefficient. Even though this 

film coefficient cannot be found with great accuracy for 

this evaporator, it is of interest to compare the values 

with those found later with the stainless steel unit. 

"wo methods were available,ramely the direct method 

depending on tube wall temperatures and the indirect method 
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using the ilson plot. Me first method i difficult with 

glass surfaces and hence the second method was used. This 

is considered f-Arly accurate when hot water is used as 

the heating 4edium for the annulus film coefficient will 

remain constant. The method is to ass hot wat2r through 

the annulus at a constant rate and temperature and cold. 

water through the inner tube at varying rates, so that it 

does not boil but is on17 heated. A series of tests were 

carried cut and the values of the heat transfer coeffi-

cients from hot to cold water were obtained. The values, 

with other calculated results, are presented in Table I. 

A plot of ; versus 7 	is shown in Figure 9. Referrin
V. 

 

to the curve, the intercept on the Y axis gives the value 

of ,1 i7)/ the combined resistance of the outer film 

(il) and the tube wail (M). Deducting the value of the 

resistance of the tube wall from the value of the inter-

cept gives the annulus film resistance for one temperature. 

The values of the annulus film resistance for other tem-

peratures were obtained by the simplified relation 

h 	(1 + 0.011 t) where t = bulk temper9ture 
(ye water, °F. 

h = film ouerficient. 

for water derived from the equation 

iDG0.8 . 	9z; 

and shown by Mc24dams(IG). 

* • 	• • . • 	(5A) 
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1 xw The conbined values of the resistance (*;... 1,m) versus 

hot water temperature were plotted as shown in Figure 10. 

In the equation for individual resistances, when 

carrying out evaporation, is 
1 1  

*0 0* (5TO 

	

JA. 	E.c 	0* ** w 	110AI,   
where h1, = boiling film coefficient. The values of 

1 	1 

	

and (Tim  + 	), when substituted gave the value of th6 A. v 
boiling film coefficient. 
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CHAPTER 4. 

Ao-oe41,ranoe of Loiling.....LIauid_duripAg_Evaporation. 

Visual observations were made of the boiling i)henorriena 

in the glass tube evaporator, with different liquids, over 

a range of operating conditions. The influence of the fol-

lowing factorems noted:- 

1. Temperature difference. 
2. peea temperature. 
3•  reed rate. 
4. Physical properties, by using 

(i) condensate water, 
(ii) sucrose solution, 
(iii)0.01 per cent Teepol solution, 
(iv) isopropanol. 

The ahysioal properties of the above liquids together with 

the vapour density at 140°F are given in Table No. A. 

Table No. A. 

	

Liquid. 	K 	C 	0--  lr 
Condensate water. 61.2 0.45 0.381 1.00 66.2 1003 2.86 0.008 
0.01% Teepol 

	

solution. 	61.2 0.45 0.381 1.00 47.0 1003 2.86 0.008 
0.105 Teepol 

	

solution, 	61.2 0.45 0.381 1.00 33.0 1003 2.86 0.008 
20% sucrose 

	

solution. 	66.8 0.82 0.339 0.86 67.2 1003 5.03 0.008 
30% sucrose 

	

solution. 	69.5 1.26 0.317 0.79 67.6 1003 7.60 0.008 
40% sucrose 

	

solution. 	72.6... 1.96 0.296 0.74 69.3... 1003 11.86 0.008 
isopropanol. 	49.0' 0.79 0.080 0.76 21.7 286 18.00 0.060 

M 20°C. 
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fiL= density of liquids, lbs./ou.ft. 
8v= density of saturated vapour, lbs./cu.ft. 
/4/= viscosity, centipoises. 
K = thermal conductivity, B.T.U./hz../ft./°F. 
C = specific heat, B.T.U./lb./°F. 
a- = surface tension, dynes/cm. 
X= latent heat of vaporisation, B.T.U./lb. 

c#4  = .erandt1 I s number. 

A. 1;ffeot o0141.74229Differenoe. 

Operating the evaporator aith the condensate water, 

with the feed rate of 17.5 lb./hr., feed temperature at 

boiling point, top teaperature, 130°F, the apparent tem-

perature difference was varied from 80  to 55°F. 

At very low temperature difference, such as 6°F, it 

took some five to aix minutes to obtain steady boiling 

throughout the length of the tube. 31ags of liquid pushed 

upward by rising vapour bubbles moved with fairly high 

velocity. With further increase in temperature difference, 

the frequency of slug formation increased and their lengths 

decreased. With the temperature differenoe of about 20°F, 

the slugs just before reaching the top of the tube, appeared 

to break into thick irregular film of liquid, moving up 

rather slowly over the tube surface. This action at the 

top of the tube may be considered as of the film type. 

With still further increase in temperature difference, the 

length of the slug aotion decreased and that of film 

action increased till, at 55°F, the slug length was reduced 
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to about 6 inches. At high temperature difference, the 
liquid film over the tube surface assumed the shape of 
rings, probably due to the combined action of the rising 
liquid film under the influence of high vapour velocity, 

and falling under the influence of gravity. These obser-
vations show that the rate of vaporisation plays an impor-
tant part in the boiling regime and indicate that, if 
steam is injected from the bottom of the tube, slug for-
mation would be completely eliminatod the boiling action 
over the whole length would be more or less uniform. 
From these observations it would seem probable that the 
type of boiling action encountered with a metal tube eva-
porator would be predominantly of the film type, save 
under the conditions of very low temperature difference. 

B. Effect of Feed Tem erature. 
Using condensate water at a feed rate of 17.5 lbs./ 

hr , top temperature 130°F and hot water temperature 
162 F, the feed temperature was varied from 65°F to the 
boiling temperature at t:Le bottom (137°1). The following 
effects were observed: 
(1) The length of the heating section decreased and that 
of the boiling section increased gradually. 

(2) The vaporisation rate gradually increased, with the 
result that the extent of slug action in the boiling section 
progressively decreased. 
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C. Effect of_FeeLRatp.. 

Two sets of experiments were carried out with conden-

sate water to study the effect of feed rate with (a) cold. 

feed and (b) hot feed (boiling temperature). The operating 

conditions were hot water - 162°F and top temperature - 

1300F. 

(a) Cold_feed: At very low feed rates, the division 

between the heating and boiling section was fairly well de-

fined and no bubbles of vapour were observed in the heating 

section. Viith increase in feed rate, the division into two 

sections became less marked, due to the presence of bubbles 

in the heating section. At high feed rate of the order of 

48 lbs./hr., vapour bubbles of varying size formed at cer-

tain spots on the heating surface and appeared to travel 

upwards. There was an intermediate length of about 12 

inches before true boiling started, the liquid and vatpour 

being uniformly distributed in that length. Yhece obser-

vations clearly show the presence of surface boiling in the 

heating section. Under these conditions, the heat transfer 

coefficients in the heating section would be higher in 

values than those given by iTusselt's equation for heating 

liquids inside the tubes. The presence of surface boiling 

in natural circulation evaporators has been reontioned by 
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Badger and Lindsay(11) in their recent review on evapora-

tion. 

(b) Feed at boillaa temerlture. With the same 

operating conditions as in (a), the feed was introduced at 

the boiling temperature so that the heating section was 

eliminated. With increase in feed rate, the slugs at the 

bottom of the tube and the film of liquid over the top sur-

face of the tube apoeared to move faster. The film of 

liquid at higher feed rate ap,leared to be thicker than 

that at lower feed rate. 

D. Effect of_ghzsical_Pro-oerties. 

To observe the effect of varying the physical proper-

ties of the liquid, sucrose solution, Teepol solution and 

isopropyl aloohol were used. 

Liquid. 	Pral2erties. 
(a) sucrose solutiona. 	higher viscosity. 
(b) 0,01% Teepol solution, 	reduced surface tension. 
(a) Isopropyl alcohol, 	lower thermal conductivity, 

lower latent heat of vapori-
sation, higher vapour den-
sity, etc. 

Physical properties are .,iven in Table No. A (page 

38). 

(a) Sucrose solutions. 

2o-40% Solutions were used to study the effect of viscosity. 

A noticeable change in the boiling with increase in the 
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concentration of sucrose was in the time taken in reaching 

steady operation. ehe time taken with 40 per cent solution 

was 3 to 4 times that required with water. This was evi-

dently due to very low heat transfer and, hence, the 

greater ti-qe required to produce sufficient vapour needed 

for the operation. During the operation, the liquid film 

moved slowly over the tube surface because of its greater 

viscosity. At very low feed rate and high temperature 

difference, the conoentration of the liquid became so high 

at the top that the liquid layer thickened and moved very 

sluggishly. Zven at very low temperature difference, of 

the order of 5-7°F, it was possible however to start the 

boiling operation. 

(b) 0.01 oercentTeeeol solution. 

With this solution, the boiling phenomena was accom-

panied by the formation of considerable amounts of foam 

and by a large temperature drop along the length of the 

tube. 

Operating at an apparent temperature difference of 

8°F a feed rate of 17.5 lbs./hr. and with the feed tem-

perature at boiling point, the whole length of the tube 

was filled with foam moving rather slowly and no slug or 

liquid film could be seen. The foam appeared to decrease 
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a little while reaching the top of the tube. With increase 

in the temperature difference, the foam progressively de-

creased and at 24°F part of the tube surface at the top, 

with a thin film of liquid moving slowly over it, was visi-

ble. At the temperature difference of 55°F, the foam was 

confined to the bottom one third length of the tube. This  
decrease in the foam with increase in vaporisation rate 

showed that the chances of entrainment due to foam would be 

very much reduced in a metal tube evaporator operating with 

high heat flux. 

(c) Isumal  alcohol. 

Isopropyl alcohol, although having physical properties 

very different from the other liquids, had no specific effect 

on the boiling phenomena, although the film action appeared 

to start at a rather ],der temoerature difference. The 

liquid film was more clearly defined and the annular rings 

were thinner and closer than those with water. The boiling 

action was more continuous and accompanied by smaller fluc-

tuations in the boiling temperature at the top and the bot-

tom of the tube. The maximum vapour velocity at the outlet 

was a) ft. seo.t0, while that for water, under the same oon-
ditions, was 160 ft./seo. This was due to the large dif-

ference in the specific volumes of isopropyl alcohol vapour 

and steam. 



Variable under 
Study: 

A 	Temperature difference. 

B Temperature difference: 

Series: 

45. 

CHAPIER 5. 

Presentation of Results. 

Some 81 tests have been made with four different liquids 

under a range of operating conditions. Fed temperature was 

kept at boiling point for all the runs. The results of those 

tests are presented in Tables 2-5. The letter succeeding each 

run number indicates the series number. The explanation for 

the symbols used in the tables, together with the specimen 

calculation, is given at the end of the chapter. 

C 	Feed rate. 

D Feed rate. 

• Temperature level. 

Operating Conditions: 

Feed rate 7.5 lb./hr. 
Hot water temperature: 138-185°F. 
Top temperature: 130°F. 
Feed rate 17.5 lbs./hr. 
Hot water temperature: 138-185°F. 
Top temperature: 130°F. 
Variation in feed rate. 
Hot water temperature: 162°F. 
Top temperature: 130°F. 
Variation in feed rate. 
Hot water tem)erature: 186 °F. 
Top temperuture: 130°F. 
Feed rate: 17.5 lbs./hr. 
Variation in boiling temperature 
Average overall tmpex'ature 

difference: 20 F. 
A few preliminary tests with cold feed are described in 

the next Chapter ;Section A.) and the details are given of 
the tests in Series A-E. 



Table 1. 

(Runs for Wilson plot). 

. 	- 	- 	- .---- ----- -_-- 	_ 	- 

Run 
No 1 ti  t2  ti tA 0 

6t 
(10g 
mean). 

V IT, u 
1 
.,i 

1 530 51.72 70.60 164.35 158.12 6203 99.79 1.41 109.1 0.760 0.00916 
2 451 51.37 66.45 164.47 157.61 6803 101.80 1.93 116.9 0.592 0.00856 
3 571 50.90 63.55 164.52 157.30 7224 103.50 2.44 122.0 0.490 0.00820 
4 735.  50.65 62.30 164.60 157.15 7404 104.20 2.71 124.3 0.450 0.00805 
5 715 50.45 60.95 164.55 156.92 7510 104.80 3.05 125.2 0.409 0.00799 
6 797 50.25 59.90 164.40 156.92 7695 105.40 3.40 127.4 0.375 0.00785 
7 878 50.00 58.90 164.30 156.45 7810 105.90 3.75 129.0 0.347 0.00775 
8 972 49.80 57.95 164.20 156.25 7920 106.40 4.15 130.2 0.321 0.00768 
9 1041 49.77 57.42 164.10 156.15 7965 106.50 4.43 130.7 0.302 0.00765 
10 1197 49.70 57.52 164.60 156.40 8165 107.30 5.11 133.0 0.271 0.00751 
11 1314 49.60 55.90 164.60 156.40 6280 107.60 5.61 133.9 0.252 0.00747 
12 1423 49.55 55.40 164.80 156.50 8330 107.90 6.07 135.2 0.236 0.00740 

......pw.tomi*kmisVomfmOWMOON.Of 	io•e••*11ONIMd•IM••••••••••••••n.W........Plo.•“*•rl.O•INN•tOr•••••Wogoeoxl••rloNeins•••••••omsonei..m,,•k-a..eaa...esiwsnini•.••••W••••IniNusf.00•••O 

Wf  = cold water feed rate, lbs./hr. 
tl, t2  = cold water inlet and outlet temperatures, °F. 
ti, to r: hot water inlet and outlet temDeratures, °F. 

0 = heat transfer, B.Th.U./hr. 
Lt = log mean temperature difference, J. • 

V = velocity of cold water in the inner tube, ft./sec. 
= overall heat transfer coefficient (based on inside 

surface area of the tube). (B.Th.U./hr./scl.ft 'F) 



Table 2. 

Condensate Water. 

141.1••••••••••matoMe•MIMMIMM 

Run No. lA 2A 3A 5A 7A 

7.5 7.5 7.5 7.5 7.5 7.5 7.5 
tl  134.2 133.9 134.1 134.3 134.3 134.5 135.0 
11  136.40 146.63 154.48 163.10 170.18 178.50 185.84 
T2 137.67 145.35 152.63 160.81 167.28 175.00 181.67 

129.9 129.9 129.9 130.0 129.8 130.0 130.3 

tliv. 132.1 131.9 132.0 132.15 132.05 132.25 132.60 

m AT '. 138.03 145.99 153.05 161.96 168.73 176.75 163.75 

l'IALiv. 5.93 14.09 21.05 29.81 36.68 44.50 51.15 
cc. 25 73 116 155 190 258 274 
M. 10 10 10 10 10 10 10 
E 0.33 0.96 1.53 2.05 2.51 3.41 3.62 
LI) 4.4 12.8 20.4 27.3 33.4 45.4 48.2 
G. 410 1004 1555 2225 2765 3337 3996 
WA 717 1756 2719 3890 4833 5834 6985 
U 121.0 124.5 129.0 130.5 131.5 131.0 136.5 
h B 681 764 915 930 944 870 920 
tA 4.3 4.0 4.2 4.3 6,.i 	r .) 4.5 4.7 
eAp 13.0 12.5 13.0 13.5 13.5 14.0 16.0 
LA 1.05 2.30 2.97 4.18 5.12 6.70 7.59 
V1 	14 	41 	64 	86 	105 	143 	151 

.1•4•001.......•••••••••••11.1.1••••••••••••,.... 



Table 2 	(continued). 

Condensate cater. 

....•••••••••••••••rare 

Run No. 8B 9B 1013 11B 12B 13B 14B 
...dm 

17.5 17.5 17.5 17.5 17.5 17.5 17.5 

135.0 135.2 135.4 135.6 135.6 135.8 135.9 

138.56 146.69 154.88 162.61 17Q.52 178.32 185.60 

2 137.78 145.40 152.96 160.40 167.72  174.89 181.51 

t2  130.0 130.1 129.9 129.9 130.0 130.0 130.1 

T Av• 138.15 146.05 153.94 161.50 169.12 176.6 183.55 

.t JAAr. 132.50 132.55 132.70 132.70 132.80 132.90 133.00 

eAv.  5.65 13.50 21.24 28.80 36,32 43.70 50.55 

cc. 37 84 122 165 215 246 298 

ra . 10 10 10 10 10 10 10 

E 0.49 1.11 1.61 2.18 2.84 3.25 3.93 

Ep 2.8 6.3 .2 12.4 16.2 18.6 22.5 

Q. 389 983 1555 2138 2857 3261 3909 .  
Q/A. 680 1718 2719 3739 4644 5702 6834 

U.13  120.3 127.3 128.0 130.0 128.0 130.0 135.0 

hB 654 875 871 898 776 844 1040 

til 5.0 5.1 5.5 5.7 5.6 5.8 5.8 
16.0 16.5 17.0 18.0 18.0 19.0 19.5 

Lt 1.04 1.96 2.75 4.16 5.98 6.75 6.57 
-,F 20 46 67 91 119 136 164 

.....................1.1414.111•110.10110.1111..$1101411684.11.1.$11.111•En.11.110.01.0411.10 	 Snlit .100.1•14.6011.11.1.0 anial.0011.111.01.0411...Pom. 



Table 2 (continued). 

Condensate Water. 

e...• woes was.. 

Wo. 

......t.au.atu 	 • 

LTC 17G 	11C 	19C 
.........11*.1.11•41,•••1.0.1.001........M.mo Ma, • '912. 

7.5 17.5 24.5 	36.5 	48 

„q 134.3 135.6 136.2 137.2 138.2 
1, li  162.65 162.50 162.57 162.45 162.70 
'2* 160.30 160.20 160.27 160.16 160.42 

t..: 130.0 130.1 130.1 130.0 129.9 
m 161.47 161.35 161.42 161.31 161.56 

tAv.  132.15 132.85 133.15 133.60 134.05 

ATAv. 29.32 28.50 28.27 27.71 27.51 

cc. 157 162 168 185 188 

m 

E 
Ep 

10 

2.07 
27.‹ 

10 
2.14 
12.2 

10 

2.22 
9.10 

10 

2.44 
6.7 

10 

2.43 

5.2 
a 2106 2052 2052 2041 2031 
Q/A 3681 3588 3588 3569 3550 

UB 125.5 126 127 129 129 
hB  725 739 775 L50 861 
tel 4.3 5.5 6.1 7.2 8.3 
4 13.8 18 20 24 27.5 
Lt 5.08 4.86 4.63 4.20 4.12 
Vi T37 89 93 102 104 

*.iolt*UomOmMr 	 ..01mOirlymmUrfwaymply. ImmitWro 



Table 2 (continued). 

Condensate Water. 

• 

i,.,, ,„ 
ti  
rf t  
T2 

t2  
m lAv. 
t Av.  

01 1) 

,..- • 
134.3 
186.00 
181.69 
130.2 
183.84 
132.25 

91 'T 

7. 
134.6 
184.84 
180.67 
130.0 
182.75 
132.30 

22D 

17.5 
135.7 
185.24 
181.08 
129.8 
183.16 
132.75 

24.5f:36 
136.4 
185.37 
181.21 
129.6 
183.29 
133.10 

7 417,, 

. 5 
137.9 
185.40 
181.28 
130.0 
183.34 
133.95 

48 
139.0 
185.12 
181.07 
130.0 
183.09 
134.50 

aAv. 51.59 50.45 50.41 50.19 49.35' 48.59 
TI' 10 10 10 10 10 10 
Co. 270 279 265 297 316 320 
E 3.55 3.68 3.76 3.92 4.17 4.22 
Ep 79 49 21 16 11 9 
Q. 3985 3833 3823 3823 3780 3704 
Q,/A 6966 6702 6683 6683 6609 5476 
11 135 133 133 133 134 133 
hB 1029 916 902 930 963 936 
tLi 4.1 4.6 5.9 6.6 7.9 9.0 

6.77 7.32 7.41 7.19 6.86 6.92 
...............1.“ara.a......09.01•11111111.1.0110.110.048•111001111111•1201.1...1000 



Table 2 (continued). 

Condensate Water. 

.01111.•••••••41•0....1.418.011.80.11.61.11•••• 

Run No. 	26E 	27E 281-, 751L 
4.01.1.01110•140,1•11141.1 Imobommn.....1•00•44.1•••••11•1011**M1.0.104.1.01.001.11111•....11M6•••11. 

W
f 	17.5 	17.5 

ti 	116.1 	126.6 

T1 	134.11 	145.02 
rl 
12 	132.34 	143.17 

ro Av 
	133.23 	144..09 

4'. 

Av. 	112.05 	123.85 
EA 	21.18 	20.24 
TAv. 

t2 
	

108.o 	121.1 

17.5 

137.5 

157.76 

155.65 

132.5 

156.7 

135.0 

21.70 

17.5  

111 

 

17.5 

148.3 

167.67 

155.80 

144.0 

166.73 

146.15 

20.58 

17.5 

157.2 

178.08 

176.08 

153.8 

177.08 

155.50 

21.58 

164.7 

184.75 

182.67 

161.8 

183.71 

161.80 

21.91 

cc. 

10 
120 

1.58 

10 

111 

1.46 

10 

120 

1.58 

10 

110 

1.45 

10 

119 

1.57 

10- 

116 

1.53 
h;p 9 8.4 9.0 8.3 9.0 8.7 
O. 1479 1501 1642 1479 1555 1557 
U/A 2586 2624 2869 2586 2718 2722 
.1'.B  , 122.1 129.6 132.2 125.4 126 126 
AB 748 1001 1066 710 686 666 
1;.  8.1 5.5 5.0 4.3 3.4 2.9 
i,t 3.46 2.62 2.69 3.64 3.96 4.14 

bwW*.UNM*W01.4.1W 	 11••••••61.M.W.••••••.•44•••• •••••••••••••••1••••.•••• • 



Table 3. 

0.01A Teepol Solution. 

.;Ltan 	Uo. 32i 33B 34fl 351 
'MIA *I 

36i`j;71 
, 

38B 
1.••••••• 

Wf  
t2  

Ta 

t2  
r, A 
'v. 

t Av. 
& 
TAv. 

Omat 

17.5 

135.3 

138.40 

137.58 

129.9 

137.99 

132.60 

5.39 

17.5 

136.1 

146.18 

144.81 

130.0 
145.50 

133.05 

12.45 

TI 

 
17.5 

136.8 

154.23 

152.27 

129.9 

153.25 

133.35 

19.90 

17.5 

137.1 

162.82 

160.28 

130.0 

161.55 

133.55 

28.00 

17.5 

137.5 

170.16 

167.02 

130.0 

168.59 

133.75 
34.84 

17.5 

137.8 

178.2 

174.48 

130.0 

176.34 

133.9 
42.44 

17.5 

137.8 

185.37 

181.02 

130.0 

163.19 

133.9 

49.29 

In 	10 	10 	10 	10 	10 	10 	10 

cc. 	36 	, 79 	135 	178 	227 	276 	340 

0.47 
2.8 

1.04 
6.0 

1.78 
10.2 

2.35 
13.4 

3.00 

17.1 

3.63 

20.8 

4.49 
25.6 

a 410 972 1566 2268 2818 3424 3700 

Q/A 717 1700 2738 3965 4926 5985 6469 

Un  133.1 136.5 137.6 141.6 141.5 141 142.1 

h 1368 1634 1610 2110 2193 1520 1788 

-LL 5.4 6.1 6.9 7.1 7.5 7.8 7.8 

IA 9.52 1.04 1.70 1.86 2.25 3.94 3.32 



Table 3 (continued). 

0.01,L Teepol Solution. 

****** ***** 

clytn Wc. 41C 	42C 	„3C  
• • 	• 	- **moo Was,* 	o 	.6-*.q....***-1..*.ae tam* • ** 

17.5 	24.5 	36.5 
s*.1.-.N.ak***** 

4-8 
• 

7.5 

tl  133 133.5 137 138.8 141.2 142.4 

163.25 163.15 162.80 162.93 162.70 3:-)2.70 

T2 160.65 160.55 160.30 160.49 160.37 160.39 

t2  130.0 130.0 130.0 130.0 130.0 130.0 

T
Av. 

161.95 161.85 161.55 161.71 161.54 161.54 

t
Av. 

131.50 131.75 133.50 134.40 135.60 136.20 

Av. 30.45 30.13 28.05 27.31 25.94 25.34 

	

10 	10 	10 	10 	10 	10 

Co. 	165 	174 	182 	188 	203 	208 

2.18 2.30 2.40 2.48 2.68 2.75 
Ep 57.3 30.6 13.7 10.1 7.3 5.7 
a 2364 2364 2236 2171 2052 2031 
o/A 4134 4134 3908 3795 3588 3550 
U- 135.8 137.4 139.3 139.0 138.3 140.1 
hp 1290 1445 1697 1644 1558 1818 
t, 3.0 3.5 7.o t:. 11.2 12.4 

3.20 2.86 2.30 2.31 2.30 1.95 



,b10 4. 

Juoruso Solution. 

 

loot 	 A... 	 .016sus lopeobas...• • 

  

   

 

4.5 	463 	4.73  48B 	49B 	50B 	51: 
fiet.a.****~WOUMem **10.0.. ..11WS OINA WAti.h aps 

17.5 17.5 17.5 17.5 17.5 17.5 17.5 

LI  135.9 13%1 137.1 136.9 136.4 136.5 136.2 

138.07 145.77 154.48 162.99 170.29 178.48 185.27 
T2  137.45 145.64 152.90 160.93 167.72 175.34 181.60 

t43 129.9 129.9 129.8 130.0 129.7 130.3 129.8 

T Al.v• 137.76 146.20 153.69 161.96 169.00 176.91 183.43 

t
Av. 

132.90 133.00 133.45 133.45 133.05 133.40 133.00 

LTAy. 4.86 13.20 20.24 28.51 35.95 43.51 50.43 

rn 10 10 10 10 10 10 10 

00. 22 67 102 140 179 220 255 

	

0.29 	0.88 	1.35 	1.85 	2.36 	2.90 	3.37 
Ep 
	

1.7 	5.0 	7.7 	10.6 	13.5 	16.6 	19.2 
a 302 832 1253 11325 2279 2808 3315 
la/A 529 1454 2191 3191 3984 4909 5795 
UB  108.7 110.1 108.2 111,9 110.9 112.8 114.9 
1.1B  415 423 386 426 401 419 441 
tt 6.0 6.2 6.3 6.9 6.7 6.2 6.4 
Lit 1.27 3.44 5.68 7.48 9.93 11.70 13.15 



Table 4 (continued). 

40;L Sucrooe Solution. 

Ia. - bra *hest 

aun J. '- 53B 54B 57/2 

Wf  17.5 17.5 17.5 17.5 17.5 17.5 

ti  113.8 121.4 152.2 140.3 148.5 158.4 

Ti 129.15 137.87 148.37 157.11 167.63 117.52 

12  127.64 136.32 146.78 155.47 165.99 175.78 

t2 101.0 111.8 123.9 134.0 143.7 154.0 

TAv . 128.39 137.10 147.58 156.29 166.81 176.65 

6Av. 107.40 116.40 128.05 137.15 146.10 156.20 

L IT 
 Ay. 

m 

20.99 

10 

20.70 

10 

19.53 

10 

19.14 

10 

20.71 

10 

20.45 

10 

cc. 106 98 94 90 97 100 
1.? 4, 1.40 1.29 1.24 1.19 1.28 1.32 

Ep 8.0 7.4 7.1 6.8 7.3 7.5 
a 1275 1220 1231 1210 1285 1296 

Q/A 2228 2133 2152 2114 2247 2266 

UB 106.0 103.0 110.0 110.5 108.5 110.8 
hB  394 342 424 414 576 394 
tia 12.8 9.6 8.3 6.3 4.8 4.4 

ilt 5.66 6.23 5.08 5.11 5.97 5.74 
--- 



Table 4. (continued). 

40% Sucrose Solution. 

Run No. 58C 59C 60C Sic 'r2C 

3 
‘f 

T2 

tl 

t2  
ii 
'Av. 
t
Av. 

!A TAT. 

9.0 

162.49 

160.49 

135.4 

130 
161.49 

132.70 

28.79 

17.5 

162.39 

160.42 

136.8 

130 

161.40 

133.40 

28.00 

24.5 

162.36 

160.32 

137.5 

130 

162.34 

133.75 

28.59 

36.5 

162.65 

160.64 

139.3 

130 

161.65 

134.65 
27.00 

48.0 
162.86 

160.67 

141.0 

130 

161.87 

135.50 

26.37 
m 10 10 10 10 10 

cc. 142 140 145 16 185 

E 1.87 1.85 1.91 2.19 2.44 
Ep 20.8 10.6 7.8 6.0 5.1 

1760 1728 1782 1750 1728 
Q/A 3077 3021 3116 3059 3021 

1/13 106.9 107.8 109.0 113.2 114.6 
361 373 386 447 467 

tL 5.4 6.8 7.5 11.0 
Lt 8.51 8.10 8.06 6.85 6.47 



:'able; 5. 

Isopropyl Alcohol. 

lot yr  T.. 	• ••••• M.. Mom 

' . L.) 

Igoe 	I..* 

11.s. 

6713 5813 6913 
sarktamo....lam 

Wf 

Ta 
t2  
5' .4, it, • 
tAv. 
ATAv. 
m 
co. 

 	QA•01110•4•1101.1/111* 

17.5 
132.3 
138.01 
137.30 
129.8 
137.65 
131.05 

6.60 
10 
68 

Moir 

17.5 
132.0 
146.62 
145.49 
130 
146.06 
131.00 
15.06 
10 

190 

17.5 
131.8 
154.28 
152.70 
130 
153.49 
130.90 

22.59 
10 

295 

16. 

17.5 
131.6 
162.31 
160.64 
130 
161.48 
130.80 

30.68 
10 

390 

17.5 
131.7 
170.45 
168.25 
130 
169.35 
130.85 

38.50 
9 

470 

17.5 
131.7 
178.53 
175.84 
130 
177.18 
130.85 

46.33 
7 

441 

17.5 
131.8 
185.35 
182.18 
130 
183.77 
130.90 

52.87 
6 

443 
2 

Q. 
a/A 
U13 
B 

tA 

0.70 
4.0 

302 
529 
80.1 

175 
2.5 

1.97 
11.3 

724 
1265 

84 
192 

2.0 

3.06 
17.5 

1166 
2039 

90.3 
226 

1.8 

4.04 
23.10 

1566 
2738 

59.3 
217 

1.6 

5.41 
30.9 

2019 
3530 

A.."/ 
228 

1.7 

053 
37.3 

2495 
4361 

94.1 
241 

1.7 

7.65 
43.7 

2938 
5136 

97.1 
259 

1.8 
14 	12 	12 	10 	10 	10 	10 
3.00 6.57 9.04 12.63 15.45 18.10 19.81 
6.8 	15.0 	24 	32 	41 	51 	60 



Table 5 (continued). 

Isopropyl Alcohol. 

Run No, 70C fiG 72C 75C 74C; /5C 
10. *two 

Wi  12.4 17.5 24.5 36. 48 58 
.. 
m J.1  

131.4 
162.86 

131.7 
162.53 

132.0 
162.75 

132.7 
162.56 

132.9 
162.22 

133.8 
162.50 

T2 161.11 160.77 160.98 160.75 160.41 160.65 
t2  130.0 130.0 130.0 130.0.  129.9 130.0 

'Av. 161.98 161.65 161.87 161.66 161.31 161.58 

t Av. 130.70 130.85 131.00 131.35 131.40 131.90 
v.,  31.28 30.80 30.87 30.31 29.91 29.68 

LI 10 10 10 10 10 9 
cc. 388 400 436 500 480 464 
E 4.02 4.15 4.52 5.18 4.97 5.34 
Ep 32.4 23.7 18.4 14.2 10.4 9.2 
Q. 1588 1600 1609 1652 1652 1695 
VA 2774 2795 2813 2889 2889 2964 
U'13 88.7 90.7 91.1 95.3 96.5 99.9 
b.B  214 225 228 256 266 292 
tA 1,4 1.7 2.0 2.7 3.0 3.8 
IA 13.0 12.4 12.3 11.3 10.9 10.1 

1••••••••••101.1.01111•10.1. 



Salle 5. (continued). 

Isopropyl Alcohol. 

.1011.6•101.41. 

L,  • 	76.0 774 78E 79E 80E 

Wf 17.5 17.5 17.5 17.5 17.5 17.5 
ti  107.8 114.9 122.0 128.8 337.3 145.1 

T1 127.49 135.07 141.7o 149.15 157.55 15.22 
T2 126.21 133.72 140.31 147.80 156.02 163.98 

t2 104.0 112.1 120.0 127.9 136.0 144.1 
TAir. 126.85 134.39 141.00 148.48 156.79 164.60 

t Av. 105.90 113.50 121.00 128.80 136.65 144.60 
i,TAv. 

20.95 20.89 20.00 19.68 20.14 20.0 

m 10 10 10 10 10 10 
cc. 275 258 245 246 228 225 
E 2.85 2.67 2.54 2.55 2.36 2.33 
Ep 16.3 15.3 14.5 14.6 13.5 13.3 
0. 994 1004 983 972 1026 1004 
0./A 1737 1756 1718 17u0 1794 1756 
UB 82.9 84 85.9 86.3 89.1 87.8 

hE 194 197 205 205 217 208 
tL 3.8 2.8 2.0 1.8 1.3 1.0 
Lt 8.96 8.93 8.38 8.29 8.23 EV1- 

1•••11.•••••••••.e.....•••*•rwe 

 

wuplo••••••••••••• •••••••WS0a.......* 

 

  



tAv 	132.05 °F. 

to evaporator jacket. (average 
of three readings). 

average temperature of boiling 
liquid (arith. mean of 134.3 
and 129.8). 

	

168.73 °F. 	average temperature of hot water. 
(arith. mean of 170.18 and • 
167.28). 

LT, 	36.68 °F. 	average overall temperature dif- 

7.5 	lbs./hr. 	feed rate of the liquid to the 
evaporator tube. 

134.3 	°F. 	temperature of the boiling  
at the bottom of the tube. 
(average of three readings). 

129.8 	°R. 	temperature of the boiling liquid 
at the top (average of three 
readings). 

Ti. 	170.18 °F. 	temperature of hot water inlet to 
evaporator jacket. (average of 
three readingts). 

167.28 °F. 	temperature of hot water outlet 

Balanation for Lobols and  Specimen Calcultio. 

,C,eference: - 
L5, tal do. 5A (Table 2.) 

i. Value. Units. 	pmlanation. 

= A ference 	18.73-132.05). 

cc. 190 cubic cm. vapour coAdcased from separator. 
m 10 Mia.S. duration of toot. 
E 2.51 lbs./hr. rate of evaporation 

190 	e5u imox u.22 	17  x 10 = 2.51 

Ep  33.4 c7 Evaporation, 100 = 2:51 	100  rdza-Far - 7-56 
x  

= 33.4 
Q 2765 B.T.U./hi. (actual temp. drop of hot water 

temp. drop during idle running) 
x 1070 
= 2765 



t A t", 
1-  • 

Symbol.  Value. Units. 	Dalanation. 

-C33 	 2765 
TBUFTan-EFFg-UT bearnUU 

based on inside diameter) 

. 2765  - 4833 7.772 
131.5 B.T.V./hr./sq.ft/ 1.-gr! 	= iti424n 

;104,0 

= 131.5 

944 	
F. 

./sq.ft/ - (n
1
:  

x
r
w 
)
= 

= 0.007605 

x. ,1 = 0.006545 nl  
(Value for 168.7°F read 

frona Figure 10) 

= 944 

temperature drop of boiling 
liquid from tube bottom 
to top 

134.3 - 129.8 = 4.5 

At 	5.12 0F 	 average temperature differeno 
across boiling film 

- 717= 5.12 

13.5 	mma. of flg, pressure drop along tube 
length 

= vapour pressure of water 
at 134.3 - vapour pressure 
of water at 129.8 
(Figure 57) 

= 128.5 - 115 = 13.5 

li 

1411.7:".  



mbol. Value. Units. 	E2.21apatiOn. 

V. 	105 	ft./sec. 	vapour velocity at the top of 
the tube. 

Specific volume of vapour at 
129.8°F (Fig.46) 156 cu.ft/lb. 

Evaporations  lb./sec F-7- 
2.51 
Irro 

Cross-sectional area of,eva- 
porator tube = 0.001043 eq.ft. 

:. vapour velocity = 
2.51156 X 5M5U 57015T5 = 105 
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CHAPTER 6. 

The Interoretation and Discussion of the Results. 

A. Effect of Feed  rlemoerature  

With some early runs in which the feed was cold, true 

heat transfer coefficients could not be obtained because the 

temperature of the boiling liquid was only measured at the 

ton. These runs have not been reported. Increase in feed 

temperature gave a regular increase in evaporation and steady 

increase in the length of boiling. 

Some tests were made with the aid of a travelling thermo-

couple arranged in the centre of the tube, so that the tempera-

ture of the boiling liquid was obtained over the tube length. 

The results of a few runs taken with water are given below: 

ti  LB  

71 130 
81 133 
89 134 
100 136 
110 137 
119 139 

UB 
1.74 3558 124.0 
1.79 3522 123.0 
1.89 3679 129.0 
1.93 3720 131.0 
1.94 3715 129.5  
1.99 3761 131.0 

where t1  = feed temperature, °F, 
LB  = length of boiling section, ems., 
E = evaporation, lbs./hr., 

heat flux in the boiling section, 
B.T.U./(hr.)(sq.ft.) 

and UB = overall heat transfer coefficient in the boiling section, B.T.U./(hr.) 
(scpft.)CF). 
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It will be seen that increasing the feed temperature in-

creases the length of the boiling section, as determined by 

me-n.16 of the travelling thermocouple. This alters the ratio 

of the length to diameter of the boiling section, The steady 

increase in overall heat transfer coefficient in the boiling 

section is obtained. This increase is expected in this eva-

porator, due to the average increase in the vapour velocity; 

and is in agreement with some of the data of Brookes and 

Badger(3). 

-!'ffect of '.i2aap.erateare Difference 
••••140...lst* boodle...0U= 	11.M.1110.**.o..........mrs*wwwwwm 

Figure 11 shows results for plotting the heat flux (x) 

against overall temperature difference for four different 

liquids. In these tests, the feed rate was 17.5 lbs./hr., 

the temperature at the top of the tube 130°F, and the tem-

perature difference altered by changing the temperature of the 

hot water in the annulus. The points for each liquid lie on 

a smeoth curve showing a steady increase in heat flux with 

temperature difference. The same plots, when drawn on 

logarithmic coordinates are shown in Figure 12a, which in-

cludes data for water with a feed rate of 7.5 lbs./hr. All 

the points fall on straight lin(Band lie almost parallel 

to eaoh other. The plot for condensate water with feed rate 

7.5 lbs./hr. almost coincides with that for 17.5 lbs./bk,, 

suggesting that the feed rate has no effect on the heat 
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flux. The average slope of all the lines was 1.06. Thus 

the relation would be 

'.:1-Le values of boiling film coefficient (h,) were cal- f., 
oulated from the overall heat transfer coefficients by an 

indirect method of Wilson plot described, earlier. The tem-

perature difference over the boiling film (At) was calculated 

for every test from the value of h, and, of heat flux 

= h1$ At 	• 6 	• 	4 	S . 
	

(8) 

:. At = 17 

The values of hB  and At plotted for four different 

liquids are shown in Figure 12b. All the points tend to 

fall approximately on four separate straight lines. The 

points for Teepol and condensate water are scattered, 

probably owing to slight experimental errors involved in the 

determination of the overall heat transfer coefficients and 

multiplied many times in the calculated values of hB  and it. 

For example, in the case of Teepol solution, the values of 

hB, are 13 to 15 times those of B while in the case of 

isopropyl alcohol they are only two to three times as great. 

The plot for 40 per cent sucrose solution is very nearly a 
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straight line parallel to the x axis. In this ease, the nor-

mal increase of hE  with Lt is probably offset by the large 

inorease in the viscosity of the liquid over the tube surface. 

This is supported by the visual observations described earlier. 

We may write 
0..5 hB  cc 4,t 	 (9) 

The exponent for temperature difference is much lower 

than expected for boiling liquids, but may be attributed to 

the very low heat flux. Comparison with experimental data in 

the literature is difficult because of the contradictory 

statements as indicated in the earlier section. 

A plot of h versus is shown in Ugure 13 from which 

we have: 

hoQ 
	(i)0.13 	

• • • • • • • • 
	(10) 

The lines for individual liquids are indicated by 

W: 	condensate water, 
T.S: 0.01 per cent Teeool solution, 
S.S: 40 per cent sucrose solution, 

and 	I.P: isopropyl alcohol. 

Both types of plot, hB  vs. ict, and hB  vs. 	have been 

used in the past, though the first one is more common and has 

been advocated by McAdams(12). The argument put forward is 

that there is always a large fractional change in for a 

small fractional change in Lt. This is not always the ease, 
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as shown by deriving the relation between the three 

variables and comoaring them. Thus, if 

oc ()ni  

= I (V1  

= 1,(h.At)m  
1-m h 	= K ,tin  

h oc. At rATI• 	.. *0 

Nov, the variation in the fractional 

pared to Lt depends on the value of m. 

example from the present data, we find that the relation 

h 0„)0.13 (Equation 10), when converted to h °c an  becomes 

h oc(At)5-4, i.e. hocAt"15. The value 0.15 agrees with 

the measured value. ode find that there is very little dif-

ference in the exponents of ft and ig when the actual value 

is low. This may be confirmed by referring to the two types 

of plots shown in figures 12b and 13, which are almost iden-

tical. 

C. Effect of Feed Rate. 

Figure 14 shows results for plotting the feed'rate (W f)

against overall heat transfer coefficient (U E) for four dif-

ferent liquids with the following factors constant: 

1. Hot water temperature - 162°F. 
2. Boiling temperature at the top - 130°F. 
3. Feed at the boiling temperature. 

.. .. (11) 

A corn- 
'Taking a specific 

change of 
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Before discussing the results, it should be made clear 
that no attempt was made to maintain the average temperature 
difference (AT) exactly the same for all the tests. In view 
of the very low exponent (0.06) of AT in the relation with 

UB  the effect of a small variation in AT on UB is negligible. 
Lookinz: at the plet (Figure 14), we find that sixfold 

increase in feed rate causes onlj a slight increase in UB  
with each liquid. In a purely heating operation, one would 
expect a considerable increase in the heat transfer coefficient. 
From the plots, it appears that the rate of increase in. UB  with 
feed rate is different for different liquids. This is not the 
case when the boiling film coefficients h_) aro plotted, as 
may be seen from Figure 15. The points for condensate water, 
40 per cent sucrose solution and isopopyl alcohol fall on 
straight lines having nearly the same slope, while for Teepol soln, 
the slope is greater. Using logarithmic coordinates, the re- 
sults are shown in. Figure 16, from 

hB 	Wf°  .20 	 .. 	 (12) 

From fable 2 and Figure 16, we can see that an increase in 
feed rate Irma 7.5 to 48 lbs./hr. reduces the effective tem-
perature difference from 29.5 to 27.5F and consequently the 
heat flux from 3680 to 3550 B.T.U./nr./sq.ft. UB, on the 
other hand increases from 125.5 to 129 E.T.U./hr./sq.ft./°F. 
This can be explained by the derived ralations between 
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UB and AT 
06 c>0 L,21. 

I 
0.66 and UB oc LT . 

The reduction of l.7°F in LT caused by increase in the iced 

rate will not significantly affect UB  or hB, but will reduce 

ialmost proportionately. The influence of feed rate on 

heat flux (i), temperature drop of boiling liquid from tube 

bottom to top in cT (ta), evaporation rate in lbs./hr. (E), 

overall heat transfer coefficient (UB), and effective tem-

perature difference (LT), is shown by curves 1, 2, 3, 4 and 

5 respectively in agure 17. It should be noted that dif-

ferent scales have been used for different factors, in order 

to keep them separate from one another and hence the effect 

of some factors though small is magnified in the graph. The 

rate of evaporation is found to increase with feed rate, 

while heat flux decreases. This is evidently due to increase 

in flash evaporation with feed rate. With the increase in 

feed rate, the temperature drop of boiling liquid from tube 

bottom to top (tL) increases steadily, resulting La the dec-

rease of effective temperature difference. _:he fact that 

change in the feed rate introduces simultaneous changes in 

other variables is probably the reason for many of the in-

consistencies found in published data. 
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D. Effect of Boiling Tern era. 

The effect of boiling temperature on the boiling film 

coefficient (hB) was studied with condensate water, 40 per 

cent sucrose solution and isopropyl alcohol. It was neces-

sary to heel) the feed rate and effective temperature dif-

ference (LIT) constant for all the runs. Laintaining the 

temperature difference (LT) constant necessitated trial 

and error working because of the considerable variation in 

the temperature drop of boiling liquid along the tube length 

with boiling temperature. The feed temperature was kept at 

boiling point and the feed rate at 17.5 ibs./hr. Plots of 

hr and the boiling temperature CT) are shown in Figure 18. 

in the case of isopropyl alcohol, there is a slight increase 

in hB  with T; for 40 per cent sucrose solution, the regula-

rity is not good, there is likewise slight increase in hp  

with T; for condensate water, the curve is very irregular 

and there is a maximum at 134°F. Attention may be drawn to 

the fact that the difference in the values of Up  corresponding 

to the maximum and minimum values of hB is only 8 per cent. 

This arises from the high thermal resistance of the glass 

Lu'oe wail. In view of the irregularity of the curves, no 

relation between 	with T oould be derived. 

E. Effect  of Surface Tension. 

The surface tension was altered by adding 0.01 per cent 

Teepol to condensate water which reduced the surface tension 



54. 

by about 30 per cent. 2he plots for Teepol solution have 

been already shown earlier along with those of other liquids. 

Ale visual observations made have been reported in Chapter 

4 (p. 43). For the same operating conditions, the addition 

of Teepol almost doubled the boiling film coefficient. 

After considering the effect on the boiling film coeffi-

cients, it is interesting to note its effect on other 

variables, such as heat flux, temperature difference, etc. 

It is surprising to find that the values of heat flux ob-

tained with 0.01% Teepol solution are nearly the same as 

those with condensate water under identical conditions, viz. 

feed rate 17.5 lbs./hr., hot water temperature, feed at 

boiling temperature and boiling temperature at the top 130°F. 

The results are given in the Table 2, for the purpose of 

comparison. 
Table B. 

Hot water temp. 
	Water. 	Teepol solution. 

F. 	AT 	I 	eT 

138.5 5.65 680 5.39 717 
146.5 13.50 1718 :1.2.45 1700 
154.5 21.24 2719 19.90 2738 
162.5 28.80 3739 28.00 3965 
170.5 36.32 4644 34.84 4926 
178.5 43.70 5702 42.44 5985 
185.5 50.55 6834 49.29 6469 

where LT = average overall temperature difference, °B4 
and 71 = heat flux, B.T.U./(hr.)(sq.ft.)(°F). 
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Mention was made earlier that a considerable drop in 

the temperature of boiling liquid from tube bottom to top 

occurred when using Teepol solution due to strong foaming. 

As it is desirable to increase the heat flux to a maximum 

under given operating conditions, the increase in the heat 

transfer coefeicient without increasing heat flux has little 

practical use. It is exoected, however, that the temperature 

drop of boiling liquid will be less when operation is carried 

out at higher temperatures, such as 175 to 200°F, thus off-

setting the effect of foam on heat flux and resulting in the 

increase of :eat flux, as well as of the heat transfer co-

efficient. 

F. Effect of Viscosity. 

Results usiel. 4J eer cent sucrose solution are shown 

in the Table C. it will be noted that the boiling film co-

efficients are reduced to about one-half by increasing the 

viscosity approximately four times. 

Table C. 
Hot water temperature. 

F. 
aer. 4070 sucrose solution. 

h 

138 654 415 
146 875 423 
154 871 386 
162 398 426 
17u 776 401 
178 844 419 
185 1040 441 

where h = boiling film B   coefficient. D.T.U./(hr.)(sq.ft.)(°F) 
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This change can be attributed to very sluggish flow of 

liquid film over the tube surface and also to thicker films. 

One interesting point about the boiling of 40 per cent suc-

rose solution as referred to earlier is that there is rela-

tively little increase of heat transfer coefficient with 

temperature difference. This is evidently due to the vis-

cosity increasinr,  at a faster rate when boiling at higher 

concentration. 

G. Pressus212s22_1a the Eva29xator Tube. 

The pressure drop from tube bottom to top may be con-

sidered as the sum of several individual pressure drops as 

follows: 

1. The static pressure drop, determined by the weight of 

the liquid - vapour mixture in the tube. 

2. The pressure loss due to the acceleration of the liquid 

and vapour to the outlet velocity. 

3. The other pressure drops, due to friction and outlet 

losses. 

The total pressure drop, and thus the boiling tempera-

tures, will depend on the extent of each of these pressure 

increments. 

Pressure drops (total) were calculated from the tempera-

tures of boiling liquid at the bottom and the top. Vapour 

velocities at the outlet were calculated from the total 
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evaporation, lbs./hr., and specific volume of vapour at the 

outlet temperature. Calculations were based on the inside 

cross-sectional area of the tube, in view of the unknown 

thickness of the liquid layer over the tube surface, so the 

caloulated values of the vapour velocities will be somewhat 

lower than the actual ones. 

The plots of vapour velocity versus pressure drop for 

condensate water and isopropyl alcohol are shown in Figure 

19. With the same feed rate, the pressure drop increases 

steadily with vapour velocity up to 150 ft./sec., and then 

tends to increase at a faster rate. The higher prereeure 

drop at the higher feed rate at the same vapour velocity is 

due to a greater statio head of liquid, resultinL; from 

thicker films over the tube surface. It will be seen that 

the plot for isopropyl alcohol is very different from that 

for condensate water at the same feed rate of 17.5 lbs./hr. 

This is probably due to the large difference in their physi-

cal properties. The vapour velocities in the case of iso-

propyl alcohol are considerably lower than those of water, 

due to the low specific volume of the vapour. Below the 

vapour velocity of 30 ft./sec., the pressure drop increases 

with decrease in vapour velocity. The slug action which 

usually takes place at low vapour velocity seems to be 

partly responsible for this apparently anomalous behaviour. 
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The other related factor seems to be the minimum critical 

vapour velocity below which the lifting action of vapour 

is very much reduced, causing more hold up of liquid in the 

tube and hence greater pressure drop. It may be noted here 

that prior to reaching an equilibrium condition of climbing 

film operation, slug action prevailed for some time and the 

pressure drop noted from the boiling liquid temperatures 

as well as from the mercury manometer was always higher. 

The plot of feed rate versus pressure drop is shown in 

Figure 20, and shows that the pressure drop increases with 

feed rate. The increase due to vapour velocity, which 

varies from 87 to 104 ft./sec., can only be a small propor-

tion of the total increase. 



PA1{T .\VO•.._.------

Tile Long Tube Stai lLless Steel Evaporator .



_ l ::.~~ t c ')



7 

2 > 

14 

10 

FIGURE 21  THE EQUIPMENT FLOWSHEET 

  

     

14 

14 T 
	

37 

14 28 

21 

r22 

26 

38 

27 
19 

20 

24 

17 

23 

25 

EXPLANATION  

15 DRAIN OUT LINE 

16 HOT WATER CIRCULATING PUMP 

17 HOT WATER OUTLET LINE 

18 HOT WATER INLET LINE 

19 	Oil S. STEEL EVAPORATOR 

20 1" O.D. S.STEEL JACKET 

21 VAPOUR LIQUID LINE 

22 VAPOUR LINE 

23 CONDENSATE LINE 

24 CONDENSER 

25 MEASURING CYLINDER 
26 CONCENTRATE LINE 

27 COOLER 

31 

—J 

-4- 
40 

33 

TUBE 

39 

36 

35 

30 

1 HOT WATER TANK 

2 STEAM COIL 

3 STEAM TRAP 

4 STEAM PRESSURE GAUGE 

5 STIRRER 

6 FEED TANK 

7 2 KW IMMERSION HEATER 

8 MAIN STEAM LINE 

9 REDUCING VALVE 

10 NEEDLE VALVE FOR STEAM 

ROTAME TER 
12 	L (QUID FEED LINE 

13 NEEDLE VALVE FOR FEED LINE  

28 VAPOUR SEPARATOR 

29,30 CONCENTRATE RECEIVERS 

31 CONDENSATE RECEIVER 

32 LIQUID CIRCULATING PUMP 

33 LIQUID RETURN LINE 

34 PRESSURE EQUALISING LINE 

35 VACUUM BREAK LINE 

36 VACUUM LIME 

37 TRAVELLING THERMOCOUPLE CIRCUIT 
3s COOLING WATER LINE 

39 MERCURY MANOMETER 
40 AIR ADMITTANCE CONTROL VALVE 
Id THERMOMETER 

r3 

14 

34 

35  

6 



(SCALE 2:1) 

FIGURE 22  
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CHAPTER 7* 

The E21412122nt. 

To obtain data with a range of heat flux comparable 
to that obtained in industrial practice, a unit consisting 
of a single tube stainless steel evaporator was designed 
and constructed. The photograph of the equipment is shown 
in Plat Uo. 2 and the flowshoot diagram in Figure 21. The 
evaporator and various auxiliary units are now described. 
7.1. The Dva22sator_Assewhly. 

The tube used was 51 ft. long, 	inch o.d. and 20 
S.W.G., polished outside and descaled on the inside. The 
jacket was a 16 S.W.G. stainless tube of 1 in, o.d., so 
that the annulus was only 0.166 in. With a jacket length 
of 5 ft., the ratio of tube length to inside diameter was 
147. The small annulus was necessary to give a high annulus 
film coefficient with a reasonable flow of hot water. The 
thin wall of the main tube,0.036 in., was necessary to re-
duce the therwal resistance of the tube, since stainless 
steel has a relatively low value of thermal conductivity. 
The effective surface for heat transfer based on the mean 
diameter of the tube was 0.637 ft: The detail of construc-
tion showing the joint between the inner and outer tube is 
shown in Figure 22. A brass sleeve was soldered to the 
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inside of the jacket and asbestos used as the packing in 

the gland as shown. The tee lines for the feed at the 

bottom and to the separator at the top were welded to the 

main tube. Fittings for thermometers were fitted to both 

of these lines. 

11E) equi)ment was run under a vacuum of some 26 in. 

of mercury and, for this purpose, special fittings were 

necessary. The "Prestex" compression joint was found 

suitable and was extensively used for pipe fittings and 

gave no trouble. One joint of this type is shown in 

Figure 23. 	It shows the sealing action of the copper 

cone, whioh, when the nut is scre;red to the coupling, 

malres a leakproof joint. 

7.2. 3e-)arator. 

A centrifugal type vapour separator was used similar 

to that on the glass equipment. A vessel of some 7 ins. 

diameter was found suitable and the construction is shown 

in Figure 24. Some simple experiments were made with a 

dye to check the performance of this separator. The tan-

gential inlet to the separator, together with the sharp 

turn from the evaporator tube to the vapour line, gave ex-

cellent freedom from entrainment. A thermometer pocket 

was fitted to the separator and a i in. copper tube for 

connection of a manometer was fitted at the top. 
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7.3. Feed Tank Condenser and Cooler. 

An 8 gallon round bottom copper tank was used for the 

feed tank. Heating was provided by a 2 KW immersion 

heater, controlled with a bielotallic thermostat. Fittings 

were provided for the liquor inlet and outlet, a drain 

connection and for a stirrer. he feed was sucked into the 

evaporator through a riter with a nominal range of 

2-20 g.p.n. for water. 

The condenser and cooler were taken from items avail-

able in the departifient. The condenser had in. tubes and . 

a. surface of 10sq.ft. The cooler also had in. tubes, 

with a surface of 1 sq.ft. 

7.4. Receivers andlleasurlaL  Cylinder. 

Three stainless steel pressure vessels available in 

the department were adapted for use as receivers. These 

were of sons 7 gallons caacity and two were used for the 

concentrated liquor and the third for the condensed vapour. 

By using two receivers alternately, the concentrated liquor 

in one could be pumped back to the feed tank without stop-

ping the plant. These receivers were also used for cali-

bration of t:;e'rotameter with the different liquors. 

Three lines (one for liquid and two for vapour) were 

connected by a cross piece to the top of each receiver. 

The liquid flowed vertically downwards and the gas inlets 
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were at each side. To prevent any curry over of the liquid 

into the gas lines, a trap in the form of a 3 in. by * in. 

copper tube was fitted inside the cross piece. The strong 

liquor and condensed vapour from the receivers was pumped 

back to tha feed tank with a centrifugal pump of 50 gal/hr. 

capacity. The li.,uor outlets fro.i the receivers were con-

nected to a oolemon line feeding the pump,  and a drain cock 

was fitted in this line. 

A brass meaauring cylinder, 4 in. diameter and 2 ft. 

long, was connected in the condensate line below the con-

denser and used to record the rate of evaporation. The 

cylinder was fitted with a gauge glass with scale, a 

vacuum tap at the bottom and a vacuum by-pass line from 

the receivers to its top. A pressure eoualising line 

;No. 34 in Figure 21) was provided for each receiver to 

permit ±low of the concentrated liquor into the receiver 

under vacuum. 

7.5. The Heat.La_atem. 

A GO gallon round galvanised tank with closed fitting 

lid was used to provide a reservoir for the circulating 

hot water. 1,:he water was heated by condensing steam at 

about 15 lbs./sq.inch, in a coil fitted near the bottom of 

the tank. A pressure gauge was fitted in the steam line 

and a needle valve uses for final control or pressure. 



The water was kept well agitated as a result of the rapid 
ciroulation aided by a stirrer. 

Circulation of the hot water wan effected by a 400 
gal. /hr. centrifugal pump driven by a d. P. electric 
motor. A by-pass line wan fitted to the pump. 
7.6. The Vacuum Equipment. 

A rotary oil-sealed vacuum pump driven by a H.P. 
electric motor was used. This unit had a greater capacity 
than needed and air was bled into the system as required 
to control the pressure. A glass tower, filled with silica 
gel, was fitted in the vacuum line before the pump to pre-
vent ally water vapour entering the pump. 

The vacuum taps used in the equipment were oil-sealed, 
hard  gunmetal, the viscous sealing compound in the top, 
preventing entry of air into the system. The silicone 
lubricant used gave no trouble with these taps. 

The feed tank, the separator, and the hot water tank 
were suitably lagged. The various units were supported in 
a tubular framework, as shown in the photograuh, and the 
equipment arranged so that control could be made from the 
front. The electrical switches, fuses, signal lights, 
thermostat controls, were mounted on a panel above the 
three receivers. 



EXPLANATION  

( SCALE 4: 1) 

FIGURE 25 	DETAIL OF CONSTRUCTION OF TRAVELLING THERMOCOUPLE  
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7.7. Travellina_Thermocouqe. 

The development of a suitable te-avelling thermocouple 

for measuring the liquid temperature along ;he axis of the 

evaporator tube was made in stages. The final method used 

is described below. 

36 S.W.G. enamelled and silk covered cop 	and con-

stantan wires were passed through a 6 ft. length of 0,028 

in. I.D. and 0.047 in. O.D. stainless steel tube. The 

junction of the two wires projected about i in. :from the 

end of the stainless steel tube to eliminate thermal con-

duction errors. The detail of the construction is shown 

in Figure 25. Before the thermocouple wires were passed 

through the small tube, an arrangement of spiders was sol-

dered at about 3 ins, from the bottom, for keeping the 

thermocoulde junction in the centre of the evaporator 

tube, and brass hooks were fastened at each end for the 

attachment of pull wires. The spiders were made of 24 

3.1*.G. brass wire and kept at 1200  from each other, as 

shown in the Figure. The closed circuit of the thermocouple, 

which was about 30 ft. long, was completed by the pull wire 

made of 26 S.W.G. nichrome wire which passed over four 

pulleys, two fitted near the ceiling and two below the eva-

porator tube. The thermocouple wires at the hot junction 

end were pealed in place with W.P.A. Bakelite cement drawn 
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into the tube by suction. 	he cement was baked for half 

an hour at a constant temperature of 135°C. The the 

circuit was completed by soldering cotton covered 

copper and constantan wires to the fine wires issuing from 

the thermocouple tube. The gland and packing arrangement 

at the top and the bottom of the evaporator tube is shown 

in Figures 26 and 27. The movement of the couple was 

smooth and easy and without any air leakage. The position 

of the junction inside the evaporator tube was shown by 

an indicator soldered to the pull wire and moving over a 

scale. It may be of interes.4 to note that this arrangement 

made practically no difference to the heat transmission to 

boiling liquid, as con,pared with the empty evaporator tube. 
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c441.22M.1. 

xi2erimental Method of Ap2soacl. 

8.1. illeaeurement and Control. 
INIIINON....0.11.1.0•NP•91 1•MO..0.00. w.111.M.MVINA1=10.1. 

The temperature of the hot water was controlled by 

ooeratiAg a needle valve in the reduced eressure ateaLl 

line. The control by this method was good and, because 

of the large capacity of the tank, proved bettor than 

electrical control. It was possible to adjust the tem-

)erature of hot water to within t 0.1°r, once steady con-
ditions had been attained. 

The temperatures of the hot water inlet and outlet 

from the evaporator jacket were measured initially by 

thermometers graduated to 0.2°  and later by soecially 

made long thermometers having a short range of temperature 

and graduations to 0.1cT. To cover the required -ange of 

temperature two sets of thermometers had to be made. 

The temperatures of boiling liquid at different 

heights in the evaporator tube were shown by the travel-

ling thermocouple. The E.M.F. was measured by means of a 

Junior 5 my Cambridge Potentiometer, self-contained gal-

vanometer, a 2-volt battery and a ste.ndard cell. 

The control of the temperature of the cold junction 

was achieved as follows. 
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The simple method of keeping the junction in ice is 

not satisfactory, since the slowly melting ice forma a 

condensate at the bottom of the vacuum flask and tempera-

ture gradients of as much as 1°F are set up within a 

couple of hours. To stabilise the temperature, it is pos-

sible to stir tha Aixturo of ice and condensate and to add 

fresh ice at intervals. A simpler method was, however, 

found satisfactory. The verticea space in a 2 in. x 8 in. 

vacuaza flask was divided into tele parts by supporting a 

wire gauze at the centre. .he top half was filled with 

crushed ice and the bottom half was kept for condensate 

dripping down from the ice. The cold junction was kept at 

about half an inch above the wire gauze and surrounded by 

the meltinL ice. Vith this method, the ice was kept free 

from the excess condensate and the temperature of the cold 

junction could be maintained constant to better then 0.1°F 

for about three hours. It should be noted that the overall 

accuracy of the potentiometer and galvanometer was of the 

order of u.1°F. 

For a rough check of temperatures, thermometers were 

kept in the food tank liquid feed inlet to evaporator, 

vapour liquid mixture outlet and vapour separator. None 

of those temperatures were involved in the determination 

of heat transfer coefficients. The temperature of the 
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Seed 'Leek was controlled by means of a bimetallic thermo-

stat in conjunction with a high vacuum switch. 

The flow rate for hot water was maintained at a con-

stant maximum value of 4,000 lbs./hr., by keeping the by-

pass valve closed. The suction head for the pump was 

always keeeit constant by keening the water level in the 

tank at four inches from the top. The flow rate was 

checked at frequent intervals. 

The feed e,te to the evaporator wa measured by means 

of a rotameter with a nominal range of 2-20 gal/hr., for 

water and controlled by a fine needle valve. 

The cheol: on vacuum, and hence the boiling temperature 

at the outlet, was carried out by means of an 80 ems. long 

mercury manometer made from wean bore glass tubing. 

kJ • e- • 	'-xele-4 1ental Details. 

'he ranges of variables employed were:- 

1.  Feed rate. 24.5 - 181.0 lbs./hr. 
2.  Apparent temperature 

difference. 15-62°F. 

3.  Boiling temperature: 120-165°F. 
4.  Viscosity: 0.45-2.00 centipoises 

at 140°F. 
5.  Surface tension; 21.71-69.3 4ynes/cm. 
5. PrandtlIs number: 2.86-18 at 1400F. 

Various sets of e%periments were carried out, in 

which the variables under test was spread over some seven 
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FIGURE 31 
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runs, whilst elaintaininz the ether factors as constant as 

po sible. The limitatioc In the range of temperature dif-

ference was clue to the use of hot water as the heating 

medium. The tavorature in the separator was arbitrarily 

fixed at 123°F, as a lower value would have required the 

use of very large oondeneors and also would helm  increased 

considerably the pressure drop along the tube. This tem-

perature was only altered when examining the influence of 

boiling tempere.ture and with isopropyl alcohol. 

The variation in viscositj wee covered ley using 20, 

30 and 40 per cent sucrose solutions and, in surface tne-

sion,by adding 0.01 and 0.1 per cent Teepol to the conden-

sate water. The Prandtl number ranged from 2.66 with 

water to 1C with isopropyl alcohol for a temperature of 

140°F. The physical properties of the seven liquids 

used are given in Table A (pare 36). 

As already mentioned, the feed rate was measured by 

rotaraeter, which was calibrated for each liquid at two or 

three temperatures. Figures 28, 29, 50, 31 and 32 show 

such calibration charts for water, sucrose solutions and 

isoprowl alcohol. 

The calibration of the travelling thermocouple was 

carried out by circulating hot water at about 200 Ibs./hr. 

through the evaporator tube. Using, a thermometer graduated 
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to C11°F at the evaporator outlet, readings of the thexmo-

oouple E.M.P. were taken at various temperatures. The 

plot of E.M.F. in millivolt., versus temperature of the 

hot junction is shown in Figure 33. This calibration 

curve was checked at intervals. 

The feed temperature was always adjusted for boiling 

at the bottom of the tube. Before starting a run, a few 

readings of the travelling thermocouple were made near 

the bottom of the tube to determine if boiling actually 

existed there, ae indicated by the maximum liquid tempera-

ture being at the bottom. 

A run consisted of continuous ooeration under constant 

conditions for a period of 20 minutes. '.2he constant con-

ditions to be maintained were feed rate, feed temperature, 

hot water temperature and liquid temperature at the outlet. 

Apart from maintaining these conditions constant, a number 

of temperature measurements had to be carried out quickly 

and accurately. The boiling liquid temperatures were taken 

at seven equi,dstunt points along the tube length. Hot 

water temperatures were taken four times and the boiling 

liquid temperatures tvdoe, movine, the travelling thermo-

couple upwards and downwards during a run. The values used 

for the calculations were the averages of the readings 

taken during each run. The vapour condensate was collected 
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in a leasuring oylindeT eild the ameunt noted at the end 

of the run. 

feat flux was determined from the 'elaperature drop 

of hot water flowing at a constant rate of 4,00u lbs./hr. 

The temperature drop of hot water with no load was deter-

mined for every run. 21,1;:i, when deducted from the previous 
readings, gave the aotuai tem.pere.ture drop of hot water, 
due to heat tmasfer to the boiling liquid. 

As alreadymentioned, the apparent temperature dif-
ferenoe has little significance in this type of evaporator, 
especially when working under hiah vacuum, becauee of the 
considerable temperature drop along the tube. In some of 
the rune taken under certain operating conditions, the 
values of effective temperature difference were as low as 
one fourth of the apparent temperature differenee. The 
method of finding out the true temperature difference by 
the logarithmic mean of the terminal temperature differences 
is not applicable, because the asaumetions on which the log 
mean relation is derived do not hold in the -present case. 
The method of calculating the true temperature ,i2:ference 
was as follows, 

The temperature of the boiling liquid -Ave meeeeured at 
7 equidistant =Lets along the tube and the average value 
taken as the boiling temperature of the liquid. The 
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average temperature of the hot water was obtained from the 

values recorded at the bottom and the top of the jaoket. 

The difference between these two averages was taken as the 

true temperature difference. 

8.3. Determination of2oiling Film Coefficients. 

Several methods were used for fixing thermecouplee in 

the thin wall of the stainless steel tube, but they were 

hot entirely satisfactory. An indirect method, using the 

Wilson plot, was therefore used for determination of the 

values of the boiline, film coefficient. Part of the equip-

ment had to be dismantled for carryin12, out the tests for 

Wilson Diet. The feed line was conneoted to the cold water 

supply and the outlet liquid line from the separntor to 

waste. IT,eeping the hot water flow rate at 4,000 res./hr., 

with an inlet temperature of 158.5°F, 16 tests were made 

with vaxerin cold water rata through the evaeorator tube, 

from 250 to 1160 lbe./hr. Experimental data and the calcu-

lated values for the Wilson plot are given in Table No. 6 

(Chapter 9). The values of the overall resistance (u) were 

plotted as shown in Figure 34, agatest 	j,whore V is the 
water velocity in the evaporator tube, in ft./sec. The 

1 value of u for 778. 0 give the combined resistance of the 
V 

annulus film Lad tube wall 	+ g). To  test the relia- 

bility of the method, a number of runs ware repeated and 
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, 1 	xw the valueL of the intercepts ,ET  + Kw) agreed very closely. 
The values of annulus film coefficients for different tem-

peratures of hot water were calculated in the same w— as 

described earlier (page 36) and the combined value of annu-

lus film amd tube wall resistance have been plotted versus 

hot water temperr],ture and are shown in Figure 35. This 

plot helped in the rapid calculation of boiling film co-

efficients at a4y temperature of hot water from 138 to 185°F. 
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CIIAPTER 9. 

presentation of Results. 

Over 200 runs were carried out under varying conditions, 

the experimental data being presented in Tables 7-13. -oth 

overall and boiling film coefficients were calculated for 

each run and are shown in the Tables, together with other 

values. The letter succeeding each run number indicates  

the series number. The explanation for the symbols used in 

the tables, together with a specimen calculation, is given 

at the end of the chapter. ._'he series of runs taken were: 

Vartible Serieb. 

	

	Operating conditions. under_studzi  

A. Feed rate. 	Variation in feed rate.  
Hot water temperature, 138°F. 
Outlet temperature, 123°F. 

B. Feed rate. 	Variation in feed rate. 
Hot water temperature, y2 F. 
Outlet temperature, 123 F. 

C. Feed rate. 	Variation in feed rate. ot w:_tter tom.ocrature, 185°F. 
Outlet temperature, 123°F. 

Feed rate, 24.5 ]is./hr. 
Variation in hot water temperature. 
Outlet temperature, 123°F. 

Temperature 	Feed rate, 58.0 lbs./hr. 
difference. 	Variation in hot water temderature. 

Outlet temperature, 123 F. 

F. 	Temperature 	Feed rate, 135 lbs./hr. 
difference. 	Variation in hot water temeerature. 

Outlet temperature, 123°F. 

D. Temperature 
difference. 
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Series.  Variable 
under stuk. 

Thmparal;are level. 

Operating conditions. 

Feed rate, 58 lbs./hr. 
Variation in boiling temperature. 
App. temperature difference, 30°F. 

i. 	Yoraperature level. 	Feed rate, 58 lbs./hr. 
Variation in boiling temperature. 
Average overall temperature 

difference, 20°F. 

J. Feed rate. 	Variation in feed rate. 
Average overall temperature dif- 
ference, 20°F. 

Outlet temperature, 123°F. 

K. Feed rate. 	Variation in feed rate. 
Average overall temperature dif- 
ference, 20°F. 

Average boiling temperature, 14U°F 

In the case of iapropyl alcohol, in view of the smaller 

temperature drop along the tube, most of the runs were taken 

with outlet temperature at 133F and are distinguished by a 

'dash'. The various series of runs taken with different 

liquids were: 

Series. 

1. Condensate water. A, B, 	C, 	D, 	3, F, G. 
2. 0.01% Teepol solution. B,  C, 1), 	E. 
3. 0.10f;, Toepol solution. Bp Cp 	D, 
4. 20% sucrose solution. B, D, 	E, 	H, J. 
5. 30% sucrose solution. B, D, E, H, K.  
6. 40% sucrose solution. B, D, B, H, K. 
7. Isopropyl alcohol. B0 , D', K', 	DI 	B. 



Table 6. 

Runs fur Wilson plot. 

W 	 . vrawraron...Yowimo*1. 
1 Run Wf  ti t2 	tl 	ti 0 	V U 1 (log No. 	 7/0.8 

mean2___ 	. 
1 252 55.0 103.7 158.7 155.3 12260 74.7 1.12 257 0.913 0.00389 
2 316 54.0 100.1 158.7 154.8 14590 77.1 1.41 297 0.760 0.00337 
3 395 53.5 96.3 158.7 154.2 16920 79.4 1.76 335 0.637 0.00299 
4 452 52.7 93.8 158.8 154.0 18590 81.1 2.01 360 0.571 0.00278 
5 540 51.1 89.7 158.6 153.2 20840 83.7 2.40 391 0.496 0.00256 

605 49.9 87.1 158.9 153.1 22510 85.8 2.69 412 0.453 0.00243 
7 663 49.6 85.5 158.6 152.6 23800 86.5 2.95 432 0.421 0.00231 
8 695 49.2 84.4 158.8 152.5 24450 87.2 3.09 440 0.405 0.00227 
9 747 48.8 82.8 158.4 152.0 25390 87.9 3.32 453 0.382 0.00221 
10 794 48.1 81.2 158.5 151.8 26290 89.2 3.54 463 0.364 0.00216 
11 898 47.4 79.0 158.8 151.6 28360 90.7 4.00 491 0.330 0.00204 
12 923 47.2 78.4 159.1 151.7 28810 91.4 4.11 495 0.323 0.00202 
13 945 47.3 77.9 159.0 151.7 28930 91.6 4.21 496 0.317 0.00202 
14 987 47.1 77.1 159.1 151.5 29610 92.0 4.39 505 0.306 0.00198 
15 1012 46.5 76.2 158.9 151.2 30050 92.6 4.50 509 0.300 0.00196 
16 1157 46.1 73.9 158.5 	150.3 32160 93.4- 5.15 540 0.269 0.00185 

Wf  -= cold water feed rate, lbs./hr. 
tl,t2 - cold water inlet and outlet temperature,°F. 
ti,tk = hot water inlet and outlet temperatures,°F. 

0 = heat transfer, B.T.U./hr. 
= log mean temperature difference,'F. 

V = velocity of cold water, ft./sec. 
U .= overall heat transfer coeffieleat Chased 

mean surface area of the tube). 
B.T.U./hr./sq.ft./°F. 

on 



'est liquid: 

TABLE 7. 

water. condensate 

Run 
No. 82;  83A 84A 85A 86A U78 88t;8913 9 0 B 

Wf 24.5 36.5 58.0 80.0 103.0 24.5 36.5 58.0 80.0 

Ti 138.30 138.50 138.30 138.30 138.60 162.40 162.60 162.60 162.30 

T2 137.50 137.80 137.70 137.70 138.10 159.90 160.20 160.40 160.20 

t. 130.5 131.1 133.7 135.4 137.2 139.4 140.1 143.6 145.9 

t2 130.1 130.1 132.5 133.5 135.4 139.0 139.2 142.4 144.7 

t3 128.3 128.9 130.5 131.8 133.5 136.9 138.2 141.1 143.4 

t4 127.3 127.3 128.9 130.3 131.6 135.9 137.4 140.1 141.7 

t5  125.9 126.1 127.5 128.5 129.5 134.8 135.9 138.6 139.9 

t6 124.5 124.9 126.3 126.9 127.5 132.9 133.3 135.6 137.4 

t7 124.0 124.0 124.3 124.7 124.9 128.5 129.5 130.3 132.2 

TAv. 137.90 138.15 
138.00 138.00 138.35 161.15 161.40 161.50 161.25 

tAv. 127.20 127.50 129.10 130.20 131.40 135.30 136.20 138.80 140.70 

&,TAv. -  
10.70 10.65 8.90 7.80 6.95 25.85 25.20 22.70 20.55 

t1-7 6.5 7.1 9.4 10.7 12.3 10.9 10.6 13.3 13.7 
20 20 20 20 20 20 20 20 20 

1 0.484 0.488 0.507 0.500 0.544 1.278 1.259 1.300 1.304 
3.19 3.22 3.35 3.30 3.59 8.43 8.31 8.58 8.61 

Ep  13.0 8.8 5.8 4.1 3.5 34.4 22.8 14.8 10.8 

CL 3102 2677 2252 2252 1827 9137 8712 7862 7437 
Q/A 4870 4202 3535 3535 2867 14340 13680 12340 11680 
UE  455 395 397 453 413 555 543 544 568 
hB 994 941 943 997 958. 1352 1287 1292 1424 
Lt 5.3 4.8 4.1 3.8 3.2 11.5 11.5 10.3 8.9 
t8  123 123 123 123 123 123 123 123 123 
rmu..wmmob.gwWU.W...Y..Iomwlmoiwm imolmommmomWWMAWbaa lilim.mOWWINAOW.Wmm.+Mbm....SuWwiMmw* 



7 '-continued). 

wit liquid: condensate watc.2. 

• WI 
• 00  b 2b 93 b 95C 57C 

103.0 135.0 181.5 24.5 36.5 56.o 60.0 103.0 135.0 
1(2.20 162.40 162.00 1b5. 00 165.10 165.00 165.10 18 5.10 164.60 
y0.30 160.70 160.60 1b1.00 161.30 161.50 161.90 1b2.10 161.90 

ta 146.2 150.9 154.9 141).7 151..1 154.3 15L.0 160.1 163.8 
t2 146.6 150.0 153.7 « 150.2 153.7 157.2 159.3 162.9 
t3  145.7 148.2 152.0 146.0 14S. 153,4 156.0 157.6 161.5 
t4 144.3 146.4 150.4 W .4 147.6 151.5 154.7 156.2 159.7 
t$  143.2 144.3 147.6 144.5  150.2 153.0 154.9' 156.0 
t6 139.0 141.6 144.9.  142,0 144.3 147.6 150.2 153.2 154.9 

7 133.9 135,9 139.2 135.4 137.6 140.7 142.6 145.7 147.6 
6
6  123 123 123 123 123 123 123 123 123 

Av. 161.25 161.55 161.30 1b3. Liu 	 163.30 183.50 1b3,60 163.25 
143.00 145.40 149.00 145.00 146.60 150.20 153.10 155.30 156.40 
16.25 16.15 12.30 36.40 33.10 30.40 28'.30 24.85 

t1-7 14.3 15.0 15.7 14.3 13.5 13.6 15.2 14.4 16.0 
171 20 20 20 20 20 20 20 20 20 
1 1.356 1.410 1.526 2.097 2.066 2.052 2.154 2.226 2.312 

8.95 5.31 10.07 13.64 13.77 13.54 14.22 14.69 15.26 
0.7 6.9 5.5 56.5 37.7 23.3 17.6 14.4 11.3 
6567 5737 4.462 153uu 14450 1275u 11900 11050 9775 

Up  
10340 
)e(3 

9995 
557 

7003 

5(39 
24020 

),4„.„ 

220 
(23 

20010 
605 

16670 
(14 

17340 

613 
1534.0 
619 

1414 1363 1430 L715 1655 1542 1596 1592 113u 
7.9 7.9 5,3 15.2 14.9 14.1 12.7 11.L lk).2 

...}11.1110111.- 



Table 7 (continued) 

Test liquid: condensate water. 

Run  100C 	101D 1021 10311 1,34L 	105D 1067) 1071) 	138E 
Wmalmmb,iwow......,,*wli,dotwoc,,Jmuoot..m.u.a.owa000muoowsmmoPemm.....,...a mommi*ot.,wrr*u...w*t..ou.m.......boswwsmmw**Wbmliitmmlmwo..lombmoowwmWWW**wwabw,..m.mmmihww  

Wf 181.5 24.5 24.5 24.5 24.5 24.5 24.5 24.5 58.0 

T1  184.40 138.05 146.10 154.10 161.90 167.90 178.10 185.05 138.20 

T2 182.10 137.30 144.70 152.20 159.50 165.10 174.75 181.15 137.55 

t.167.9 130.3 132.5 134.6 138.2 141.7 146.3 149.2 133.9 

t2  166.7 128.9 130.7 133.3 136.9 140.7 145.5 148.9 132.2 

t5  165.3 127.7 129.1 132.2 136.3 139.4 144.3 147.4 130.7 

t4 163.3 126.5 128.5 131.3 135.0 138.6 143.2 146.3 129.3 

t5 161.6 125.5 127.7 130.5 133.5 136.9 141.5 144.0 127.3 

t6 158.8 124.9 12.7 129.1 132.0 136.1 139.6 142.4 126.1 

t7 151.1 123.8 124.7 126.3 127.9 130.5 134.8 136.5 124.5 
t8  123 123 123 123 123 123 123 123 123 
TAvs  183.25 137.67 145.40 153.15 160.70 166.50 176.42 183.10 137.87 

tAv. 162.10 126.80 128.60 131.00 134.30 137.70 142.20 145.00 129.10 

21.14 10.87 16.80 22.15 26.40 28.80 34.22 38.10 8.77 
tl_7  16.8 6.5 7.8 8.3 10.3 11.2 11.5 12.7 9.4 

20 20 20 20 20  20 20 20 20 
1 2.583 0.473 0.762 1.026 1.266 1.458 1.832 2.101 0.496 
E 17.1 3.12 5.03 6.77 8.35 9.62 12.09 13.87 3.27 
E, 

a 
9.4 

8075 

12.7 

2890 

20.5 

5100 

27.6 
6800 

34.1 

8710 
39.3 
10200 

49.3 

12540 

56.6 

14870 

5.6 

2465 
WA 12680 4536 8005 10680 13680 16010 19680 23340 3869 
UB 600 416 476 482 518 556 575 613 441 
h 1514 819 1031 1j37 1164 1340 1409 1592 912 
At 9.1 6.0 8.4 11.2 12.7 12.9 15.2 15.9 4.r) 

158 	251 	325 	386 	415 	4'-7 	517 	164 
4/10 	18 22.5 25 33 	45 52 



Table 7 (continued). 

Test liquid: 	condensate water. 

Run 
No , 109 E 110 E 111 r 112 E 113 E 114 E 115 F 116w 117 F 

Wf  58.0 58.0 58.0 58.0 58.0 58.0 135.0 135,0 135.0 

Ti 146.00 154.30 162.30 169.75 178.40 185.27 146.07 154.05 162.16 

T2 144.85 152.70 160.15 167.40 175.59 182.06 145.25 152.75 160.45 

is 136.5 139.9 143.4 147.0 151.0 154.9 143.2 146.1 150.8 

t2  134.8 138.8 142.4 145.9 150.2 154.1 141.8 144.9 149.5 

t3 133.1 137.6 140.7 144.5 149.2 153.3 139.8 143.4 148.0 

t4 131.6 136.1 139.4 143.3 148.2 J51.8 137.8 141.5 146.4 

t5 129.9 134.1 138.2 141.6 146.4 150.3 135.4 139.6 144.3 

t6 128.5 132.2 136.1 139.2 143.6 147.1 132.9 136.9 141.5 

t7 125.5 128.3 130.7 133.1 137.7 140.6 127.9 131.6 135.4 

t8 123 123 123 123 123 123 123 123 123 
TAv. 14542 153.50 161.22 168.57 176.99 183.66 145.66 153.40 161.30 
tAve  131.40 135.30 138.70 142.10 146.60 150.30 137.00 140.60 145.10 
4TAv. 11.02 18.20 22.52 26.17 30.39 33.36 8.66 12.80 16.20 
tl..7  11.0 11.6 12.7 13.9 13.3 14.5 15.3 14.5 15.4 
in 20 20 20 20 20 20 20 20 20 
1 0.764 1.038 1.311 1.518 1.801 2.030 0.849 1.101 1.375 

5.04 6.85 8.65 10.02 11.89 13.40 5.60 7.23 9.07 
8,7 11.8 14.9 17.3 20.5 23.1 4.1 5.4 6.7 

Q. 4040 5525 7650 9137 11440 12920 2635 4250 5780 
QIA 634.2 8672 12000 14340 17950 20280 4136 6671 9072 
U 452 476 533 542 591 608 478 521 560 
hB 932 1012 1237 1268 1499 1562 1040 1095 1380 
At 7.1 9.3 10.5 12.3 13.0 14.1 4.3 6.6 7.1 
VI  240 300 351 386 405 422 152 204 279 
Afv 34 39 45.5 54.5 )7 65 53 54 64 

gomIlowN*9** 



Test 

Table 7 (continued). 

condensate water. ljouid: 

Run 	118 p 	119 F 	120 F 	l21- 	122 G 	123c No. 
..mlippwwwfamouro1.0...mosmor low 

1244 125 q 126q 
............lwanwrobwoowartmegmalwa sisei*Onvolirarront.tonr.............•••••000•111....***asvsee.a.11.0 

135.0 	135.0 	135.0 	58.0 	58.0 	58.0 58.0 58.0 58.0 

170.01 177.65 185.39 134.12 144.32 154.10 164.15 174.45 184.35 

T2 167.95 175.30 182.60 133.02 142.95 152.42 162.15 172.27 181.92 

154.7 159.3 164.1 125.5 130.9 138.6 146.6 153.5 161.8 

t2  153.7 158.6 163.1 124.0 129.9 137.8 145.9 152.4 160.7 

t3  152.6 157.0 161.4 122.2 128.1 136.5 144.5 151.7 160.1 

150.9 155.6 160.1 120.4 t4 

 

126.7 134.8 143.6 150.8 159.1 

t5  148.9 153.2 158.2 118.8 125.3 133.5 142.4 150.0 158.4 

t6 146.3 150.2 155.6 115.6 123.0 131.3 140.5 148.5 157.0 

t7 139.8 143.4 147.8 111.1 118.6 127.7 137.8 146.3 155.4 

t8 123 123 123 103 213 123 133 143 153 
TA Av. 168.98 176.47 184.00 133.97 143.63 153.26 163.15 173.36 183.13 
t v  A. 149.60 153.90 158.60 119.70 126.10 154.30 143.00 150.50 158.90 
LAiTAv.  19.38 22.59 25.40 14.37 17.53 18.96 20.15 22.86 24.23 
t1_7  14.9 15.9 16.3 14.4 12.3 10.9 8.8 7.2 6.4 

20 20 20 20 20 20 20 20 20 
1 1.699 2.003 2.301 0.792 0.898 0.933 1.084 1.135 1.215 
E 11.21 13.22 15.19 5.23 5.93 6.16 7.15 7.49 8.02 

8.3 9.8 11.3 9.0 10.2 10.6 12.3 12.9 13.8 
Q., 7055 8287 9945 4250 4972 5865 7012 7565 8627 
Q/A 11030 13010 15610 6671 7805 9206 11010 11880 13540 

567 576 615 465 445 485 548 519 559 
AB  1401 1416 1603 1013 905 1051 1314 1144 1293 
6t 8.6 10.0 10.6 7.1 9.3 9.5 9.1 11.2 11.3 

375 4b5 612 

68 77 90 
-- 	 Woo * Orman. Swot*. WEE 	lm.• Ilrals.ftwim........1.110110•01 	two01•••••••••••••••• 



Table 8. 

Test liouid: 0.01 per cent Teepol solution. 

Run 
No. 12713 128 B 1298 130 b 1318 1328 1333 134C 

Wf 24.5 36.5 58.0 80.0 103.o 135.0 24.5 36.5 

Ti  162.27 162.77 162.70 162.71 162.50 162.38 185.44 185.55 

T2 159.b2 160.42 160.58 160.76 160.83 161.18 181.79 181.96 

ti 141.7 144.0 148.9 154.8 157.7 161.9 153.0 155.6 

t2 140.4 142.4 146.5 152.1 155.0 159.9 151.8 153.5 

t3 138.4 140.0 143.7 148.5 151.4 156.9 149.5 151.1 

t4 136.5 137.9 140.9 145.1 147.7 152.6 147.2 148.5 

t, 

t6 

134.3 

132.2 

135.4 

132.6 

138.1 
134.6 

141.7 

138.5 

144.1 

140.1 

147.9 

142.7 

145.4 

142.6 

146.3 

143.7 

t7 128.4 128.6 129.9 132.7 133.8 135.9 137.5 138.3 

t8 123 123 123 123 123 123 123 123 
TAv. 160.92 161.49 161.52 161.76 161.67 161.78 183.62 183.76 

tAv. 135.99 137.27 140.37 144.77 147.11 151.11 146.71 148.14 
OT

AVe 
24.93 24.20 21.15 16.99 14.56 10.67 36.91 35.62 

t1-7 

 

13.3 15.4 19.0 22.1 23.9 26.0 15.5 17.3 
in 20 20 20 20 2u 20 20 20 
1 1.307 1.326 1.353 1.345 1.372 1.378 1.947 2.022 
E 8.62 8.75 8.93 8.88 9.05 9.09 12.85 13.35 
E

Q? 

35.2 23.9 15.4 11.1 8.8 6.7 52.4 36.6 
9350 8925 7947 7012 6035 4037 14790 14535 

a/A 14680 14010 12470 11010 9473 6337 23210 22810 
589 573 590 648 651 594 629 640 

hB 1555 1491 1562 1996 2022 1584 1693 1768 
Lt 10.2 10.2 8.7 5.1 4.3 14.9 14.0 

•••••••••.••••filkobaerallo. 



Table 8 (continued). 

Teat liquid: 0.01 per cent Teepol solution. 

Run 
No. 135 C 136C 137C 138C 139 I) 140D 1411) 142) 

58.0 80.0 103.0 135.0 24.5 24.5 24.5 24.5 

185.65 185.63 185.50 185.42 146.35 154.55 162.60 170.70 

T2 182.32 182.67 182.85 183.19 144.92 152.63 160.11 167.79 

ti  160.4 165.1 170.2 174.8 134.6 138.4 141.7 145.5 

t2  158.4 163.6 168.5 173.0 133.5 137.3 140.9 144.7 

t3 155.4 160.5 165.0 169.4 131.0 135.2 139.0 143.0 

t4 152.1 156.5 161.0 165.4 130.1 133.5 137.3 140.7 

t5 149.1 153.0 156.9 160.8 128.8 131.7 135.2 138.8 

t6 145.9 149.3 152.7 155.6 127.1 129.7 133.0 136.5 

t7 140.5 143.0 145.9 148.2 124.7 126.9 129.1 131.1 

tb  123 123 123 123 123 123 123 123 

TAv. 183.98 184.15 184.18 184.31 145.64 153.59 161.36 169.25 

tAvs  151.69 155.86 160.03 163.90 130.00 133.24 136.60 140.07 

LA2AT.  32.29 28.29 24.15 20.41 15.64 20.35 24.76 29.18 

t1-7 

 

19.9 22.1 24.3 26.6 9.9 11.5 12.6 14.2 

in 20 20 20 20 20 20 20 20 

1 2.044 2.184 2.207 2.316 0.745 1.060 1.315 1.526 

E 13.49 14.42 14.56 15.29 4.92 6.99 8.68 10.07 

Ep  23.3 18.0 14.1 11.3 20.1 28.5 35.4 41.1 

a 13430 11860 10540 8755 5227 7395 9520 11520 

0./A 21080 18620 16550 13740 8206 11590 14940 18080 

UB 653 658 685 673 525 570 603 620 

hB 1865 1901 2125 2022 1269 1497 1644 1740 

Lt 12.2 10.6 8.4 7.4 7.0 8.4 9.8 11.3 
UW6. 	 1••••••44.11.5.101.11. 



centiiiued) 

Test liquid: 0.J1 per cent Teepol solution. 

......dlMIMWOWomyeoiwurpydW.W.m.wmWkw.billwWwryi.wftwOMimoswmOamw.*rmo•Nomi*.o.  

Run 
No. 14311 14411 14511 146E 147 148E 149E 150! 

V if  24.5 24.5 58.0 58.0 58.0 58.0 58.0 58.0 

T1  178.80 185.60 146.78 154.38 162.15 170.00 178.52 185.10 

T2 175.45 181.88 145.68 152.78 160.05 167.52 175.48 181.85 

to 149.8 152.8 144.5 147.6 149.8 153.0 157.4 160.7 

148.6 151.9 141.5 t2 

 

144.6 147.2 151.2 155.9 158.9 

t3 146.8 150.0 138.6 141.3 144.3 148.3 152.9 156.1 

t4 144.8 148.1 134.6 137.9 141.5 145.4 149.7 152.6 

t.5  142.8 146.2 131.9 135.3 138.7 142.5 146.6 149.4 

t6 140.3 143.2 129.3 132.2 135.2 138.9 143.4 146.2 

t7 134.8 137.7 126.1 128.0 130.5 133.7 137.8 140.7 

t8 123 123 123 123 123 123 123 123 

TAv. 177.13 183.74 146.23 153.58 161.10 168.76 177.00 183.47 

tAv. 144.01 147.13 135.24 138.13 141.03 144.71 149.10 152.09 

Av. 33.12 36.61 10.99 15.45 20.07 24.0 27.90 31.38 

6   1-7 15.0 15.1 18.4 19.6 19.3 19.3 19.6 20 

m 20 20 20 20 20 20 20 20 

1 1.805 2.022 0.744 1.056 1.319 1.593 1.868 2.060 

11.91 13.35 5.09 6.97 8.70 10.52 12.33 13.59 

Ep 48.6 54.5 8.8 12.0 15.0 18.1 21.2 23.4 

a 13600 15090 3825 6035 7862 9690 12030 13390 

a/A 21340 23680 6005 9443 12340 15210 18880 21020 

"113 
644 647 547 613 615 632 677 670 

1113  1862 1622 1393 1803 1732 1831 2138 2000 

Lst 12.4 14.1 4.7 5.7 7.7 9.0 9.5 11.4 



Table 9. 

Test liquid: 0.1 per cent Teepol solution. 

15113 152B 15333 No. 154C 	155C 	15-C 	158C 
Imo.b.01..1. 1mmywa*Axafto*Wl... .101 6ANsOW*Wor*.m... ...*.m.A* 

24.5 36.5 58.0 24.5 36.5 58.0 80.0 

162.35 162.90 162.30 182.55 182.65 183.72 184.25 

159.37 160.80 160.66 178.88 179.36 181.05 21)1.37 

149.7 154.5 159.3 160.2 164.3 171.1 174.3 

149.1 153.9 157 .2 158.9 163.1 169.3 172.6 

146.6 151.0 153.9 156.4 159.5 165.7 170.0 

143.3 147,1 149.9 151.9 155.3 161.4 165.4 
136.9 142.4 145.1 147.6 150.4 156.0 159.7 

133.9 135.8 138.6 143.4 144.6 149.1 151.9 

128.9 128.9 129.2 137.2 138.2 140.2 141.2 

123.0 123.0 123.0 123.0 123.0 123.0 123.0 
161.16 11.85 161.48 180.71 181.00 182.45 182.55 
141.50 144.80 147.60 150.80 153.63 158.97 162.16 
19.66 17.05 13.88 29.91 27.37 23.48 20.39 
20.8 25.6 30.1 23.0 26.1 30.9 33.1 
20 20 20 20 20 20 20 

1.311 1.225 1.131 1.984 1.932 1.951 1.928 
8.65 8.08 7.46 13.09 12.75 12.87 12.73 
35.3 22.1 12.8 53.4 34.9 22.2 15.9 
9052 7862 5907 14870 13260 11180 9265 
14210 12340 9272 23340 20810 17540 14540 
723 724 668 780 760 747 713 
2823 2845 2181 3275 2970 2787 2393 

4.73 4.61 7.73 7.60 6.82 6.59 
••••••••111109.1.1••••••••••.....0............. *on 	 •  

Vf 

Ti 

T2 

tl 

t2 

t3 
t4  
t5  

t6  

t8  

TAv. 
tAv. 

Av. 
t1-7 
LI 

1 

E 
EP  
GL 

WA 

UB 
hB  

Lt 	5.45 



Table 9 (continued). 

Test liquid: 0.1 per cent Teepol solution. 

Run 	158C 	155D No. 
11.1611•01•1.1. 	10.410.101.1.0110101.1.1110•10.9.1111M161•10 	  

160D 161D 162D 1-15L 1641) 
war uwalp 

Wf 103 24.5 24.5 24.5 24.5 24.5 24.5 

Ts 184.25 146.25 154.20 162.60 170.62 178.00 183.25 

T2 182.30 145.14 152.48 160.23 167.86 174.69 179.56 

is  179.0 143.3 145.9 150.5 154.3 158.4 160.3 

t2  177.8 140.9 144.2 149.3 153.4 157.0 159.5 
t3  174.7 138.2 141.4 146.3 150.7 154.1 157.0 

t4 170.0 134.9 138.4 143.0 146.4 150.4 152.6 

t5 164.4 132.2 134.8 138.8 142.4 146.1 148.3 

t6 157.0 128.5 129.7 133.9 138.1 141.9 144.1 

t7 144.3 123.6 124.9 129.1 132.5 135.6 137.8 

t8 123.0 123.0 123.0 123.0 123.0 123.0 123.0 

TAv. 183.28 145.69 153.34 161.41 169.24 176.34 181.40 

tAv.  166.74 134.51 137.04 141.56 145.40 149.07 151.37 
iYTAv.  16.54 11.18 16.30 19.85 23.81 27.27 30.03 
t1..7  34.7 19.7 21.0 21.4 21.8 22.8 22.5 

20 20 20 20 20 20 20 
1 1.955 0.673 0.977 1.285 1.567 1.831 2.033 

12.96 4.44 6.45 8.48 10.34 12.08 13.42 
12.5 18.1 26.3 34.6 42.2 49.3 54.8 

a 7565 3867 6545 9010 10880 13430 14960 
Q/A 11880 6070 10280 14150 17080 21080 23480 
U
B 

718 543 630 712 715 773 i 	782 
h
B 

2446 1371 1945 2683 2670 3356 3409 
Lt 5.26 4.80 5.72 5.71 6.93 6.81 f.43 

isma**01..01•1011.1.1•••••*111.11.....01.11.2,1•00111.1101101.0 1,............................. ...................1111•11141.01.111. tux. 



ab1e ) 	;continued) 

Test liquid: 	0.1 :)er ceAt Teepol 
:Jolution. 

WROMPRIMONVIPMebbSfl..q • 

nun 
No. 

•*10#0.01. 

165E 	166E 	167 	168B 170 

56.0 58.0 58.0 58.0 58.0 58.0 

146.90 154.80 162.50 170.78 178.25 183.95 
T2 146.20 153.67 160.86 168.87 175.62 181.03 
tl 147.2 153.2 158.4 165.0 168.0 171.0 
t 146.3 152.5 157.7 164.7 167.2 169.8 
t
3 

145.5 151.9 155.8 161.7 164.7 166.0 

t4  144.7 149.7 151.9 157.2 158.9 162.0 
142.6 144.7 146.8 _32.4 154.8 155.8 
135.8 138.0 140.1 145.6 148.2 149.3 

t7  125.1 126.9 129.6 136.0 139.4 140.5 
ff..;  .123.0 123.0 123.0 123.0 123.0 123.0 

146.55 154.24 161.68 169.82 177.03 182.49 
L. AV. 141.00 145.30 14E.60 154.70 157.30 159.20 

5.55 8.94 13.08 15.12 19.73 23.29 
t1-7  22.1 26.3 28.8 29.0 28.6 30.5 

20 20 20 20 20 20 ii 

0.548 0.766 1.150 1.345 1.672 2.000 
E 5.62 5.05 7.59 8.88 11.03 13.20 

1.14P-"  
6.2 8.7 13.1 15.3 19.0 22.8 
2125 4037 5907 7225 9690 11690 

a/A 3335 6337 9272 11340 15210 18350 
UB 

601 709 709 750 771 788 
ht, 1765 2852 2643 3151 3315 3398 

2.05 2.41 3.80 3.90 4.97 5.85 
lv,rnie. mumwwWW*1ww.ouom.orn***.rowbmwumommo. 



Table 10. 

Test liquid: 20 per cent sucrose solution. 

------- ------ 

Run 171D 172D 1731) 174D 175D 176D 1771) 176B 179E 
Ne. 

Wf  24.5 24.5 24.5 24.5 24.5 24.5 24.5 58 58 

Tt  138.80 146.25 154.15 162.35 170.70 178.35 185.63 136.55 146.5u 

T2 138.20 145.10 152.56 160.20 168.26 175.50 182.41 138.10 145.46 

tl  129.7 130.8 133.8 136.6 140.5 144.3 147.5 134.0 136.1 

128.9 130.4 133.2 136.1 140.2 144.1 147.1 132.5 134.6 

128.1 129.6 132.2 135.1 139.4 143.2 146.1 130.7 133.1 

t4  126.6 128.5 131.1 134.0 138.2 141.6 144.8 129.0 131.4 

14- 125.4 127.0 129.8 132.8 136.4 140.0 143.3 127.4 129.6 

124.3 125.9 128.2 131.1 134.3 137.7 140.5 126.0 127.5 

t7  123.+ 123.9 125.7 127.5 130.1 132.4 134.5 123.9 124.6 

t8 123.0 123.0 123.0 123.0 123.0 123.0 123.0 123.0 123.0 

138.50 145.67 153.36 161.27 169.46 176.92 184.02 138.32 145.98 
4- 126.63 128.0o 130.57 133.31 137.01 140.50 143.40 129.07 130.99 
"Av 

11.67 17.67 22.79 27.96 32.47 36.42 40.62 9.25 14.99 

t1-7 6.3 6.9 8.1 9.1 10.4 11.9 13.0 10.1 11.5 

in 20 20 20 20 20 20 20 20 20 

1 0.413 0.680 0.902 1.102 1.307 1.511 1.759 0.428 0.687 

2.92 4.49 5.95 7.27 8.63 9.97 11.61 2.82 4.53 

ao  11.1 18.3 24.3 29.7 35.2 40.7 47.4 4.72 7.81 

2370 4147 5727 7544 9124 10780 12260 1777 3713 

Q/A 3719 6509 8989 11840 14320 16920 19280 2789 5828 

UB  313 368 394 424 441 465 474 302 389 

hB  513 651 720 797 849 917 937 485 712 

Li: 7.86 10.83 13.53 16.12 18.29 20.01 22.30 6.24 8.87 

11 142 230 291 338 377 411 454 141 221 

Lp 17.0 19.5 24.5 28.5 36.0 45.0 52.0 29.5 34.5 
*W*** 	wwwilmo Mom 	 ...10.4ftimi, 



Mlle 10 (continued). 

Test liquid: 20 per cent sucrose solution. 

Run 
AO. 1807 181E 1823 183E 1843 185i 186B 187B 188B 

Wf  58.0 58.0 58.0 58.0 58.0 24.5 36.5 58.0 80 

Ti 154.67 162.90 170.95 178.90 185.60 162.83 162.74 162.64 162.52 

153.20 160.98 168.66 176.25 182.64 160.69 160.66 160.76 160.77 

ti 139.5 143.0 146.9 151.2 155.0 137.3 140.3 144.2 148.1 

t2  138.3 141.8 145.8 150.0 154.2 136.9 139.1 143.2 146.7 

t3  136.6 140.4 144.2 148.4 152.4 136.1 138.2 141.6 145.0 

t4  134.9 138.8 142.7 147.1 150.6 134.7 136.6 139.5 143.1 

t
5 133.3 137.0 140.7 144.9 148.4 133.3 135.0 137.7 140.7 

t6  131.1 134.0 137.9 141.1 145.1 131.3 133.0 135.0 137.9 

t7 127.2 129.3 132.7 135.3 138.3 127.8 128.6 130.1 131.9 

t8  123.0 123.0 123.0 123.0 123.0 123.0.  123.0 123.0 123.0 

TAT.  153.93 161.94 169.89 177.57 184.12 161..76 161.70 161.70 161.65 

t Av. 134.41 137.76 141.56 145.43 149.14 133.91 135.83 138.76 141.91 

Av 
19.52 24.18 28.24 32.14 34.98 27.85 25,€,7 22.94 19.74 
12.3 13.7 14.2 15.9 16.7 9.5 11.7 14.1 16.2 

in 20 20 20 20 20 20 20 20 20 

1 0.916 1.146 1.353 1.575 1.771 1.124 1.150 1.191 1.244 
6.04 7.56 8.93 10.39 11.69 7.42 7.59 7.86 8.21 
10.4 13.0 15.4 17.9 20.1 3o.5 20.8 13.5 10.3 

G. 5253 6636 8532 9993 11260 7506 7268 6477 5965 
0./A 8245 10420 13390 15690 17670 11790 11410 10160 9363 

422 431 474 488 505 423 441 443 474 

h13 811 821 969 1006 1054 795 855 863 978 
11.03 13.76 14.98 16.91 18.18 16.1 14.5 12.8 10.4 

Vs 274 324 344 376 388 

Lp 40 48 55.5 66.0 75 



Table 10 (continued). 

'est liquid: 20 per cent sucrose solution. 

Run 
No. 189B 190B 191B 19211 193H 194H 19511 19611 19711 

bm0U.0M..q).0*.kawWw .mwo loWsemeu*******WOom*m*bowvomWOW * 

103.0 135.0 161.5 58.0 58.0 58.0 58.0 58.0 58.0 

T1 162.80 162.77 162.64 138.80 146.85 154.63 162.35 170.77 178.17 

T2 161.17 161.33 161).50 137.59 145.45 153.10 160.68 169.11 176.60 

ti 150.7 153.4 156.7 126.3 132.5 139.1 145.5 152.8 160.7 

149.1 151.6 155.2 125.1 131.1 137.8 144.5 152.2 160.0 

t3 147.2 149.8 152.8 123.5 129.5 136.4 143.3 151.1 159.2 

144.9 147.3 150.8 121.5 127.9 134.8 141.8 149.9 158.4 

t5 142.5 144.7 147.9 118.3 126.7 133.1 140.1 148.8 157.6 

t 139.1 141.2 144.2 115.1 123.3 131.1 138.3 147.1 156.4 

t7 133.1 134.4 137.5 110.1 118.5 127.4 135.5 145.4 154.8 

123.0 123.0 123.0 99 112 123 133 143.5 153 

Av 161.99 162.05 162.07 138.20 146.15 153.87 161.51 169.94 177.38 

tAv 143.80 146.06 149.30 120.00 127.07 134.24 141.29 149.61 158.16 

18.19 15.99 12.77 18.20 19.08 19.63 19.22 20.33 19.22 

t1-7 17.6 19.0 19.2 16.2 14.0 11.7 10.0 7.4 5.9 
in 20 20 20 20 20 20 20 20 20 

1 1.304 1.360 1.474 0.337 0.862 0.905 0.916 0.916 0.872 

E 8.61 8.98 9,73 5.52 5.69 5.97 6.04 6.04 5.75 
8.4 6.7 5.4 9.5 9.8 10.3 10.4 10.4 9.9 

a 5491 4751 3555 4779 5135 5491 5643 6044 5727 
6~./A 8618 7440 5580 7502 8060 8618 8865 9177 8865 

474 465 437 412 422 439 461 466 467 

hB 978 943 641 805 822 869 928 938 926 
6t 9.60 8.50 7.20 10.09 10.62 10.75 10.35 10.60 10.39 



Table 10 (continued). 

Test liquid: 20 per cent sucrose solution. 

198fiL. 	200J 	2J117 	2J2J 	2033 	204J 2053 
1/144.111..........t.41...1101.00111.11.1.1100.10110,10.1.11.11•111MM,-,S,...3.0.4...0801111•11.11101.10...1•416.1111111 11....11,1101.0.1.1..1101100.0.01...111.,/. 

W, 	58.0 	24.5 	36.5 	58.0 	80.0 	103.0 	135.0 
m.e.,,••,.•••ars Malmo 

1131,5 
Tx 	165.79 152.52 154.67 158.35 164.46 166.20 172.38 182.38 

T2 	184.15 150.89 152.98 156.56 162.51 164.40 170.51 180,38 

ti 	167.2 132.3 1 36.5 141.4 148.0 152.6 160.0 168.3 

t2 	166,7 132.2 135.7 140.3 146.4 151.0 157.8 167.8 
t3 	165.7 131.5 134.4 138.5 144.7 149.4 156.3 166.0 

165.0 130.6 133.1 136.6 142.7 146.6 154.1 164.0 

t5 	164.2 129.4 131.7 135.0 140.5 144.3 151.3 160.2 
t6 	163.2 1279 129.8 132.8 137.6 141.1 147.8 157.1 

t7 	161.9 125.4 126.7 128.5 131.8 134.4 140.4 149.3 
161.0 123.0 123.0 123.0 123.0 123.0 123.0 123.0 
184.97 

4-Av. 151.70 153.82 157.45 163.49 165.30 172.44 181.38 
164.84 129.90 132.56 136.20 141.67 145  152.53 161.80 

idAv.  20.13 21.80 21.26 21.25 21.82 19.84 19.91 19.58 
t1-7 	5.3 6.9 9,8 12.9 16.2 18.2 19.6 19,0 

20 20 20 20 20 20 20 20 

1 	0.932 0.785 0.909 1.034 1.266 1.410 1.736 2.301 
6.15 5.18 6.00 6.82 8.36 9.30 11.46 15.18 

Eio 	10.6 21.1 16.4 11.6 10.4 9.0 8.5 8.4 
6043 5926 6122 6359 6794 6320 6952 7423 

QIN 	9486 9301 9610 9982 10670 9919 1091) 11650 
427 452 UB 

	
47]. 470 469 505 549 595 

hB 	926 633 916 979 1037 1106 1303 1483 
11.11 12.11 11.7)7 11.05 11.14 9.72 9.08 6.52 

reerarnmono•Orse.••••••••••••••••••••ormarmilomorra..... 	 • 



Tablo 11. 

Test liquid: 30 per gent auorase solution. 

 	• 
Run 206D 207D 208D 209D 210D 211D 212E 213E No.  .monomo•••1...•*.**••••0ioar.o.M.rworms...w orrwrgyasomoa•oraNkusbmwkdoo***...www.........a.....orownirrrooterstoo 

Wf 24.5 24.5 24.5 

T1, 	146.69 154.40 162,20 

T, 	145.60 152.'88,160.18 

tl  131,1 153.0. 135.9 

t2  130.9 152.7 135.2 

t3 129.9 132.3 135.0 

t4 129.0 131.1 133.7 

t5  127.6 12948 152.4 

t6  126.2 128.1 130.6 

t7 124.1 125.5 127.1 

ts  123.0 123.0 123,0 

TAv 146.15 153.64 161.19 

tAv  126.40 130.36 132.64 

ATAv 17.75 23.28 23.35 

t1,7  7.0 7.5 8.8 

20 20 20 

0.633 0.876 1.053 

4.18 5.78 6.94 

17.1 23,6 28.4 

3970 5451 7031 

6138 -8561 11040 

346 368 389 

588 641 691 

11.7 14.5 17.3 

24.5 24.5 24.5 58.0 58.0 

170.55 178.32 185.90 146.96 154.52 

168.21 175.65 182.84 146.00 153.11 

:39.1 14.3.0 146.6 135.9 138.7 

138.9, .1.42.5 146.3 134.8 137.9 

138.2 142..1 145.6 153.2 136.4 

136.9 140.7 145.c .131.7 134.6 

155,4 158.7 142.5 129.7 132.9 

135.3 136.5 139.6 :127.2 130.7 
129.0 131.2 133.4 124.9 126.3 

123.0 123.0  123.0 123.0 123.0 

169.38 176.98 164.37 146.48r153.82 

135.83 139.24 142.54 131.06 133.93 

33.55 37.74 41.83 15.42 19.89 

10.1 11.8 13.2 11.0 12.4 

20 20 20 20 20 

1.199 1.412 1.627 0.615 0.887 

7.91 9.32 10.74 4.06 5.85 
32.3 38.0, 43.8 7.0 10.1 

8730 10070 11650 3397 5017 
13710 15810 18290 • 5332 7874 
408 419 . 437 346 396 

744 765 812 588 726. 

19.\9 22.4 24.4 9.82 11.76 
1.01,...0•1 'wow Im•••••••••••1....a•uksotema.........s.. 



Table 11 (continued). 

Test liquid: 30 per cent sucrose solui:io. 

Run 214E 215E 216E 217E 21E.3 21913 22013 221h' 
No. 

WPM 

58.0 58.0 58.0 58.0 24.5 36.5 58.0 

T1  162.75 170.70 176.84 183.58 162.92 162.65 162.67 162.91 

T2 160.87 168.51 176.31 182.68 160.91 160.70 160.76 161.12 

142.4 146.7 150.4 154.4 136.1 138.4 141.7 145.9 

t2  141.5 145.9 149.8 153.9 135.9 137.9 141.4 145.5 

t3  140,0 144.3 148.2 152.2 135.7 136.6 140.2 143.8 

t4  138.2 142.3 146.4 150.2 134.6 135.0 138.2 141.8 

t5 135.8 140.2 144.3 148.5 133.2 133.6 136.3 139.0 

t6 133.5 137.8 141.3 144.9 131.3 131.5 133.9 136.2 

t7 128.9 131.9 134.9 137.6 127.4 127.4 128.9 130.7 

t8 123.0 123.0 123.0 123.0 123.0 123.0 123.0 123.0 

TAv 161.81 169.61 177.58 164.13 161.91 161.67 161.71 162.01 

tAy 137.19 141.30 145.04 146.81 133.46 134.34 137.23 140.41 

LgAv  24.62 28.31 32.54 35.32 28.45 27133 24.48 21.60 

t1-7 13.5 14.8 15.5 16.8 8.7 11.0 12.8 15.2 

m 20 20 20 20 20 20 2C 20 

1 1.086 1.311 1.500 1.71,5 1.030 1.046 1.105 1,128 

13 7.17 6.65 9.90 11.78 6.79 6.90 7.28 7.44 

E 12.4 14.9 17.1 20.3 27.7.  18.9 12.6 9.3 
5477 8137 9519 Q. 

 
11030 6992 6751 6597 6122 

G/A 10150 12770 14940 17300 10970 10600 10350 9610 

UB 413 451 459 490 351 366 423 445 

h 762 883 897 992 587 625 631 869 
Lt 14.45 15.67 18.05 16.89 20.25 18.37 17.76 12.00 

100.M1110 



*me 

Table 11 (continued). 

Test liquid: 30 per cent sucrose solution. 

R Un 

No ,̀ "213 223B 224B 
*um a..., 	b.r.oragesl• 

2251c. 226K 227K 
trin 	Vela M.11.0.1119i1110.1, it/041.-.0 	• 

228K 	229K. 

103.0 135.0 181.5 24.5 36.5 58.0 80.0 103.0 

162.71 162.72 162.97 161.50 161.23 161.45 161.45 161.45 

161.06 161.27 161.82 160.07 159.75 159.85 159.75 159.74 

149.8 154.0 159.3 142.9 143.2 145.1 146.1 148.0 

148.5 152.3 157.2 142.4 142.6 144.0 144.2 146.4 

146.2 150.1 155.0 141.4 141.4 142.5 142.8 144.2 

143.8 147.4 152.3 140.2 140.3 140.7 140.5 141.5 

t5 141.3 144.5 149.6 139.3 139.0 138.7 138.7 138.5 

t6 138.3 140.9 145.4 138.7 137.7 136.6 135.4 134.7 

t7  131.5 133.9 138.2 136.7 135.5 133.2 130.4 126.6 

t8  123.0 123.0 123.0 137.0 134.5 130.5 124.0 103.5 
TAv. 161.88 161.99 162.39 160.79 160.49 160.65 160.60 160.59 

tAv. 142.77 146.16 151.00 140.23 139.96 140.11 139.73 139.99 
LTAv.  19.11 15.83 11.39 20.56 20.53 20.54 20.87 20.60 

4   1-7 18.3 20.1 21.1 6.2 7.7 11.9 15.7 21.4 

rn 20 20 20 20 20 20 20 20 

1 1.190 1.295 1.425 0.737 0.774 0.909 1.083 1.533 
7.85 8.55 9.40 4.86 5.11 6.00 7.15 10.12 

Ep 7.6 6.3 5.2 19.9 14.0 10.3 8.9 9.8 

(4. 5569 4779 3594 4779 4977 5451 3846 5886 

a/A 8742 7502 5641 7502 7812 8557 9177 9239 

UB 457 474 495 365 381 417 440 448 

hB  914 977 1065 623 666 774 850 881 
Lt 10.37 8.33 5.74 13.10 12.70 12.00 11.70 11.40 



continued). 

Test liquid: 30 per cent sucrose solution. 

limed*WOromolork....mm*,..wmom.*.wm WO.OMVMWIIWO.M 	  bm0.01WmebmmOWWWWWOWmd.WOFWOWlr'wlft...bmdM.WNAOIWyldl.O.-  

lUll 
No. 23011 231H 232H 233H 234H 23511 236H 

Wf 58.0 58.0 58.0 58.0 58.0 58.0 58.0 

T1  140.52 147.96 154.70 162.45 170.00 178.48 185.65 

T2 139.44 146.64 153.28 160.87 168.53 177.00 184.13 

ti 127.7 134.7 139.2 146.0 153.1 160.3 167.1 

t2  127.0 133.6 137.9 144.7 152.3 159.7 166.6 

t3 125.1 130.8 136.8 143.3 151.1 158.8 165.7 
t4 123.1 128.7 134.6 141.5 150.0 157.8 164.8 

t5  12u.6 126.3 132.9 139.7 148.2 156.7 163.6 

L6  117.0 123.6 130.8 137.9 146.7 155.3 162.6 

t7 110.7 118.4 126.7 135.0 144.5 154.0 161.0 

t8  99.5 112.0 123.0 132.5 143.5 153.0 161.0 

'Av. 139.98 147.31 153.99 161.66 169.27 177.74 184.89 
121.60 128.01 134.13 141.16 149.41 157.51 164.49 

tA v 18.38 19.30 19.06 20.50 19.86 20.23 20.40 
17.0 16.3 12.5 11.0 8.6 6.3 6.1 
20 20 20 20 20 20 20 

1 0.01 0.853 0.857 0.860 0.853 0.865 0.865 
E 5.61 5.63 5.65 5.67 5.63 5.71 5.71 

Ep 9.7 9.7 9.8 9.8 9.7 9.8 9.8 
a 4187 4698 5056 5293 5293 5371 5569 
Q/A 6572 7668 7036 8309 8309 8431 8742 

Ur  357 398 400 405 418 417 428 

hr 631 742 735 738 774 758 783 
6t 11.30 11.20 11.70 12.20 11.60 12.10 12.10 

iwoonae. 



'.'able 12. 

Test liquid: 4-0 per cent sucrose solution. 

Run 237D 238D 239D 24,-;D 241D 242; 243E 244E 

W 24.5 24.5 24.5 24.5 24.5 58.0 58.0 58.0 

41 146.82 154.81 162.70 17o.73 178.58 146.66 154.58 162.51 
145.84 153.42 160.92 168.72 176.29 145.78 153.33 160.85 
151.0 133.1 136.1 138.4 141.9 136.8 139.2 141.6 

t W 130.7 133.0 136.0 138.3 141.4 135.3 137.9 140.5 
4- „3  130.0 132.4 135.0 137.6 140.2 133.1 135.9 138.7 
t4  128.7 131.1 133.5 135.9 139.0 131.1 134.0 136.6 

-5 127.5 129.5 132.1 134.5 137.0 129.1 131.8 134.7 
t 126.1 127.9 130.3 132.4 135.1 126.8 129.7 132.4 
ti  124.0 125.3 126.6 127.7 129.3 124.5 125.7 127.6 
t8  123.0 123.0 123.0 123.0 123.0 123.0 123.0 123.0 

*Av. 146.31 154.11 161.81 169.72 177.44 146.22 153.95 161E8 
tAv. 128.30 130.33 132.80 134.97 137.70 130.96 133.46 136.01 

18.01 23.78 29.01 34.75 39.74 15.26 20.49 25.67 
t1-7 7.0 7.8 9.5 10.7 12.6 12.3 13.5 14.0 

20 20 20 20 20 20 20 20 
1. 0.571 0.789 0.957 1.082 1.270 0.567 0.800 0.974 
E 3.77 5.21 6.32 7.14 8.38 3.74 5.28 6.43 
Ep 4  21.2 25.8 29.1 34.2 6.4 9.0 11.1 

3476 4938 6082 7427 8572 3081 4384 5610 
0./A 5456 7750 9548 11660 13460 4.837 6682 8804 

303 326 329 335 339 317 336 343 
hB 481 532 532 544 547 515 557 566 
Lt 12.9 15.8 19.4 23.2 26.7 10.2 13.4 16.9 

193 258 302 332 373 186 251 286 
Gp 20.0 22.5 29.0 35.0 44.5 37.5 44.0 47.5 



Table 12 (continued). 

Test iiauid: 40 per cent sucrose solution. 

Run 

 

245E 246B 247E 248B 249B 250P. 
No, 

f,.....0016,000.*0.1.1010..0110111001*10.0011.01.001....00,01101104001000. 1.00.4.0.10.01.00.0.110010.011.4...0,.0*. 

'7)17;11> 

Ts. 

Ts 

ti  

t2  

t4  

t5 
t 

t7  

t8 

58.0 

170.34 

168.38 

145.0 

144,3 

142.6 

140.6 

138.5 

135.4 

130.1 

123.0 

58.0 

178.80 

176.49 

148.8 

147.3 

145.8 

144.0 

141.6 

139.0 

132.5 

123.0 

58.0 

185.57 

182.92 

151.6 

150.6 
149.4 

147.2 

144.7 

141.5 

134.6 

123.0 

24.5 

162.71 

160.96 

135.6 

135.4 

134.7 

133.5 
132.0 

130.1 

126.3 

123.0 

36.5 
162.46 

160.77 

139.1 

138.4 

137.2 

135.6 

133.5 

131.1 

126.9 

123.0 

56.0 
162.20 

160.57 

142.3 

141.1 

139.7 

137.6 

135.4 

132.8 

128.0 

123.0 

80.0 

162.82 

161.19 

146.0 

144.7 

143.0 

140.5 

138.4 

135.0 

129.2 

123.0  

103.0 

162.44 

160.94 

148.1 

146.9 

144.9 

142.4 

139.9 

136.1 

130.0 

123.0 

TAT.  169.36 177.64 184.24 161.85 161.61 161.39 162.01 161.69 

tAT.  139.50 142.70 145.66 132.51 134.54 136.70 139.54 141.19 
LL 

 
29.86 34.94 38.58 29.34 27.07 25.69 22.47 20.50 

Av. 
14.9 16.3 17.0 9.3 12.2 14.3 16.8 18.1 

in 	20 	20 	20 	20 	20 	20 	20 	20 
1 	1.206 1.390 1.564 1.007 1.037 1.020 1.084 1.120 

7.96 	9.17 	10.32 	6.43 • 6.84 	6.73 	7.15 	7.39 
Ep 13.7 15.8 17.8 27.1 18.7 11.6 9.8 9.3 

4. 	7230 8652 10030 5965 5806 5491 5491 4977 

Q/A, 11340 13580 15750 	9363 9114 8618 8618 7812 

UB 	380 	389 	408 	319 	337 	336 	383 	381 
hB 661 676 723 508 550 547 674 667 

Lt 18.6 21.8 23.6 20.0 18.0 17.1 13.8 12.7 

Vi 	334 	360 	378 

6p 55.0 64.0 70 
.1.1.01.0100.06100.0101114.0.0100100110.....m.00 400000 livoisur.0101.wr......0.0.0 	 , 	 • 	 100 100,10001.0. 	10010.110.1 



Table 12 (continued). 

Teot liftuid: 40 32er cent sucrose solution. 

. 	. 	, 	. 

Run 253B 25413 	257K 256K 25 No. 
..W1.4. O.WI I.O*W.*W.....b rOmw.WroW*e*gma.mvetmoOow,dw*y s.wym.... 

Wf 
T1  

T2 

ti 

t2 
t3 

t5  
t6 
t7 
t8 

TAv. 

t1v. 
AT Av. 
t1-7 
m 

1 

:4 

GL 

0./A 
UB 
hB 
At 

135.0 181.5 24.5 36.5 58.0 80.0 103.0 

162.81 162.76 161.35 161.37 161.62 161.29 161.50 

161.52 161.74 160.18 160.08 160.24 159.81 160.00 

152.5 157.9 143.3 143.4 145.0 146.0 147.2 

151.2 155.7 142.9 142.4 144.0 144,4 145.2 
149.0 153.3 142.1 141.4 142.6 142.5 143.1 
146.3 150.6 141.0 140.3 140.5 140.3 140.3 
143.2 146.9 139.9 138.8 138.7 137.9 137.5 
139.3 142.8 138.7 137.6 136.5 134.9 134.6 
132.6 135.7 137.8 135.7 133.6 129.7 127.7 
123.0 123.0 137.0 134.5 132.0 125.5 119.5 
162.16 162.25 160.76 160.73 160.93 160.55 160.75 
144.87 148.99 140.81 139.94 140.13 139.40 139.40 
17.29 13.26 19.95 20.79 20.80 21.15 21.35 
19.9 22.2 5.5 7.7 11.4 16.3 19.5 
20 20 20 20 20 20 20 
1.210 1.334 0.627 0.693 0.797 1.012 1.173 
7.99 8.80 4.14 4.57 5.26 6.68 7.74 
8.9 8.4 16.9 12.5 9.7 8.3 7.5 
4148 3081 3753 4227 4582 4977 5056 
6510 4837 5989 6634 7193 7812 7936 
377 365 295 319 346 369 372 
654 622 454 508 573 635 641 
10.8 8.4 14.1 14.2 13.6 13.4 13.4 

100,10.0. 	 .01.10.••••••••••••••.0111•••••.......00.1 	 waimoma 	 .411•0"....1111••*01..........010•••••••15 



Teat liquid: 

Table 12 (continued). 

sucrose solution. 40 per ocnt 

Run 26011. 26111 26211 263H 26411 26511 26611 
No. 

58.0 58.0 5c.0 58.0 56.0 56.0 58.0 

Ti 141.43 146.12 153.65 161.65 169.60 17E5.23 185.39 

T2 140.39 146.95 152.45 160.32 168.33 176.95 184.05 

ti  127.9 132.9 138.2 145.9 152.9 160.3 166.8 

t2 126.8 131.6 137.2 144.7 152.3 159.9 166.4 

t3  124.6 129.9 135.6 143.2 151.0 159.0 165.7 

t4 121.7 127.5 133.7 141.6 149.6 157.8 164.8 

t5  119.0 125.1 131.7 139.9 148.4 156.6 163.8 

t6  114.6 122.2 129.3 137.6 146.5 155.4 162.8 

t, 

t8  
108.1 

94.5 

117.4 

112.0 

125.7 

124.0 

134.8 

133.0 

144.5 
144.0 

153.9 

153.0 

161.5 
161.0 

TAv. 140.91 147.53 153.05 160.99 168.96 177.59 184.72 
tAv. 120.40 126.66 133.06 141.10 149.31 157.56 164.54 

142Av. 20.51 20.87 19.99 19.89 19.65 20.03 20.18 

- t17 19.8 15.5 12.5 11.1 8.4 6.4 5.3 
rn 20 20 20 20 20 20 20 

1 0.916 0.806 0.783 0.786 0.762 0.791 0.778 
6.04 5.32 5.17 5.19 5.03 5.22 5.13 

Ep 10.4 9.2 8.9 8.9 8.7 9.0 8.8 
a. 3989 4187 4227 4384 4464 4582 4859 
GVA 6262 6572 6634 6882 7006 7193 7626 
UB 305 315 332 346 357 359 378 
hB 492 510 546 573 597 598 639 
At 13.8 14.0 13.2 13.0 12.7 13.0 12.9 

troimer*Ibm0 



Test liquid: 

Table 13. 

Isopropyl alcohol. 

Run 2671) 2681) 2691) 270P 
hailms 

27:1.3 2721; 273E 274E 275E 

24.5 
- 

24.5 24.5 24.5 24.5 58.0 58.0 58.0 58.3 
Ti. 138.87 146.84 154.43 163.02 170.25 138.93 146.41 154.52 162.58 
T2 138.34 146.12 153.36 161.27 168.43 138.38 145.66 153.41 161.11 
ti  125.0 125.6 126.8 128.6 130.6 126.0 127.8 130.6 133.6 
t2 124.8 125.4 126.6 128.4 130.0 125.8 127.5 130.2 133.2 

t3 124.6 125.2 126.4 1281.2 129.8 125.6 127.4 130.0 132.4 

t4  124.6 125.0 125.8 127.8 128.6 125.6 126.8 129.2 131.6 

t5 124.4 124.6 125.8 127.2 127.6 125.2 126.2 128.2 130.8 

tr, 
t7  

124.0 

123.6 

124.4 

123.8 

125.4 
124,4 

126.2 

125.0 

126.8 

125.6 

124.6 

123.8 

125.2 

123.8 

127.2 

125.2 

129.2 

126.6 

t8  123.0 123.0 123.0 123.0 123.0 123.0 123.0 123.0 123.0 

T 	138.61 Av. 146.51 153.90 162.04 169.34 138.66 146.03 153.97 161.84 

tAv. 124.43 124.86 125.89 127.36 128.43 125.23 126.40 128.66 131.06 
iATAv.  14.18 21.65 28.01 34.78 40.91 13.43 19.63 25.31 30.78 

1.4 1.8 2.4 3.6 5.0 2.2 4.0 5.4 7.0 

in 20 20 20 20 20 20 20 20 20 

1 0.916 1.517 2.410 2.874 3.257 0.980 1.540 2.255 2.960 
4.74 7.86 12.48 14.89 16.88 5.08 7.98 11.69 15.33 

Ep 19.4 32.1 50.9 60.8 69.0 8.7 13.7 20.1 26.4 
GL 1382 2370 3437 16043 6794 1462 2488 3594 4938 

WA 2170 3720 5394 9486 10670 2294 3905 5641 7750 

UB 153 172 193 273 261 171 199 223 252 
JiB 199 227 260 406 381 227 273 314 365 

11.6 17.7 22.5 25.3 30.3 10.9 15.5 19.5 23.0 



Table 13 (continued). 

Test liquid: Isopropyl alcohol. 

Wort.wrimmotowto0.4,1mmeem10010.40  

 

1....01414m..011.WWWWWWWWWWW0110WW111101,1101RMIIMOW. 

 

Run 	276D' 2771)' 2781)1  27'.)D,  280D' 281D,  282E' 283E' No. 
..1•••11,0011*.100...... 	 1.44,01.1.40.0 	 ' 	• 	 ...-4.....e....1Mbraame•WW64.11mrloarl•WerometorMINIM 

T2 

ti 

t2 

t3 

t4 
t5 
t6  
t7 
t8 
TAT. 
Av. 
LT 
ti-7  

1 
E 
Ep 
a 
WA 
UB 
hB 
Lt 
Vi 
LID 

24.5 24.5 24.5 24.5 24.5 24.5 58.0 58.0 
138.40 146.30 154.73 162.55 170.16 178.15 138.94 146.85 
138.14 145.84 153.81 161.28 168.57 17G.J2 138.67 146.36 
136.3 135.7 135.5 136.3 137.4 139.5 135.7 136.1 
135.9 135.3 135.1 135.9 137.2 139.3 135.3 135.3 
135.5 134.7 134.7 135.5 137.0 138.7 134.7 134.7 
134.9 134.5 134.3 135.1 136.4 138.3 134.3 134.3 
134.3 134.1 134.1 134.7 135.5 136.8 133.7 133.9 
133.9 133.6 133.5 134.2 134.9 136.0 133.6 153.6 
133.5 133.2 133.2 133.6 134.3 134.9 133.0 132.8 
133.3 133.0 133.0 133.3 133.0 133.5 132.5 132.3 
138.53 146.53 155.19 163.18 169.37 179.21 138.81 146.61 
134.90 134.44 134.34 135.04 1 36.10 137.64 134.13 134.40 

3.63 12.09 20.85 28.14 33.27 41.57 4.48 12.21 
2.8 2.5 2.3 2.7 3.1 4.6 2.7 3.3 

OVA, 20 20 20 20 20 20 20 
11•11, 0.650 1.1214 2.053 2.720 3.550 NNW 0.892 

2.56 6.29 10.64 14.09 18.40 4.62 
10.4 25.7 43.4 57.5 75.1 7.9 

316 1343 2844 4148 5886 7861 355 1462 
496 2108 4464 6510 9239 12340 588 2294 
137 174 214 231 278 297 125 188 
174 231 298 326 416 452 157 254 
3.1 9.9 16.3 21.6 24.1 29.6 3.86 9.79 

9.2 32 
17.0 22.0 



Table 13 (continued). 

Test liquid: Isoprolvl alcohol. 

WwWirmmomm uoom*Ni.ftw ool* 

Run 
No. 284E' 	285, 	286Et 287Ef 288B' 	2,1973 1 	29033, 	291B' 

W
f  

Vimmur.we bmo wWww*woo*.wo*Wo....WW 

58.0 	58.0 	58.0 58.0 24.5-, r ..) 	. ,1 58.0 80.0 
ril . 1. 154.90 162.54 170.25 178.46 162.65 162.80 162.86 162.90 
rr,2 T2 154.04 161.40 16e.s2 175.55 151.57 161.66 161.71 161.82 
4_ ... 1  136.2 13(.8 139.5 142.2 135.9 136.8 138.1 140.3 
t2 135.8 136.6 139.1 141.8 135.5 136.6 137,7 140.1 
t3 134.8 135.0 138.7 141.4 135.1 136.2 137.4 139.3 
t4  133.8 135.4 138.1 140.5 134.7 135.4 137.0 138.7 
t5   133.4 134.6 137.2 139.5 133.9 134.8 136.4 137.9 
t5  133.1 133.8 136.4 138.3 133.5 133.9 135.3 136.6 
t7 132.1 132.7 134.7 136.1 133.1 133.1 133.5 134.3 
t8  131.8 132.0 133.2 133.8 133.0 133.0 133.2 133.0 

154.47 162.02 169.58 177.50 162.11 162.23 162.29 162.36 
t A  ...v. 134.17 135.13 137.67 139.97 134.53 135.26 135.50 138.17 
LT Av. 20.30 26.89 31.91 37.53 27.58 26.97 25.79 24.19 
t1-7 4.1 4.1 4.8 6.1 2.8 3.7 4.6 6.0 
m 20 20 20 20 20 20 20 20 
1 1.600 2.330 2.464 3.366 2.042 1.996 2.090 2.000 

8.29 -  12.07 12.76 E 17.44 10.58 10.34 10.82 10.36 
Bp 14.3 20.8 22.0 30.1 43.2 28.3 18.7 12.9 
Q, 2507 4029 5254 6992 4029 4266 4305 4029 
QVA 4092 6324 8247 10970 5324. 6596 6757 6324 
II 202 235 258 292 229 248 232 251 
11., 
i\t 

276 
16.09 

333 
20.57 

375 
23.81 

441 
26.95 

322 
21.2 

358 
20.3 

385 
19.0 

384 
17.8 

yi  56 83 102 131 80 85 86 82 
8p 27 27 35 47 19 25 32 44 



ifalllo13 (continued). 

'2est liquid: Isopropyl alcohol. 

us. r•M mama wat....••• 

No. 

460. 

22111  29313' 294B' 295K' 296 1  297K,  2981 , 299 K.,  

Wf  103.0 135.0 181.5 24.5 36.5 58.0 80.0 103.0 

T1  163.10 162.82 163.00 161.33 161.27 161.43 161.80 161.42 

T2. 162.01 161.79 162.00 160.55 160.45 160.62 160.91 160..47 

tl  141.1 143.7 146.5 141.1 141.5 141.9 141.7 142.4 

t2  140.9 143.4 145.7 140.7 141.3 141.7 141.3 142.0 

t3 140.3 142.6 144.9 140.3 140.9 141.3 140.9 141.2 
t4 139.3 141.3 143.5 140.1.  140.7 140.7 140.1 140.3 
t5  138.1 139.9 142.2 139.7 14u.1 14u.1 139.3 139.3 
t6 136.8 138.3 140.3 139.1 139.5 139.5 138.7 138.3 
t7 134.9 135.9 137.0 138.9 139.1 138.7 137.7 136.3 
t8 133.0 133.0 133.0 138.5 138.5 138.0 137.5 135.0 

TAv. 162.55 162,30 162.50 160.94 160.86 161.03 161.36 160.94 
tAv. 138.77 140.74 142.87 140.00 140.44 140.56 139.90 139.97 

Av. 23.78 21.56 19.63 20.94 20.42 20.47 21.46 20.97 
t1-7 6.2 7.8 9.5 2.2 2.4 3.2 4.0 6.1 

20 20 20 20 20 20 20 20 
1 2.106 2.330 2.734 1.347 1.215 1.222 1.640 1.804 
E 10.91 12.07 14.17 6.99 6.29 6.33 8.50 9.35 

10.6 8.9 7.8 Ep 
 

28.5 17.2 10.9 10.6 9.1 
4068 3832 3713 2844 3002 2963 3278 3516 

Q/A 	. 6386 6015 5828 4464 4712 4650 5145 5518 
uB 

268 279 297 213 231 227 24o 263 
hB 398 419 457 293 325 319 342 387 
Zst 17.4 15.5 13.8 16.5 15.7 15.8 16.3 15.5 
Vt  84 84 87 

43 58 72 



Table 13 (continued). 

 

Test liquid: Isopropyl alcohol. 

woo**w**Moi***************Imm,*wou tmemmtmftwo  

Run 300K0  301 1  302; 1  3o3,11  30411,  305H' 306111  307H,  

w
f 135.0 181.5 58.0 58.0 58.0 58.0 58.0 58.0 

r21, 161.64 161.66 138.68 146.89 154.65 162.72 170.82 178.38- 

160.66 160.63 137.75 145.97 153.68 161.85 169.94 17(.40 

tl  143.2 144.3 120.1 126.4 136.1 143.7 152.10 159.3 

t2  142.8 143.9 119.5 128.0 135.7 143.5 151.3 158.9 

t3  142.0 143.0 118.7 127.4 135.3 143.1 150.9 158.5 

140.8 141.7 117.9 126.8 134.7 142.5 150.5 157.9 

t5 139.5 139.9 117.2 125.8 134.1 142.0 150.1 157.5 

t6 138.3 137.9 116.0 125.2 133.2 141.5 149.7 156.9 

t7  135.5 134.3 113.7 124.0 132.0 140.6 149.1 156.1 

t8  133.5 129.5 113.0 122.5 132.0 139.8 148.8 156.0 

161.15 161.14 138.22 146.43 154.16 162.30 170.38 177.89 

‘Av. 140.30 140.71 117.59 126.51 134.44 142.41 150.53 157.87 

LTA3T. 
2u.85 20.43 20.63 19.92 19.72 19.89 19.85 20.02 

t1-7 7.7 10.0 .4 4.4 4.1 3.1 3.0 3.2 

ra 20 20 20 20 20 20 20 20 

1 2.1)4 2.902 1.428 1.406 1.262 1.246 0.976 0.722 

E 11.06 15.03 7.40 7.28 6.54 6.45 5.06 3.74 

El?  8.2 8.3 12.8 12.6 11.3 11.1 6.7 6.4 

Q. 3634 3832 2686 2805 2765 3081 3081 3318 

0/A 5705 6015 4216 4402 4340 4837 4837 5208 

UB 273 294 204 221 220 244 244 260 

hB  408 452 284 312 309 349 348 377 

it; 15.1 74.4 16.1 15.3 15.2 15.0 15.1 15.0 



141.7 
140.7 
139.4 o 
138.6 
136.9 
136.1 
130.5 
123 	°F 

166.5 

t▪ .- 11 

4.3 
'4 t5 t6 t7 

EalaAation for Symbols and Silecimen Calculation. 

Reference Run No. 1J5D (Table 7). 

ambol. Value. Jnits. 

Wf 	24.5 lb./hr. 

167.9 OF 

.42 	155.1 °F 

tkv. 	137.7 °F 

4alanation. 

feed rate of the liquid to the 
evaporator tube. 

temperature of hot water inlet to 
evaporator jacket (average of 
four readings). 

temperature of hot water outlet 
to evaporator jacket (average 
of four readings). 

temperatures of boiling liquid as 
measured by means of travelling 
thermocouple from tube bottom 
to top, at the equal distance 
of l0 inches, °F (average of 
two readings). 

temperature of vapour - liquid 
mixture at the outlet. 

average temperature of hot water 
167.90 „( 
Tr:57r5 -LUJ"  

average temperature of boiling 
liquid. 

arith. mean of 141.7, 140.7, 
139.4, 138.6, 136.9, 136.1, 1)0.5 
= 137.7 

(), 21i 	average overall temperature dif-
ference. (average temp. of hot 
water - average temp. of boiling 
liquid). 

= 166.5 - 137.7 = 28.8 
11.2 '-"E 	temperature drop of boiling liquid 1-7 	 along tube length. 

t17  = 141.7-130,5 = 11.2 , 
m  20 	duration of test = 20 



16010 D.T.U./hr/ 
sq.ft. 

556 	B.T.U./hr/ 
sci.ft/ F. 

1340 B.T.U.4hr/ 
so.ft/ F. 

1113 

(.

4E12.7 

Am = mean  

Value. :hits. 

1.458 litres. 

	

9.62 	lbs./hr. 

Et„ 	39.3 „  

10200 	B. g'. 

Explanation. 

vapour condensed from separator. 
evaporation, lbs./hr., 
1 x 0.22 x E2 x 10 

= 1.458 x 0.22 x 	x 10 

9.62 
E 	 .62 x 100 = 9 	x 100 = 39.3 

./hr. (temperature dro.L of hot water 
during the ooeration - temperature 
drop during idle running) x flow 
rate of.hot water 
(2.8 	0.25) x 4000 

= 10200 

heat flux per unit surface area of 
the evaporator tube (based on mean 
diameter of the tube) 

10200 x 	7577777  — 16010 

overall boiling coefficient 

- - IC:77;v. 	' 
r5r)  

1 

T1- - 55r  = 0.0018 
B 
= annulus film coefficient based 

on mean surface area of the 

mrs = rig — tube wall resistance. 

at 166.5°F = 0.00099 
(Ag.35) 

surface arc of the tube in 

=063? sq.ft. 
Ai = inside surface area of the tube 

= 0.588 sq.ft. 



Szmbol. Value. Units. 	Explanation. 
I 	 1 	x -,.., Am - ply 

TO705187:6. 0013n) AI 1 J. 	0.637 
77onn x zzmn 

= 1340 

	

t 	12.1) 	°F. 	average temperature difference 
across boiling film 

Q 	10200 
= x1-77nT, -6755=m77u 
= 12.9 

	

V1 	415 	ft./sec. 	vapour velocity at the top of the 
tube. 

Specific volume of vapour at the 
temperature 130.5°F = 154 cu.ft/lb. 

(Fig. 46) 
Flash evaporation from the top of 
the tube to the outlet temperature 
of 123°F = 
(4f-E)(temp.drop from top to outlet) 

10.di^  somoiono••• •••••••••....• 

= .2.4.5-9.442i.27.112.2/ 
0 

= 0.12 lb. 
:. mass rate of vapour at the top 

of the tube = E - 0.12 
= 9.5 lbs./hr. 
Cross-sectional area of the evapor-
ator tube = 0.00098 sq.ft. 
:. vapour velocity at the top 
= 	9.5  x 154 
3Mx b.n5078 = 415  

Atv 	39.5 	mms. of pressure drop along tube length. 
Ag. 	Vapour bressure for water vapour 

at 141.7°F (Fig. 57) = 155.5 mm.Hg. 
Vapour pressure at 130.5°F = 116 mm. 

Hg. 
:. pressure drop = 155.5 - 116.0 
= 39.5 

• • 
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C; 	B. 10. 

Correlation of Results. 

The results given in the previous chapter enable a 

relation to be obtained between each o the variable and 

the overall or file' heat transfer coefficient. 

A. Effect of Term 	 Difference. 

With the feed rate and temperature at the outlet from 

the evaporator tube oonstant, the temperature difference 

was altered by varying the hot water temperature. In 

:Jerie'J D, the feed was 24.5 lbs./hr., and in ",r, 58 lbs./hr. 

Values of the heat flux and the average overall tem-

perature difference (T) with intk, as the feed liquid 

are shown in Figure 36, from which it is seen that the 

heat flux increases regularly with the temperature dif-

ference. It is also seen that, with the same value for 

LT, the heat flux increases with feed rate. Corresponding  

plots with the other liquids are given in Figures 37A and 

37J3. For all the liquids, the points fall on straight 

lines with approximately the same slope. Taking an average 

slope at both feed rates, a relation is obtained 

x 
	

• • 	• • • • 
	(13) 

With the 40 per cent sucrose solution and low feed 

rate of 24.5 lbs./hr., the slope is somewhat less. This 
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probably arises from the high viscosity of the concentrated 

liquor at the top and the corresponding sluggish movement 

of the 1icuid film over the heating surface. With the 

higher feed rate of 58 iles./hr., the lines are all parallel, 

including that for 40 per cent sucrose solution. It has 

been mentioned earlier that visual observations on the boiling 

of 40 per cent sucrose solution indicated a sluggish move- 

ment of the liquid film over the heating surface and, at 

very low feed rate, the movement almost ceased. The above 

data indicate a similar behaviour with the sunless steel 

tube evaporator. 

Plots of the overall heat transfer coefficient (UB) 

and the temperature difference (AT) for the two feed rates 

are shown in Figures 38A and 38B. These points show a 

wider scatter than in the corresponding plots for heat flux 

and AT. The line for 40 per cent sucrose solution is 

flatter than those for the other liquids fox the reasons 

already given; with isopropyl alcohol, the slope is a 

little greater. Taking an average slope foc. all the liquids 

at both feed rates,. a relation is obtained: 
,e0.30 u.13  cc ee 	4. (14) 

For the purpose of comparison, the data in the litera-

ture are meagre; hat due to,Brookes and Badger, however, 

show an increase of U33 with AT. 
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Th3 true nature of the influence of the temperature 

difference is much more clearly shown by calculating the 

boiling film coefficient by the method already described 

and the temperature difference across the boiling film 

(et) from the relation et = Ar. 
Plots of hB and et for both feed rates and for 

various liQuids are shown in Figures 39A and 39B. For a 

feed rate of 58 lbs./he., the plots are nearly parallel 

straight lines of slope 0.61. The scattering of the points 

on the lines is greater than in the plots of overall values, 

since any experimental errors are more pronounced when the 

data is used to give film values. The lines for the 40 

per cent sucrose solution is further from the others, than 

with previous plots and that for 30 per cent sucrose 

solution shows a noticeable deviation. Whilst the lines 

for 58 lbs. /hr. are more or less parullel, there are devia-

tions with the strong solution. The points on the lines 

for 'eepol solutions are rather badly coattered. it may 

be noted here that the results of Teepol solutions were 

rather inconsistent, especially in the beginning, probably 

due to some change taking place in their foaming charac-

teristios. The runs reported are takea after attaining 

nearly steady values. ',rom all the plots drawn in Figure 

39A and 39B, the average value of the slope gave: 

hB 
	

(15) 
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An alternative method of exi.ressing the importance of 

temperature difference is to plot overall and film coeffi-

cients against heat flux. This has been done in Figure; e 

and 41, from which it is seen that the scatter of the 

points is much less than for the plots with temperature 

difference. An everage relation can be given in the form 
(Q)0.22 (16) 

hB 	
(i)0.38 	

• • • • * • 
	(17) 

The importance of examining the film coefficient rather 

than the overall coefficient is again clearly shown. 

B. 	Influence of Feed Rate. 
------------ 

In considering the effect of feed rate on the heat 

transfer coefficient, it must be realised that, unless 

special precautions are taken, any alteration in the feed 

rate will bring about some alteration in other factors, 

such as the temperature difference, temperature level, 

and it becomes diffioult to assess the controlling factor. 

The temperature drops of boiling liquid along the 

tube were found to increase with feed rate, as in the 

case of the glass apparatus. Thus, with increase in feed 

rate and constant temperature at the outlet, it was neces-

sary to increase the feed temoerature, in order to maintain 

boiling conditions at the bottom of the tube. For a 



Wf• 	FEED RATE, LB./HR. 

1600 

1200 

Q 
A 

8000 

4000 

FIGURE 42 
20 70sucRosE 	SOLUTION 
APP- TEMP. DI FF. 39 °F 

AT (AV A 	 -OVERALL TEMP. D I FF.) 

U8  AT, td 	El  ,E2_ 

I 	Wf VS 
2 	a 	Wf Vs 	Q/A ( HEAT 	FLUX ) 
3 A 	Wt Vs 	UR 	( OVERALL COE F F.) 
4 	• 	W. vs 	E1 	( EVAPORATION TOTAL 	L B• / HR.) 
5 + 	W. vs to 	( TEMP DROP OF BOILING LIQUID ) 

2— 

6 • Wt- vs 	El 	( FLASH EVAPORATION LB. / HR.) 700 —2 8 	 14 

• 

• 

-14411•._//k,._ 
500  — 20 10 

—A 

3 —2r-- . 
Xi, • 

S 

300 — 12 ---6 

6 
•••••••• 

100 

160 
	

18 
	

200 
AA 	 , A 

	 IOU 4u 	6C..) 	13L) 	120 



1600 

1200 

Q 8000 
A 

4000 

0 

FIGURE 43 
I SOPROPANOL 
APP. TEMP• D I FF 

1 	a 	Wf V5 
29 °F 

AT(AV OVERALL TEMP• DIFE) 

t4  Ue, 	AT 

2 	A 	Wf vs 	UBCOVERALL COEFE) 
3 	0 	Wf  vs 	Q/A(HEAT FLUX) 
4' 	a 	W. Y5 	te(TEMP DROP OF BOILING 	LIQUID) 

400 	 32 	 16 

	 - 300 24 - --I 2 

• 
_ 

• • 

• 

• a 

. 200 	 16 	 — 

O--.________ 

3 (3---- 0 a 
1.1  

• ••• 
• 

• 

100 	 

'le% A i^% e o.k "••• I 4.4. /in 	 • .P. 	 . 	. - .... OV 

	

	
180 

FEED RATE, LB./HR. 



80. 

constant hot water temperature, this will result in a re-

duction in the average tem9erature difference. 

In. each of the series A, B, and C, the feed rate (Wf) 

was increased from 24.5 to 181 lbs./ar., whilst the outlet 

temperature was kept constant at 123°F and the feed tempera-

ture adjusted so that the boiling occurred at the bottom. 

In Series A, the hot water tempee..aLure was 138°F, in B 

162°F, and in C 185°F. 

plots vere first made of Wf  versus UB  and h for thc 

several liquids, which gave a clear indication that neither 

UB nor hB was significantly altered by the variation in 

feed rate. It was found that the plots for water and suc-

rose solutions differed from that for isopropyl alcohol. 

Figures 42 and 43 show the results for 20 per cent sucrose 

solution and for the alcohol respectively, in which the 

feed rate is plotted in relation to the overall temperature 

difference (AT), heat flux (i), overall coefficient (UB), 

temperature drop of boiling liquid along the tube (tA) 

and, in the case of 20 per cent sucrose solution, the impor-

tance of flash evaporation. 

With the sucrose aclution, UB  increases slowly and 

then falls slightly with increase in Wf, but the variation 

is small (about 10 per een..4. The heat flux, however, 

steadily decreases to ebout half the original value for 
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the sevenfold increase in Wf. This appareAtly anomalous 

behaviour is a result of the increase in temperature of 

the feed giving an increased temperature drop up the tube 

and a correspondina-  decrease in the effective temperature 

difference (LT) from 26 to 13°F. This effect was much 

less with the glass tube evaporator, due to lower ranges 

of feed rate and the lower vaporisation rates. The tem_eera-

ture drop of boiling liquid along the tube in this ecuipment 

was as much as 20°F under some conditions and thus masked 

the true effect of feed rate. The increase in evaporation 

(line 4) is seen to be largely a result of the increase in 

self-evaooration (lie 5), which is, in fact, greater than 

the increase in total evaporation. 

With isopropyl alcohol (Figure 43), 1143  steadily in- 

creases with 	but only to the extent of about 25 per 

cent. The heat flux rises slightly at first, but then 

falls slowly. The important difference between Figurae42 

and 43 is that, with the alcohol, the drop in temperature 

up the tube is much less. _.is is believed to be due to 

the decreased specific volume of the vanour and the corres-

ponding smaller drop in -eressure up the tube compared with 

the sucrose solution. 

In Series K, the overall temperature difference (eT) 

was kept constant at about 20°F and the average boiling 
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temperature at aboult 140 °F whilst the feed rate was 

varied. The outlet temieraturc was allowed to vary. 

These experiments were difficult to carry out, since the 

pressure droll up the tube was not known acourately with 

varying feed rate at varying inlet temperatures. After 

taking a large number of tests, it was possible to assess 

this drop in pressure and, in this way, the desired test 

conditions were obtained. Plots of UB  and hB  against Ws:  

for five liquids are shown in Figura344and 45 respectively. 

The points for each liquid lie on straight lines from 

which the average relations are 

UB 
, 0.17 	 (la) 

hBf
o.25 • • 	• • 	(19)  

These equations give a much truer picture of the influence 

of feed rate, but they are not perhaps of immediate prac-

tical use since they involve maintaining constant so many 

factors. 

C. The Problem of Recirculation o± 14a1.44. 
tow • 	 4.01.0*11.6.1e. 

seearate experiments were carried out to study the 

effect of reoirculation of liquid, but useful deductions 

can be drawn from the results showine, the effects of feed 

rate. The idea of recirculation would seem to be justified 

when there is an increase in heat transfer with increase in 
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feed rate. Figures 42 and 43 showed that, with constant 

temperature of the heating medium and constant temperature 

at the outlet, the increase in feed rate slightly alters 

the heat transfer coefficient, but decreases the heat flux 

considerably in the case of 20 per cent sucrose solutions 

(Figure 42) and appreciably in the case of isopropyl 

alcohol (Figure 43). This has been shown to be due to in-

crease in the pressure drop along the tube with feed rate. 

Working at a higher temperature level, such as 175 to 

200°F, would considerably reduce the pressure drop as a 

result of the mach lower specific volume of vapour. Locking 

at the 2lot of specific volume of saturated vapour versus 

temperature shown in Figure 46, we find that the specific 

volume of water vapour which is 156 ou.ft./lb. at 130°F 

is reduced to 50 ou.ft./lb. at 180°F. The plot of tempera-

ture drop of boiling 40 per cent sucrose solution along the 

tube versus the boiling temperature (range 126 to 164°F) 

given in Figure 47 shows that for constant feed rate and 

constant vaporisation rate, the temperature drop of boiling 

liquid along the tube decreases from 16 to 6°F, with increase 

in average boiling temperature from 125 to 160°F. Hence, it 

is reasonable to conclude that by working at a higher tem-

perature level, the reduction in the effective temperature 

difference with increase iei tae feed rate would be much 
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less and the increase in heat flux, as well as heat transfer 

coefficient, would be possible. 'Under the present working 

temperature of 130 to 140°F, the recirculation of liquid 

does not seem to have any advantage. 

D. 'he Effeot of DeLroe of Vaporisation 

Some su;geotions have been made in the ioast for relating 

the per cent vaporisation with the heat transfer coefficient. 

plots of hB  versus the per cent vaporisation (4) have been 

drawn, but no regularity is apparent. Ep can be varied 

either by varying the feed rate or the temperature difference. 

Four - lots, two for water and two for isopropyl alcohol are 

shown in Figure 48 on semilog paper. Of these, lines 2 and 4 

are for a constant feed rate of 24.5 lbs./hr., and variation 

of temperature difference, and lines 3 and 5 for a constant 

a2oarent temperature difference and variation of feed rate. 

Lines 2 and 4 are similar. Whilst the line 3 for water 

shows almost no influence on hE,  but line 5 for isopropyl 

alcohol shows a regular decrease in Ii with increase in 

va-oorisation. These results may be compared with those of 

Stroebo, Baker and. Eadger(4), whose data are plotted as 

lino 1. The points are very scattered and the curve is 

that suzgested by Madams (13)  from this data. Their values 

are higher than those of the present work but, if these are 

corrected fur boiling at 175°F, as were Eadger's, then the 
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agreement is better. It is important to notice that 

Badger's hp  falls off sharply for vaporisation greater 

than 70 per cent. The present data, even -with the maxi-

mum temperature difference and minimum flow rate did not 

give values greater than 75 per cent and no falling off 

in hB  is apparent (lines 2 and 4). The rapid fall of hp  

in Padger's data is probably due to the presence of in-

sufficient liquid to wet the tube surface with much 

higher vaporisation rates. This factor 040 is not really 

a fundamental one, but is dependent on the feed rate and 

the temperature difference. 

E. Difluence of Surface Tension. 

The surface tension was varied somewhat artificially 

by adding 0.01 and 0.10 per cent Teepol to water. This 

reduced the surface tension from 66.2 dynes/cm. to 47 

and 3) el/lea/cm. respectively, at 140°F. The results are 

shown in figure 49 for a feed rate of 58 lbs./hr., and 

with an average temperature difference of 20°F. The con-

siderable effect of surface tension is seen by the fact 

that a reduction by half gives an increase in the film co-

efficient of from two to three times. These Teepol solu-

tions boiled erratically at first and the figures are given 

after prolonged boiling. From Figure 49, we can derive the 

relations: 
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where isthe surface tension in dynes/cm. 

Badger and his associates(4)  found that 
	

was in-

versely proportional to the square of the surface tension 

(Equation 2, page 9). As discussed later, the present 

results are in good agreement with those of Kirsohbaum(14) 

Ao has suggested that the increase in film coefficient 

arises from the foaming character of the liquid. He has 

gone further in ouggeotiag that the foam increases the 

boiling coefficient in much the same way that the presence 

of drops increases the condensing coefficient. 

In addition to influencing heat transfer coefficients 

as outlined above, the addition of Teepol alters the 

operation of the evaporator in a number of ways. Thus, in 

order to bring the solution to the boiling point at the 

bottom of the tube, much higher feed temperatures were re-

quired than with water, although the temperature at the. 

outlet was the same. A typioal plot showing the tempera-

ture distribution up the tube, for water and 0.1 per cent 

Teepol solution, is shown in Figure 50. Curves 1 and 2 

are for an apparent temperature difference of 23°F and 

curves 3 and 4 for 62°F difference. These ourves show 

the bii; differences in temperature between water and 
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Teepol along the length of the evaporator tube and equali-

sation in temperature before reaching the outlet of the 

tube. In the case of curves 1 and 2 for lower temperature 

difference, the equalisation is rather rapid, while, in 

the case of curves 3 and 4 for higher temperature dif-

ference, the equalisation is gradual. This may be due to 

difference in vaporisation rates. That the higher tempera-

ture drop up the tube has a marked effect on the heat flux 

is shown in Figure 51. For the same apparent temperature 

difference, the Teepol solution has a higher heat transfer 

coefficient (curves 2 and 40, but a much reduced heat flux 

(curves 3 and 1). This anomaly arises from the relatively 

high pressure drop with this form of evaporator, when 

operated under a vacuum, and it is probable that both the 

heat flux and heat transfer coefficient would rise with 

decrease in surface tension if the pressure were atmos-

pheric. 

F. Influence of Viscosik. 

As in the case of surface tension, no special tests 

were made to check the influence of viscosity, but selected 

tests from different series have been used. Values of the 

overall and film coefficient for a range of viscosities 

are shown in Figure 52 for water and various sucrose 

solutions using a constant feed rate of 58 lbs./hr. and 
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average temperature difference ; 	of 20°F, with an average 

boiling temperature of 140°F. 

The lines in Figure 52 may be represented by the 

relations: 
uB 	oc 	

60 • 	 .3 	• • 

	

(2.2) 

h 
	-0,49 	

• * • • 4* 	(23) 

where 1, = viscosity in lbs./ft./hr. 

The Prandia_amip: Whilst there is a considerable variation 

in viscosity of the liquids used to give Figure 2, the 

specific heat and thermal conductivity are also varying. 

It was thought useful to see the effect of plotting this 

data in the form of the Prandtl group (44) against the 

heat transfer coefficients. This has been done in Figures 

53 and 54, which show the results of various liquids used, 

including that of isopropyl alcohol. Whilst the points for 

water and sucrose solutions lie on the same line, the data 

for isopropyl alcohol lie far below. This is thought to be 

due to the fact that other properties of the alcohol not 
in 

accounted for/the Prandtl group are very much different from 

those ofalueous solutions. The latent heat of vaporisation 

of alcohol, for example, is less than one third, the 

specific volume one seventh that of aqueous solutions at 

the same temperature: again, the surface tension of the 

alcohol is low (21.7 dynes/cm. at 20°C). :he use of 
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the Prandtl group has thus provided no improvement over 

the simpler viscosity relation. The lines of Figures 53 

and 54 for water and sucrose solutions may be represented 

by: 

LIB 	
cc (.)...0.30 	

• • 	• • 	.. 	(24) 

hBCC (4)..0.44 	
• • • • .. (25) 

which, as mentioned, have similar slopes to those of 

equations 22 and 23 for viscosity. 

G. Effect of Boilinr, Temeoraturt. 

The maximum available temperature of the hot water 

was 185°F, which limited the range in temperature of the 

boiling liquid from 120°  to 165cF. Tests for series H were 

:tad° with a feed rate of 50 lbs./hr., and with the average 

temperature difference of 20°F. 'Ale variation in the drop 

in temperature of the boiling liquid up the tube, with 

change hi boiling temperature, necessitated a good deal of 

trail and error to olaintain the constant value of tempera-

ture difference, but, as with the variations in feed rate, 

this was considered very desirable. 

Values of the overall heat trmisfer coefficient and 

of the film coefficient for four liquids arc shown plotted 

in Figures 55 and 56 against the avereoge boiling temperature 

(T). The points for 20 and 30 per cent sucrose solutions 

are rather irregular, but show a steady rise in the 
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coefficient with the temperature. The points for the 40 

per cent sucrose solution end isopropyl aloohol lie 

reasonably well on straight lines, which give an average 

relation of: 

UB 	
TO.64 (2) 

h = TO.85 (27) 

The increase in heat transfer coefficient with 

boiline.; temperature is expected because of the rapid de-

crease in the viscosity and slight decrease in the eurface 

tension with temperature. Since the influence of viscosity 

has been established (equation 23, page 88), we can see 

if this is responsible fcr the effects shown above or 

whether the temperature level has other effects. values 
0. of h . /- 49  for various tests are given below: R 

Table D. 
0.49 

1113./- 
Temperature, °F. 

120 140 165 

20 per cent sucrose solution 1241 12 2 1155 
30 per cent sucrose solution 1244 1256 1177 
40 per cent sucrose solution 1212 122E 	1201 

where 	= viscosity, lba./ft./hr. 

The range of viscosity is from 1.57 to 6.30 lbs./ft./hr, 

and the boiling film coefficient from 490 to 940 B.T.U./ 
0.49 hr./sq.ft./°F. However, the values of h,.le 	are seen r 

to be independent of the temperature level for each liquid. 
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we pay conclude then that the effects repreaented by 

equations 26 and 27 are really due to changes in the vis-

cosities and not to some other effects of the boiling tem-

perature. It is also worthy of note that the cpccifio 

volume of the vapour is not considered in ttho re.Lation, 

yet this varies more than threefold over the range of tem-

peratuxe (120-165(1). The above results are in good 

agreement with the empirical oorrelation (equation 2, 

page 9) of Badger, which shows the index 0.1 IGr 

volume of vapour. 

H. Pressure_Dro-o in the Dvaporator Tube. 

It was found, during the investigation, that the 

pressure drops along the tube were rather high and were 

affecting the results through the reduction in the effeo-

tive temperature differenoe. It was mentioned in the seo-

tion on the glass tube evaporator (page 56) that the ob-

served pressure drops were the sum of several individual 

pressure drops. The vapour velocities at the outlet were 

calculated from the specific volume of the vapour at the 

outlet temperature and the evaporation in lbs./hr. The 

specific volume charts for water and isopropyl alcohol 

vapour are shown in 2ii;urc 57. Pressure drops aloitthe 

tube were calculated fn;a1 the vapour pressure charts shown 

in Figure 46. Figure S7 allowo that the specific volume of 
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vapour increases rapidly as the operating pressure or tem-

perature decreases. The maximum vapour velocity, in the 

case of water, was about 600 ft./sec., and, in the case of 

isopropyl alcohol, 150 ft./sec. The )lots were drawn of 

vapour velocities versus pressure drops, under different 

feed and vaporisation rates, and are shown in Figure:; 58 

and 59. Figure 58 shows that the pressure droj increases 

rather rapidly with vapour velocity and, for constant vapour 

velocity, increases with feed rate. Comparing with the 

similar plots (Figure 19) for the glass tube evaporator, we 

find that the effect of both vapour velocity and feed rate 

is much more pronounced in the present apparatus. As men-

tioned earlier, this is due to the higher feed rates and 

higher vapour velocities. The higher pressure drop for 

higher feed rate may here again be due to a greater statio 

head of liquid, resulting from thiatcer films over the tube 

surface. Figure 59 shows the change in pressure drop with 

vapour velocity, for water, 0.1 per cent Teepol solution 

and isopropyl alcohol, at constant feed rate of 24.5 lbs./ 

hr. The pressure drop for Teepol solution is more than 

three times that for water, at the same vapour velocity, 

probably due to the considerable foam produced. lhe pres-

sure drop in the case of isopropyl alcohol is much less 

for the reason show1 earlier, aad the effect of increase 

in pressure drop with decrease in vapour velooity, at very 
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low vaporisation rates, is siaiiar to trt ;liown for glass 

tube evaporator, but loos pronounced. ',Lids is believed to 

be due to change in the boiling action at very low vapori-

sation rates, resulting in more hold up of the liquid in 

the tube, and hence treater pressure drop. 
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2TER 11. 

Comearison with Published Work and General Discussion. 

ee shall now discuss the results presented in the pre-

vious section, with those given in the literature, and at 

the same time try to emphasise the particular merits of 

this form of evaporator and its place in the chemical in- 
,. 	tr 

dustry, in relaticnother forms of evaporators. 

In equation 15, we have shown that the boiling film 

coefficient (he) increases eith the tem2eraLure difference 

across the film (at), whereas equation 2 , due to cadger 

(page 9) gives a negative index. In a very reoent pacer, 

Yirschbaum(14)  gives results of his measurements of hB  in 

L. long tube evaporator by the direct meacurement of the 

tube wail temperature. 	results, for water and for a 

surface active solution, have been plotted in Figure O. 

For water, the data of Kirschbaum and the author agree 

very well and a single line might b drawn through all the 

points. This is encouragin, for the values of hB have 

been calculated by different methods and the two equipments 

differ. With the surface active solution, Kirsehbaum's 

data is a little higher, but the slope of the line is much 

the same as that giver. by the author in equation 15. The 

actual surface active agents were different and Kirschbaum's 

data is for a stronger solution of the active egent. Thus. 
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hie data supports very well the relation of temperature 

difference derived from the present work. 

Cowearison with submemcd 

Foe' submerged boiling, it has been shown by a number 

of workers that the film coefficient increases rapidly 

with the tem2eratvre difference according to the relation 
2 cc  h

B 
At 4  • . This would imply that the climbing film unit 

is somewhat inefficient comoaree, with submerged boiling. 

Insinger and Bliss(15)  have given results for submerged 

boiling for some of the liquids used in the present work 

and, in Figures 61, '')2. and 63, their results are compared 

with the author's, for water, isopropyl alcohol and 40 per 

cent sucrose solutions. Their data were obtained at atmos-

pheric pressure and the present results have been converted 

to this pressure by the use of equation 27. The points 

available for 40 per cent sucrose solution were few and 

for a very short range of temperature difference. 

Table E. 

Values of Boiling Film Coefficient 

Film 
temperature 
difference. 
(t) 
F. 

Climbing film evaporation. 
Water. Isopro- 40 per cent 

panel. 	sucrose 
solution. 

Submerged boiling. 
Water. Isopro- 40 per cent 

panel. 	sucrose 
solution. 

5 1050 220 150 Very low 
8 1420 280 700 320 Very low 
12 1850 350 800 950 170 400 
16 2250 400 OOP 2000 400 
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Ult; most striking  feature of the comparison, as shown 

in Table L, ie at at low values of teleperature afference 

the cliaing film unit gives much higher values of the heat 

eransier coefficient. For water, with a temperature dif-

ference of 5°F, the climbing film unit gives heat transfer 

coefficient seven times that for submerged boiling. For 

12°F, the values of water, isopropyl alcohol and sucrose 

solution are nearly twice. However, withet higher than 

16°F, they tend to be equal. Very high values of the heat 

transfer coefficient at very low temperature difference 

enables a high oteaill economy to be achieved with this type 

of evaporator, since, with a given temperature difference, 

more effects can be installed. It might be thoughbat this 

stage that the pressure droe, whioh is rather high in this 

type of evaporator, would offset the advantage gained. The 

pressure drop will be considerably less when working at low 

tem)erature difference, duo to low vaporisation rates and 

further reduction in the pressure drop °an  be achieved by 
working at a higher temperature level. 

It has been shown in the equation 19 that the boiling 

film coefficient varies as the feed rate to the power 0.25. 

In the literature, different views (Chapter 2) are expressed 

on the influence of feed rate. Brookes and Badger give 

UB  proportional to the feed rate, which is in agreement with 



the present work. 

If we look at the various relations given in Chapter 

10, we see that it is only for the effect of temperature 

difference, feed rate and viscosity, that any reliable 

relation has been obtained. The influence of surface ten-

sion is not obvious from the available data, though the 

relation derived is in fair agreement with that of Badger(4). 

It is thought that the considerable foam produced during 

boiling rather than decreased surface tension might be 

responsible for the increase in the boiling film coefficient. 

This belief is supported by the results of isopropanol, 

which Lavine, very low surface tnesiom and not showing any 

foaming during boiling gave very low values of boiling film 

coefficients. It is also believed that very low surface 

tension, in the case of organic liquids, might have an un-

favourable effect on heat transfer coefficients. 

The temperature level does not a2pear  to influence the 

results. From tho derived relations, we may write the 

equation (es 

= 	(t0.60 w f0.25 . -J.49)  h, 	Le  I • • • 	• • (28) 

Where 1 will have diferent values for different liquids. 

Finally, it will be useful to compare the results of 

this stainless steel vnit with those of the glass unit. 

The exponents for the relations derived for the glass 
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unit are lower than for this unit. This arises from the 

high thermal resistance of the glass tube wall. The 

values of the boiling film coefficients for the former 

are about 35 per cent lower than those for the latter. 

This may be partly due to the smooth surface of the glass 

heating tube and partly due to the very low heat flux 

attained. 
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Visual observations of the boiling action, with dif-

ferent liquids under a range of operating conditions, have 

been described and discussed. 3xperimental data fo.c dif-

ferent liquids ijth boiling occurring over the whole length 

of the tube under a range of operating conditions have been 

obtained. It has been shown that: 

(1) The boiling film coefficient increases slightly with 

the film temperature difference and with the feed. rate, 

when the average tele2erature difference is maintained con-

stant. Fer constant temperature of the heating water and 

fixed temperature at the top of the tube, LB  varies very 

little , while heat flux decreases with increasing feed; 

(2) Reduction of the surface tension of water by the ad-

dition of 3.01 per cent Teee)ol, results in about a twofold 

increase in the boiling flan coefficient. :he values of 

heat flux increase very little, due to decrease in the 

effective temperature difference; 

(3) fourfold increaec in the viscosity of the solution 

decreases the boiling aim coefficient by about one half; 

(4) The vapour velocity attained at the top of the tube 

is high with a maximum of 160 ft./soc., and so also is 
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the pressure drop along the tube. The pressure drops have 

been found to increase with the vapour velocity and also 

with the feed rate. 

rart 2. 	The.Loni;  Tube :etainloee tAeel I:valgrator. 

The various factors studied have been correlated and 

it has been shown that: 

(1) The boiling film coefficients increase with tempera-

ture difference and with the feed rate, when an average 

temperature difference is maintained constant. With con-

stant temperature of the heating water and the outlet of 

the tube, the heat transfer coefficient remains nearly un-

altered with increase in feed rate, but the heat flux de-

creases considerably with aqueous solutions and appre-

ciably with isopropyl alcohol; 

(2) There is no advantage in recirculation of the liquid 

when working at lower temperature levels; 

(3) The degree of vaporisation has been shown to depend 

on the feed rate and temperature difference and no fall of 

heat transfer coefficient has been found with vaporisation 

se high as 75 per cent; 

(4) The reduction in the surface tension of water by 

about 50 per cent by the addition of Teepol results in 

about a threefold increaee in the boiling film coefficient. 

The heat flux decreases considerably, due to reduction in 
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the effective temperature difference; 

(5) increase in the viscosity of the solution decreases 

the boiling film coefficient regularly. Boiling of highly 

viscous solutions results in comparatively lower exponents 

for the temperature difference; 

(6) Increase in the teerature level increases the 

boiling film coefficient. The increase is found to be 

due to decrease in the viscosity with temperature; 

(7) The pressure drop along the tube is high, due to very 

high vapour velocity at the top of the tube, with a maxtatua 

ol about 6u0 ft./sec. Increase in the pressure dro) with 

vapour velooity and feed rate have been found higher than 
in the glass unit. The pressure drops with Teepol solutions 

are found to be two to three times those for water under 
identical conditions; 
(b) she data have been compared with published work. The 
values of the heat transfer coefficients agree very well 
with the recent data of r:irechbaum. The data when compared 

with that from submerged boiling experiments shows that 

this evaporator gives very high values of boiling film co-
efficient at low temperature differences. 
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Axpendix A. Nomenclature. 

A = surface area of heating tube, eq.ft. 
C = 	s)ecific heat of liquid, B.T.U./lb./°F. 
E = evaporation, lbs./hr. 
• = per cent vaporisation. 
hl  = annulus filn coofficioAt, B.T.J./nr./sq.it./°F. 

= boiling film coefficient, B.T.U./hr./sq.ft./°F. 
• = thermal conductivity of liquid, D.T.U./hr./sq.ft./°F/ft. 
Kw = thermal conductivity of tube wall, 

B.T.U./hr./sq.ft./°F./ft. 
= pressursdrop, mms. of g. 

= heat flux, B.T.U./hr./3q.n. 
rr = average temperature of boiling liquid, °F.  

= average overall temperature difference, °F. 
Lt = boiling film temperature difference, °F. 
to = temperature drop of boiling liquid along tube length, °F. 
U = overall heat transfer coefficient from hot water in 

the annulus to cold water in the evaporator tube, 
B.T.U./hr./sq.ft./°F. 

U = overall boiling coefficient, D.T.U./hr./sq.ft./°F. 
= velocity of cold water in the evaporator tube, ft./sec. 

V. = vapour velocity at the top of the tube, ft./sec. 
Wf = feed rate to the evaporator tube, lbs./hr. 
xu, = thickness of the tube wall, ft. 

= viscosity of the liquid, lbs./ft./hr. 
• = surface tension of the liquid, dynes/cm. 
hD = l!ubseit number (dimensionless). 

DG = Reynolds number (dimensionless). 
.94,t = Prandtl number (dimensionless). 

D = equivalent diameter of annulus, ft. 
G = mass velocity of water in the annulus, 

lbs./hr./sq.ft. 
h = annulus film coefficient, 

B.T.U../hr./sq.ft./°F. 

For equation 
5A. 
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