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ABSTRACT 

A study was made on the heat transfer and fouling in thin film evaporators with 

rotating surfaces. Both theoretical and experimental studies were carried out, 

in order to gain a better understanding of these evaporators and their design 

principles, so that this type of evaporator could be effectively used in an on-farm 

milk evaporation system. 

By using Nusselt-type assumptions, a theoretical model, which was used to 

predict the liquid film thickness and heat transfer coefficients on the rotating 

cone, was developed. The theoretical equations obtained revealed basic 

relationships between the variables and provided a fundamental knowledge of 

the liquid flow and heat transfer in the film evaporators with rotating surfaces. 

The experimental studies on heat transfer were conducted on a Centritherm 

evaporator, which is available commercially (400 half cone angle), a specially 

made cone evaporator (100 half cone angle) and a falling film evaporator with 

a rotating tube. Variables evaluated were the rotating speed, the cone angle, the 

feed flow rate, the evaporating temperature, the temperature difference between 

the steam condensing and the liquid evaporating temperatures, and sugar 

concentration when sugar solution was used. The experimentally measured 

overall heat transfer coefficients were compared with the theoretical values. 

It was found that the measured overall heat transfer coefficients increased with 

increase of the cone rotating speed, and with the rise of the liquid evaporating 

temperature. The feed flow rate was found to have a more Significant effect on 

the measured overall heat transfer coefficients in the falling film evaporator with 

a rotating tube than that in the Centritherm and the cone evaporators. The 

overall heat transfer coefficients decreased with increase of the concentration of 

sugar solutions, mainly due to the increase of liquid viscosity. It was also found 
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that the measured overall heat transfer coefficients in the Centritherm evaporator 

increased with an increase in temperature difference up to 30K (for water, 10% . 

sugar solution and skim milk) and then decreased (for water and 10% sugar 

solution). The formation of bubbles on the evaporating surface at high 

temperature differences was likely to be cause of this effect. 

Increase of the cone angle resulted in thinner liquid films and higher heat 

transfer coefficients. This was reflected in the following experimental results: the 

measured overall heat transfer coefficients in the falling film evaporator with a 

rotating tube were slightly lower than those measured in the cone evaporator, 

but much lower than those obtained in the Centritherm evaporator. 

The experimental results showed that rotating the tube of a falling film 

evaporator increased the overall heat transfer coefficient but the increase 

obtained was very dependent on feed flow rate, and wC!.s not sufficient to justify 

the use of this evaporator in the industry. 

With the Centritherm evaporator, good agreement between theoretical and 

experimental overall heat transfer coefficients as a function of the cone rotating 

speed was obtained by using water. The theoretical model, however, does not 

adequately describe the whole evaporation process at conditions other than those 

assumed in the model, which are: laminar liquid film flow, and heat transfer by 

conduction through the liquid film. It is suggested that waves existing in the 

liquid film at high Reynolds numbers, and bubble formation on the heating 

surface at high temperature difference, are the major reasons for the discrepancy 

between theoretical and experimental results. 

For the fouling study, the Centritherrn evaporator was mainly employed, and 

three liquid systems: reconstituted skim milk, reconstituted whey solutions and 

sweet cheese whey solution, were selected. It was found that no fouling was 

detected after 6 hours' operation in the Centritherm evaporator when 
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reconstituted skim milk and reconstituted whey solutions were used. This 

indicates that the aggregated whey proteins, which are formed in the 

manufacture of skim milk powder and whey powder, are less active in inducing 

fouling. For this reason, only the sweet cheese whey solution was used in 

further studies. 

It was confirmed that fouling is strongly linked with the liquid evaporating 

temperature and the temperature difference between steam condensing and 

liquid evaporating temperatures. In general, the higher the evaporating 

temperature and the temperature difference, the faster the deposition rate and 

the greater the fouling on the surface. It was found that 72% Bovine Serum 

Albumins (BSA) denatured after running the evaporator, at a evaporating 

temperature of 70°C and a temperature difference of 20K, for 6 hours. Though 

the content of BSA in whey solution is small, the denatured BSA could be easily 

attached to the surface. By association with other depositable materials existing 

in the whey solution, the thin layer of deposit could reduce the heat transfer 

coefficients significantly. This was attributed to the lower thermal conductivity 

of the deposited layer. Fouling was also found to be a function of the liquid 

velocity. This effect was more significant at lower evaporation temperatures. 

Increasing the rotating velocity would delay the formation of an initial layer and 

reduce the rate of fouling. 

It was also found that there was an induction period in the fouling curves when 

the evaporating temperature was 60°C. The induction period was reduced when 

new whey solutions were introduced into the evaporator. It proved the fact that 

depositable materials are much more easily adsorbed on fouled or unclean 

surfaces than on clean surfaces. The increase of fouling rate when new whey 

solutions were introduced suggested that the concentration of activated 

molecules in the solutions strongly affected the fouling process. A possible 

mechanism of whey fouling on the rotating surface was proposed. 



Abstract v 

During this study, an attempt was made to develop a new type of evaporator 

in which a vapour compressor would be integrated with the rotating surface. 

This was unsuccessful due to the failure of compressing the vapour. Concerning 

the on-farm evaporation system, which requires an evaporator with high 

efficiency, compact, and minimum heat load to milk, it is suggested that a 

rotating surface evaporator with the top cone angle close to 90° (like a disk 

evaporator) would be optimum and worth to explore. 
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NOMENCLATURE 
Roman letters 

A heat transfer area (m2) 

Al liquid side heat transfer area (m2) 

Am average heat transfer area (m2), defined as: (As-AI)/ln(AJ AI) 

As steam side heat transfer area (m2) 

a acceleration due to rotating (m/ S2) 

C constant 

Cp specific heat (kJ /kg.K) 

d inside tube diameter (m) 

do outside diameter on the top of cone (m) 

D outside tube diameter (m) 

Do outside diameter at the bottom of cone (m) 

Fr Froude number, defined as: [u2/(g.d)] 

g acceleration due to gravity (m/ S2) 

g' corrected gravitational acceleration, defined as g.cosB (m/ S2) 

hfg latent heat of vapour condensation (kJ /kg) 

xx 

h'
fg effective latent heat of vapour condensation (kJ /kg), defined as: 

hfg[1+0.68Cp(Ts - Tws)/hfg] 

hs steam side heat transfer coefficient (kW /m2.K) 

hI liquid side heat transfer coefficient (kW /m2.K) 

hi
' corrected liquid side heat transfer coefficient (kW /m2.K) 

Ho initial overall heat transfer coefficient (kW /m2.K) 

Heal calculated overall heat transfer coefficient (kW /m2.K) 

Hexp measured overall heat transfer coefficient (kW /m2.K) 

H(t) measured overall heat transfer coefficient at time t (kW /m2.K) 

Ja Jacob number, defined as: Cp(Ts-Tw)/h'fg 

k thermal conductivity of liquid (W /m.K) 

kd thermal conductivity of fouling layer (W /m.K) 

kss thermal conductivity of sugar solution (W /m.K) 
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xxi 

kw thermal conductivity of wall (W /m.K) 

L characteristic distance (m) 

L1 distance from the vertex to the apex of a truncated cone (m) 

I length of the cone (mm) 

Nu Nusselt number, defined as: hlL/k 

Nu' modified Nusselt number, defined as eq (3-4) 

NtIro rotational Nusselt number, defined as eq (5-37) 
Pr Prandtl number, defined as: c;,p/k 

Q amount of heat (kW) 

Qf feed flow (m3/s) 

q heat flow (kW /m2) 

r inner radius on the any position of cone (m) 

rj inner radius on the top of cone (m) 

Rt fouling resistance (m2.K/kW) 

Rt(t) fouling resistance at time t (m2.K/kW) 

Rea axial flow Reynolds number, defined as: Du/v 

Rer rotational flow Reynolds number, defined as: D20/v 

R; inner radius at the bottom of cone (m) 

Ro rotation parameter, defined by eq (5-19) 
Urn characteristic velocity (m/s) 

Ux component of liquid velocity in X direction (m/s) 

Uy component of liquid velocity in Y direction (m/s) 

Uq> component of liquid velocity in cp direction (m/s) 

u liquid flow velocity (m/ s) 

T temperature (oC) 
Tevp evaporating temperature (oC) 
TI liquid temperature (oC) 
Ts steam temperature (oC) 
Tsat saturation temperature (K) 

Tw wall temperature (oC) 
T wi surface temperature of cone on liquid side (oC) 



Nomenclature 

Tws 
AT 

Weal 

x 
y 

xxii 

surface temperature of cone on steam side (OC) 

temperature difference between the evaporating and the steam 

condensing temperatures (K) 

temperature difference between the wall and liquid saturation 

temperature (K) 

calculated flow rate of vapour condensate (kg/s) 

measured flow rate of vapour condensate (kg/s) 

Weber number, defined as: [(p.u2.8 /0')112] 

downward distance along cone surface (m) 

distance from surface (m) 
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a thermal diffusitivity (m2/s) 

v 

p 

Pv 
Pss 
n 
<p 
r 
'tyx 

Superscripts 
* 

half angle of the cone 

thickness of liquid film (mm) 
thickness of the fouling layer (mm) 

thickness of wall (mm) 

dynamic viscosity (Pa.s) 

kinematic viscosity (m2/s) 

density of liquid (kg/m3) 

density of vapour (kg/m3) 

density of sugar solution (kg/m3) 

angular velocity (rad/s) 

angular co-ordinate 

local mass flow rate in the film per unit width of surface (kg/m.s) 

radial shear stress (N/m2) 

tangential shear stress (N/m2) 

surface tension (N / m) 

dimensionless quantity 
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Abbreviations 
BPE 

CIP 

DM 

ET 

FF 

FFE 

FT 

PAGE 

RS 

TS 

Boiling Point Elevation 

Cleaning In Place 

Dry Matter 

Evaporation Temperature 

Feed Flow 

Falling Film Evaporator 

Feed Temperature 

Polyacrylamide Gel Electrophoresis 

Rotating Speed 

Total Solids 

xxiii 
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