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ABSTRACT 

This paper examines the temperature profiles and flow 

characteristics of thin liquid films on a rotating surface by 

means of an Infrared (IR) thermal imaging camera. The 

challenges of obtaining accurate temperature measurements 

using thermographic techniques, in particular for thin liquid 

films of varying thicknesses, are outlined in this study. The 

captured images of the liquid film provide a visual insight into 

the heat transfer mechanism as the cold liquid moves from 

centre of a rotating disc towards its edges. The effect of liquid 

film viscosity, rotational speed, feed flowrate and disc 

temperature on heat transfer efficiency from the heated disc to 

the cold film is investigated. The temperature profiles obtained 

by the Infrared camera are compared to those estimated by a 

theoretical model of disc/film heat transfer. The results provide 

an excellent platform for qualitative analysis of heating thin 

liquid films in highly accelerated centrifugal fields. The 

quantitative analysis is, however, associated with some degrees 

of uncertainty due to the limitations described in this paper.   

INTRODUCTION 

The spinning disc reactor (SDR) is a classical example of 

successful process intensification which offers enhanced 

mixing and heat/mass transfer performances [1-5]. Processing 

film and disc temperatures are typically measured by 

thermocouples inserted through the rotating shaft via a slip ring 

assembly. Measuring the film temperature by this invasive 

technique requires the thermocouple to protrude through the 

film which may disturb the continuous flow of fluid, especially 

in the presence of a very thin film at the measuring point on the 

disc. Further, due to certain design limitations in some SDRs, 

the only temperature measurements available are provided by 

thermocouples immersed in the heat transfer fluid whereby the 

film temperature has to be inferred from such indirect 

measurements.  In this study an IR thermal imager, which is 

capable of producing temperature measurements in a non-

contact mode, was used to shed light on the SDR heat transfer 

capability and processing film temperature profiles.  

NOMENCLATURE 

Cp [J/kgK] Specific heat capacity 

h [W/m2 K] Film heat transfer coefficient  
k [W/mK] Thermal conductivity 

m [kg/s] Mass flowrate 

N [rpm] Rotational speed 
Q [m3/s] Volumetric flowrate 

r [m] Radial distance from the disc centre 

T [K] Temperature 
W [W] Radiation power 

 
Special characters 
α [-] Absorptance  

ε [-] Emissivity  
ρ [-] Reflectance  
τ [-] Transmittance  
υ [m2/s] Kinematic viscosity 
ω [rad/s] Angular velocity (2πN/60) 

 [m] Film thickness 

 
Subscripts 

atm  Atmosphere  

d  Disc  
f  Feed 

i  Inlet 

obj  Object  
refl  Reflection  

tot  Total 

Apparatus 

The general operating principle of SDRs is based on  

generating high acceleration environments by rotating a disc 

surface, which in this study is a smooth stainless steel 

horizontally mounted plate (16 cm diameter), as shown in 

Figure 1.  The liquid feed streams are pumped into a well in the 

centre of the top surface of the disc. As the disc rotates the well 

acts as a reservoir system to enable uniform distribution of the 

feeds across the disc surface. Under the action of high 

centrifugal fields, the liquid travels rapidly towards the disc 

edges and forms a very thin, highly sheared film typically 

covered with numerous surface ripples. At the disc periphery 

the liquid is thrown out and hits the stationary walls of the 

reactor housing.  

The disc contains internal channels for flow of a heat 

transfer fluid, providing heating or cooling. The heat transfer 
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fluid is delivered to the centre of the bottom surface of the disc 

through an internal pipe within the rotation shaft. The 

heating/cooling fluid moves towards the disc edges and exits 

the chamber before it gets recirculated through the system via a 

temperature controlled heat transfer unit, as schematically 

shown in Figure 2. The disc temperature is inferred from two 

thermocouples inserted in the inlet and outlet heat transfer fluid 

pipes to the SDR unit. At steady state conditions the stainless 

steel disc with high thermal conductivity is expected to reach 

the temperature of the heat transfer fluid flowing in the narrow 

channels underneath the disc. This was confirmed by the 

thermal images of the dry disc. The mass of processing fluid on 

the disc at any one time is very small in comparison with the 

mass of the disc, thus the amount of heat transferred to the thin 

liquid film is not significant enough to cause any large 

variations in temperatures across the disc. Therefore the disc 

temperature was taken to be uniform and equal to the heat 

transfer fluid flowing underneath the disc. 

 

Figure 1 View of disc surface and internal heat transfer channels  

Liquid film

Product outlet
Heat transfer 

fluid Rotary union

Spinning disc



 

Figure 2  Schematic of SDR 

The thermal imager used in this study is a FLIR 

ThermaCAM SC640 which is a long wave band (7-13μm), 

capable of real time scanning and analysis, or the capture of 

images at up to 30 frames per second for subsequent analysis. 

A 19mm/45° IR lens was used to capture the images. The 

camera was connected to a laptop via a firewire cable which 

allowed remote operation.  The analysis of the captured images, 

including the conversion to other formats such as Excel, was 

carried out using the ThermaCAM Researcher Pro 2.10 

software. The camera was fixed to a support structure above the 

SDR unit as shown in Figure 3.   

The main disadvantage of the current setup is that the 

liquid film is exposed to an open environment, which will result 

in heat loss from the liquid film to the surrounding air through 

convection and possibly evaporation. As part of the design, a 

reactor lid made of a material transparent to IR radiation was 

considered, in order to enclose the system and ensure a 

saturated environment in equilibrium with the liquid film on the 

disc exists. This objective, however, did not materialise due to 

cost factors and technical difficulties involved in machining the 

feed inlet tubes on a specialised IR transparent material. It 

should be noted that materials such as glass and Perspex, which 

are transparent to visible light, are infrared opaque.   

 

Figure 3 Apparatus setup 

THEORY OF THERMOGRAPHY 

Thermal imaging cameras detect infrared radiation and 

produce a visual image, referred to as a thermogram, which 

depicts the thermal variations within the object being measured. 

All objects emit IR at temperatures above absolute zero and the 

amount of radiation increases with temperature. Thermography 

is applied in a wide variety of different fields such as military 

and security services, building and infrastructure, research and 

industry, as well as medical applications and many more.   

Thermographic Measurements  

The IR camera receives radiation from the object being 

measured, plus radiation from its surroundings reflected onto 

the target object’s surface. These radiation components are 

attenuated to some extent as they pass through the atmosphere 

due to absorption by gases and scattering by particles. Since the 

Disc 

surface 

Heat transfer 

fluid flow 

channels 

IR camera 

Disc surface 
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atmosphere can absorb part of the radiation energy it can also 

radiate some itself. This situation is illustrated in Figure 4.  

 

Figure 4 Schematic of the general thermographic measurement 

(adopted from ref. [6])  

The total radiation power received by the camera is given by: 

  (1) 

The above equation is the basis of the general measurement 

formula used by all the FLIR systems. 

The following object parameters must be supplied to the 

camera used in this study (FLIR SC640) in order to compensate 

for the effect of a number of different radiation sources: 

1. The emissivity of the object. 

2. The reflected apparent temperature. 

3. The distance between the object and the camera 

4. The relative humidity. 

5. Temperature of the atmosphere.  

The accuracy of the object temperature estimated by the 

camera is often closely linked to the accuracy of evaluation of 

the above input parameters. The emissivity value of the object 

is typically the most important parameter which needs to be 

determined accurately. The accuracy of the input parameters 

becomes less critical if the target object has high emissivity and 

is significantly hotter than its surroundings. 

Emissivity  

Emissivity, typically denoted by , is a measure of how 

much radiation is emitted from the object, compared to that 

from a blackbody
1
 of the same temperature. Theoretically, 

emissivity values range from 0 to 1. Energy conservation 

requires that any radiation incident on any object is either 

reflected, transmitted or absorbed, thus: 

       (2) 

Where ρ, τ and α denote fractions of radiation that is reflected, 

transmitted and absorbed respectively. Kirchhoff’s law states 

that the amount of radiation absorbed by any object is equal to 

the amount of radiation that is emitted by that object (i.e.

), therefore: 

      (3) 

                                                 
1
 A blackbody is an object that absorbs all radiation that impinges on it 

at any wavelength and has a theoretical emissivity of 1.  

For opaque solids ( ) emissivity can be estimated if the 

total reflectivity of the object is known. Emissivity is affected 

by the parameters listed below [7] : 

1. Material (metals/non-metals): a non-metal emitter is 

often a graybody
2
 with emissivity values typically 

above 0.8. Metals are generally highly reflective and 

exhibit low values of emissivity, often below 0.2.  

2. Surface condition (rough/ polished): polished surfaces 

may have emissivity values as low as 0.02, whilst the 

emissivity of the same material but with a roughened 

surface can be much higher.  

3. Regular geometry (grooves, cavities, etc.): Regular 

surface structures increase the value of emissivity.  

4. Viewing angle: an object which is observed from a 

direction perpendicular to its surface has higher 

emissivity than when observed at oblique angles.  

5. Wavelength: the emissivity of metals usually 

decreases with wavelength, whereas non metals can 

show increases as well. Narrow band filters can be 

used for substances that have wavelength-dependent 

emissivity. 

6. Temperature: emissivity usually varies with 

temperature.  

A study of infrared characteristics of thin polymer films [8] 

showed that emissivity is also dependent on film thickness 

(increases with increasing film thickness). The same pattern 

was also observed for several thin films applied to a stainless 

steel surface at cryogenic temperatures [9], as illustrated in 

Figure 5.  

 

Figure 5 Emissivity as a function of film thickness on polished 

stainless steel at 77K [9] 

                                                 
2 A graybody is a non-selective emitter with constant emissivity at any 

wavelength.  
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Accurate temperature measurements using an IR camera 

requires accurate knowledge of the object’s emissivity value. 

Emissivity values for common materials are available in 

literature; however, these values refer to specific measurement 

conditions and should therefore be used with caution. 

Emissivity can directly be measured using several techniques 

[7]. The easiest method is to attach tape or paint of known 

emissivity to the object being measured. The object’s 

emissivity value can be found by varying  in the camera 

software until the object’s temperature matches the known 

surface temperature of the tape/paint, assuming the temperature 

distribution across adjacent surfaces is uniform and a thermal 

equilibrium between the tape/paint and the object under study is 

reached; this method is, however, only applicable to solid 

surfaces. Pyrolaser and Pyrofiber [10] infrared thermometer 

instruments are capable of real time emissivity measurement by 

measuring the target’s diffuse reflectivity.  

Errors and uncertainties  

 Sources of errors can be categorised into three groups [11]:  

1. Method: resulting from incorrect evaluation of input 

parameters such as object’s emissivity, atmospheric 

temperature, relative humidity, etc.  

2. Calibration: errors can result from different 

measurement conditions for the calibration data and 

each experiment, such as different camera to object 

distance. Accuracy of the reference standard, number 

of calibration points and interpolation can also 

influence the accuracy of final temperature 

measurement.  

3. Electronic path: such as detector noise. 

Incorrect setting of the object emissivity is commonly 

known as the main factor leading to significant temperature 

measurement errors.  

EXPERIMENTAL WORK 

The disc/film heat transfer performance was assessed for 

a range of operating conditions and working fluids, as outlined 

in Table 1. Some of the data acquired within this range, 

particularly those at low temperatures and low flowrates, were 

inversely influenced by the reflection from the surrounding 

environment.  

Table 1. Operating conditions 

Working Fluid Td  [°C] Q [ml/s] N [rpm] 

Water 25, 50, 70 
5, 10, 15, 

20 

500, 1250, 

2000 

50%Water 50% 

Glycerol v/v 
25, 70 5, 10 500, 2000 

Oil (Therminol SP) 25, 70, 100 
1, 5, 10, 15, 

20 

500, 1250, 

2000 

Evaluation of Input Parameters 

1) Object’s emissivity 

In this study, the object’s emissivity is the most important 

parameter to be evaluated. The true emissivity of the liquid film 

on a rotating disc could not be measured in this study and had 

to be estimated from relevant information available in the 

literature. The challenge in evaluating the emissivity of thin 

liquid films on a rotating surface is the fact that emissivity is a 

function of film thickness, as discussed previously. Theoretical 

predictions of the liquid film thickness on the spinning disc 

under a range of operating conditions may be obtained from 

equation 4,

 

as established in previous research on SDRs [12]: 

 3/1
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     (4) 

The above equation shows that film thickness decreases as 

the liquid moves from the disc centre towards the disc edges, as 

illustrated graphically in Figure 6 and Figure 7 for a number of 

flowrates and rotational speeds (viscosities evaluated at 43 °C). 

This relationship implies that the emissivity of the liquid film 

varies depending on the radial position on the disc. 

 

 
Figure 6 Water film thickness profile, Td= 70°C, Tf=15°C

 

 
Figure 7 Therminol SP film thickness profile, Td= 70°C, Tf=15°C 

For runs with water, the minimum film thickness was kept 

above 20 μm. Assuming that the data presented in Figure 5 is 

applicable to the operating conditions in this study, the 

emissivity of the water films should not be far from the typical 


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value of 0.96 [13]; this value was used for runs with water and 

water-glycerol. However, no data regarding the emissivity of 

Therminol SP (mixture of synthesis hydrocarbons) were 

available. The closest information that could be adopted was 

the emissivity of lubricating oil on Ni base at 20
o
C, presented 

in Table 2. Figure 8 illustrates the effect of the minimum and 

maximum emissivity values taken from Table 2 on temperature 

measurements across a thin film of Therminol SP for a typical 

run. It can be seen that the emissivity values significantly 

influence the temperature measurements, thus accurate 

measurements are only possible if the emissivity can be 

determined accurately.  

 

Table 2. Emissivity of lubricating oil [13] 

Film Thickness [μm] Emissivity  

25 0.27 

50 0.46 

125 0.72 

Thick coating 0.82 

 
Figure 8 Effect of emissivity on temperature measurement, Td=70°C 

The best way for calculating the temperature profiles 

across the disc in this study might be to divide each 

thermogram into a number of small segments and evaluate the 

corresponding film thickness and emissivity within each 

segment. A simpler method is to use the value of emissivity 

corresponding to the estimated average film thickness for each 

run. The temperature measurements obtained using these two 

methods for a typical run are illustrated in Figure 9. Using 

emissivity values corresponding to small segments across the 

disc is more accurate; however, the difference between the two 

methods is relatively small. Hence, for simplicity it was 

decided to use the emissivity values corresponding to the 

predicted average film thickness for each run. 

 

Figure 9 Methods of evaluating emissivity 

The underlying limitation, however, is that accurate 

estimation of film thickness may not be possible as film 

thickness is a function of kinematic viscosity which is in turn a 

function of temperature (an unknown parameter). The 

dependence of viscosity on temperature is especially relevant to 

relatively viscous process liquids such as Therminol SP used in 

this study (see Appendix). Furthermore, the presence of surface 

waves and disturbances due to bringing the liquid up to the disc 

angular velocity leads to very complex fluid dynamics on the 

rotating disc, not accounted for in equation 4, which applies to 

a smooth film. All of these effects make prediction of the true 

film thickness very difficult across the whole of the disc 

surface. Consequently, the emissivity values and the resulting 

temperature measurements are associated with a degree of 

uncertainty. A simulation investigation of errors in infrared 

thermography [11] revealed that overestimation of emissivity 

by 30% leads to – (1 – 4)% error in the measured temperature; 

whilst underestimation of the emissivity by 30% results in + (2 

– 7)% error in the measured temperature for emissivity range of 

0.4 to 0.98 and object temperature range of 300 to 400K. 

2) The reflected apparent temperature was measured to be 20°C 

using the procedure described in the camera’s user manual. 

3) The distance between the object and the camera lens was 0.4 

m.  

4) For short distances and normal humidity, the relative 

humidity can generally be left at a default value of 50%.  

5) The temperature of the atmosphere was monitored over the 

run period and an average value of 20°C was measured.  

TRENDS AND RESULTS 

Temperature profiles 

The following mathematical model was developed [14] to 

predict the temperature profile in thin liquid films across a 

rotating disc:  

    (5)  
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The local heat transfer coefficient, h, may be estimated 

using the following expression on the basis of the simple 

Nusselt theory [4]: 

       (6) 

 

The physical properties required to estimate the theoretical 

temperature profile were evaluated at a temperature of ½ (disc 

temperature + liquid feed temperature). The physical properties 

of Therminol SP were provided by the manufacturer, as shown 

in the Appendix, whilst the physical properties of water were 

obtained from NIST Chemistry WebBook.  

Figure 10 and Figure 11 show the typical temperature 

profiles of thin water films across the disc, both measured by 

the IR thermal imager and predicted form the mathematical 

model. As can be seen, the temperature profiles obtained from 

the thermographic measurement are significantly lower than 

those predicted by the theoretical expression. One of the main 

assumptions in deriving equation 5 is that heat losses to the 

surroundings are negligible. However, as in this practical set-up 

the liquid film was exposed to relatively cold air at 20
o
C and a 

saturated environment in equilibrium with the liquid film did 

not exist, the validity of this assumption needs to be verified. 

Assuming that Wagner’s approach [15] for calculating the heat 

transfer coefficient from a rotating disc to ambient air is 

applicable for the case of heat transfer from a laminar flow 

liquid film to the surrounding air, the convective heat loss may 

be estimated. The heat loss due to convection using this 

approach was found to be less than 3% of the total heat input, 

which can be considered negligible. This agrees well with 

Quinn and Cetegen’s [16] analysis which revealed that the heat 

loss due to convection into the air above the disc was at most 

1% of the overall heater power. The assumption of negligible 

heat loss to the surroundings could also be undermined due to 

potential evaporation from the liquid film. Quinn and Cetegen 

[16] conclude that evaporative cooling from the liquid film 

surface only has a moderate effect on the Nusselt number 

magnitude. However, this effect should be accounted for in the 

theoretical model in order to enable a closer comparison 

between theory and experimental data. Another assumption in 

deriving equation 5 is that the thickness of the film is so small 

and mixing within the film is so intense that temperature 

variations across the height of the film are negligible. If this 

assumption is not valid, the surface of the liquid film which is 

measured by the IR camera is expected to be at a lower 

temperature than the liquid layer in contact with the disc. The 

rather large discrepancy between the theoretical and measured 

film temperatures could be attributed to a combination of 

factors such as underlying assumptions of the model not being 

valid in practice and also errors in measured temperatures due 

to incorrect emissivity values. Valid comparison between the 

IR thermographic measurements and a theoretical model may 

only be possible if uncertainties in evaluation of emissivity of 

thin films with varying thickness could be removed and also a 

more vigorous mathematical model is developed which 

accounts for convective and evaporative heat losses as well as 

variation of temperature in the axial direction.      

 
Figure 10 Q = 5 ml/s, N = 2000 rpm, Td=50°C, working fluid: Water  

 
Figure 11 Q = 5 ml/s, N = 2000 rpm, Td=70°C, working fluid: Water 

Figure 12 and Figure 13 show the theoretical and 

thermographic temperature profiles in thin oil films across the 

rotating disc for a typical run. It can be observed that near the 

disc centre where the film thickness is high, temperatures 

estimated by the IR camera are higher than those predicted by 

the mathematical model. Conversely, towards the disc 

periphery where the liquid film gets thinner temperatures are 

under-estimated by IR camera compared to the theoretical 

values. This trend was also observed for the water films but the 

cross-over point was closer to the disc centre. 

Since Therminol SP has a high boiling point of 351°C at 

atmospheric pressure, it is unlikely that any significant amounts 

of heat could have been lost due to evaporation. This is 

reflected by the measured film temperature in Figure 13 

approaching the theoretical profile more closely than with 

water (Figure 11), under identical conditions of operation of the 

disc. Nevertheless, a certain discrepancy between the 

theoretical and the experimentally determined temperature 

profiles still remains, which indicates other factors as discussed 

earlier may be at play. The sudden increase in temperature 

detected by the thermal imager near the disc periphery is 

believed to be caused by metal on metal contact of the disc and 

the supporting assembly (see Figure 2).   
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Figure 12 Q = 5 ml/s, N = 2000 rpm, Td=100°C, working fluid: 

Therminol SP 

 
Figure 13 Q = 5 ml/s, N = 2000 rpm, Td=70°C, working fluid: 

Therminol SP 

Liquid film Characteristics 

In addition to temperature profiles, the thermograms 

obtained in this study depict the liquid film characteristics and 

wave patterns across the disc due to temperature variations on 

wavy liquid film surfaces. Figure 14 shows the typical liquid 

flow profiles of water-like fluids on a rotating disc. At low 

rotational speeds (Figure 14a), there appears to be a significant 

number of large amplitude surface waves on the film which 

result in rather jagged boundaries between different segments 

of the film as it propagates in an almost radial manner outwards 

under the influence of the centrifugal force. The waves decay as 

the film moves towards the disc edges. A faint spiral profile is 

also apparent in the inner regions of the disc in Figure 14a in 

contrast to Figure 14b, which is indicative of the retarding 

Coriolis forces [14, 17] on the film exerting a an increasingly 

significant influence on the film flow close to the centre of the 

disc at lower disc speeds. As viscosity of the working fluid is 

increased by adding glycerol to water (Figure 15), stark 

differences are observed. The film travels in a more 

pronounced spiral path which unwinds in the direction of 

rotation and the surface waves, as observed with water, no 

longer seem to be present. This effect is due to viscous 

damping of surface waves which leads to a smoother film being 

generated.  

 

 

 

Figure 14 Q = 10 ml/s, working fluid: water,  

a) N=500 rpm b) N=2000 rpm 

 

 

Figure 15 Q = 10 ml/s, working fluid: 50% water 50% glycerol v/v, 

a) N=500 rpm b) N=2000 rpm 
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The thermograms presented in both Figure 14 and Figure 

15 illustrate that increasing the disc rotational speed at a 

constant flow rate results in narrowing of the cold central 

region and thus improved disc/film heat transfer performance. 

This is attributed to reduced film thickness and thus reduced 

conduction path with increasing angular velocity.  

Figure 16 shows the effect of varying flowrate at constant 

rotational speed. As expected reducing flowrate at constant 

angular velocity results in thinner films being formed, 

therefore, improved heat transfer capability between the disc 

surface and liquid film resulting in higher temperatures.  

 

 

Figure 16 N = 500 rpm, working fluid: Therminol SP,  

a) Q=10 ml/s b) Q=5 ml/s 

CONCLUSIONS 

The following challenges and limitations were encountered 

in the attempted thermographic analysis of thin liquid films on 

a rotating disc:  

1. Limitations in enclosing the spinning disc reactor 

using a material that is cost effective, transparent to IR 

radiation and has sufficient mechanical strength for 

incorporating the two liquid feeds.  

2. Accurate temperature measurements are only possible 

if a number of input parameters, emissivity being the 

most important one, can be estimated with high 

accuracy.  

3. The emissivity of thin liquid films is a function of film 

thickness.  

The temperature measurements obtained in this study are 

associated with some levels of uncertainty as the true emissivity 

of the liquid film on the rotating disc could not be measured.  

Furthermore, as the liquid film was not in equilibrium with the 

surrounding environment the measured temperatures do not 

reflect the actual disc/film heat transfer capabilities.  

Aside from reinforcing the challenges and limitations of 

quantitative thermographic analysis in general and thin liquid 

films in particular, the following conclusions can be drawn 

from this study:   

1. The flow path and wave characteristics on a rotating 

disc change significantly as the fluid viscosity 

increases. These are attributed to Coriolis forces and 

viscous damping of surface wavelets respectively.   

2. The disc/film heat transfer performance is enhanced as 

the film thickness is reduced at higher disc speeds 

and/or lower flowrates. 
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