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SUMMARY 

Mass transfer across the turbulent gas-liquid interface is important in many fields. 

However, the present understanding of the scalar transport as mediated by the 

complex near surface turbulence is still far from complete. Investigation by Hanratty 

and co-workers have suggested using a single critical parameter β (the gradient of the 

vertical fluctuating velocity at the interface) to determine the scalar transfer across the 

gas-liquid interface. It is found that in the immediate region next to the interface on 

the liquid side, there exists a linear distribution region for the vertical rms velocity, 

where Hanratty’s β is defined. Since the concentration boundary layer thickness at the 

interface is much less than the thickness of the momentum boundary layer, 

performing direct velocity measurements very close to the gas-liquid interface to 

quantify such a parameter can be challenging. Law & Khoo (2002) have successfully 

measured this parameter under two distinct flow conditions and presented an 

empirical relation to correlate the mass transfer velocity across the gas-liquid interface 

with the selected turbulence parameter β. However, the validity and accuracy of the 

model are not tested more extensively.  

In this work, an improved measurement method was developed to quantify β in 

the immediate vicinity region near the gas-liquid interface. A series of experiments 

with more varied flow conditions were carried out. In particular, the critical parameter 

β was measured for several representative flow arrangements encountered in the 

environment: turbulence generated from above (in the gaseous phase) as in 
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wind-induced flow, turbulence generated simultaneously from above and below in the 

same direction, and separately generated in the opposite direction. In the midst of 

such measurements, the mass transfer experiments were carried out with the aim of 

providing a relationship between the mass transfer velocity and the selected 

hydrodynamic parameter β. In this work, oxygen was selected as the tracer gas instead 

of carbon dioxide used in Law & Khoo (2002), and gas evasion and absorption rate 

were measured to provide a more general relationship. Based on these experimental 

works, a more general correlation was presented, which concurs reasonably with other 

reported works covering more complex and typical flow conditions.  

The second major aspect of this work is on the falling film configuration. Falling 

film is widely found in chemical engineering and other fields, where mass/heat 

featured prominently across the thin film interface. Being so, a series of experiments 

in an inclined thin falling film apparatus were carried out to determine the β 

distribution and the associated mass transfer velocity. It has been found that β is 

equivalent to the surface divergence as first implemented by Tamburrino (1994). 

Following Tamburrino, the film surface motion was captured by a high speed camera 

and the surface divergence was deduced to yield β to correlate with the associated 

mass transfer velocity. There is broad agreement with the above mentioned general 

correlation. Separately, numerical simulation was also carried out in the present work 

for a vertical falling film arrangement. The falling film wave dynamics were 

discussed and compared with previous experiments. The simulated falling film gives 

rise to β which can be made to relate monotonically to the mass transfer velocity in a 
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form very similar to the scalar transport empirical relationship as Law & Khoo (2002). 

Overall, the agreement for the thin film flow arrangement with the general correlation 

based on β obtained previously in Law & Khoo and further refined to accommodate 

recent experiments indicates well that there may exist an universal correlation for the 

scalar transport across the turbulent gas-liquid interface essentially independent of the 

means of turbulence generation.   
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Chapter 1 Introduction 

Mass transfer across the turbulent gas-liquid interface 1

Chapter 1 Introduction 

1.1 Definitions and Motivations 

Mass transfer across the gas-liquid interface has enormous importance in various 

natural and industrial processes, such as ocean-atmosphere interactions, carbonation 

of soft drinks in the beverage industries as well as sanitation methods used in water 

quality management and waste water treatment processes. Because of its wide 

application, a general model capable of predicting the mass transfer velocity across 

the gas-liquid interface would be most invaluable. 

The mass transfer across the gas-liquid interface is a form of interfacial mass 

transfer. It can be complex since the gas and the liquid may be in turbulent motion, 

and the interface between them is often highly irregular, and possibly accompanied by 

waves with wave breaking and leading to the entrainment and formation of bubbles. 

Fundamentally, the scalar transfer between a less soluble gas and liquid occurs 

through the thin mass boundary layer near the interface on the liquid side, which is 

embedded within the hydrodynamic/momentum boundary layer. For sparingly soluble 

gases like oxygen and carbon dioxide, the diffusivity in the gas side is much larger 

than that in the liquid side, and hence the resistance is determined predominantly by 

the liquid side hydrodynamics.  

In this thesis, all the cases studied were under the conditions of unbroken 

gas-liquid interface. The more complex situation of a liquid surface that is broken due 

to waves or through strong upwelling events is not considered.  

Mass transfer of less soluble gas through the gas-liquid interface is affected by 

many factors, such as the difference of concentration between the phases, temperature, 
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flow conditions and especially the conditions right at the interface. It has been 

reported that surfactants or insoluble compounds adsorbed onto the interface will 

inhibit gas transfer through the gas-liquid surface (Molder et al. (2002), Vasconcelos 

et al. (2003), and McKenna & McGillis (2004)). Many theories (e.g. eddy diffusivity 

model and eddy structure model) have been proposed to describe the mechanism 

governing the gas-liquid mass transfer, and many works have been conducted in the 

attempt to determine the primary parameters governing the gas-liquid mass transfer 

(see Theofanous (1984) for a review). However, there has been no consensus on a 

general and yet sufficiently robust model which is capable of predicting the transfer 

velocity over different flow conditions. Most of the models proposed are based on 

such parameters that are directly dependent on the experimental conditions like the 

particular means of turbulence generation and/or experimental setup geometries. Such 

models will not be applicable under other turbulence conditions. A robust model 

should be based primarily on the hydrodynamic parameters obtained from the 

turbulence structure in the very vicinity of the interface. In the past few years, some 

progresses have been made towards the development of a robust model, like the work 

found in Law and Khoo (2002). They demonstrated the role of a key parameter (β) --- 

the interfacial vertical fluctuation velocity gradient---for the mass transfer process. 

Their experiments were only carried out for the above gaseous species absorbed into 

the below liquid phase under two distinct flow conditions: one with turbulence 

generated from beneath the interface, and the other via wind shear from above the 

interface. Although the validity and accuracy of the model were not tested more 

extensively, their work was probably the first few where two separate means of 

turbulence were generated and a consistent scalar transport model based on β was 

obtained. One main objective of this work is to test the model against a wider range of 
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flow conditions, such as the generation of turbulence in the liquid via co-current and 

counter-current flows, and thin-film flow arrangement.  

1.2 Basic Mechanisms 

The transfer of gases across the gas-liquid interface is determined by the 

interaction of turbulent and molecular transport processes. Both transport processes 

can be characterized by diffusion coefficients. The flux density F (mass flux per unit 

area) is proportional to the diffusion coefficient D and the concentration gradient: 

cDF ∇=                              (Fick’s law).             (1-1) 

The dimensionless ratio DSc /ν=  known as the Schmidt number is used to express 

the diffusion coefficients of a scalar tracer relative to that of momentum in the 

transporting medium. It plays a role in convective mass transfer analogous to the role 

played by the Prandtl number in convective heat transfer. Away from the interface, the 

turbulent transfer is typically orders of magnitude higher than the molecular transfer, 

while toward the interface, molecular transport eventually takes control. This leads to 

the formation of viscous and mass boundary layers on both sides of the gas-liquid 

interface. In the gas phase, these two (viscous and mass) layers are about the same 

order of thickness, because the values of diffusion for various gaseous species and 

momentum are about the same (for example values of Sc in air at normal temperature: 

CO2 1.00; O2 0.83; CO 0.77; NO 0.87). The situation is completely different in the 

liquid phase. For example the Schmidt number for oxygen is 400 at 300K in water 

(Mills (2001)). It indicates that the molecular diffusion of oxygen is 400 times slower 

than the diffusion of momentum. Thus the mass boundary layer is significantly 

thinner than the viscous boundary layer in the water side by at least two orders of 

magnitude. The significantly lower diffusivities also shift a much larger fraction of the 
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resistance for transport into the mass boundary layer, so almost all of the 

concentration change occurs there. This is the reason more attention should be paid to 

the immediate vicinity of the interface in the liquid and it can be assumed that the 

concentration away from the interface is well mixed. 

The overall properties of the mass transfer across the boundary layer near the 

interface show characteristic mean properties that can be described by a transfer 

velocity LK , the mass boundary layer thickness δ and a time constant τ. The transfer 

velocity LK , also known as transfer coefficient, is defined as the net flux density 

divided by the concentration difference between the interface and the bulk region:     
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The boundary layer thickness δ is entirely within the viscous sublayer, and can be 

approximated as: 

LK
D

=δ .                                                      (1-3) 

And the time constant τ for the transport across the boundary layer is given by: 
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These scaling parameters are not independent. They are coupled via the diffusion 

coefficient D. Therefore, only one of the parameters needs to be measured in order to 

determine the scaling parameters of the scalar transport across the interface.  

 

1.3 Conceptual Models Description 

 Various models have been proposed to correlate the liquid side mass transfer 

velocity KL to suitable liquid side hydrodynamic parameters. Theofanous (1984), in a 
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review of various conceptual models, classified these different models into two major 

categories: eddy diffusivity model and eddy structure model. 

 

1.3.1 Eddy Diffusivity Model 

Possibly, the earliest and perhaps simplest model for interfacial mass transfer is 

the film theory presented in 1904 by Nernst (see also Cussler (1984)). It assumes that 

a stagnant film exists very near the interface. The mass flux across the film is solely 

by molecular diffusion. Because molecular diffusion is a much slower process than 

turbulent diffusion, the resistance to mass transfer is localized mainly in the film. Due 

to the steady uniform laminar flow in the film region, the gradient of concentration is 

linear, and a relation between the mass transfer velocity KL, the diffusion coefficient 

D, and the thickness of the diffusion film δ is found as: 

δ
DK L = .                                                      (1-5) 

In this model, the thickness of the diffusion film δ is selected to characterize the 

hydrodynamics near the interface. For example, Davies & Rideal (1963) studied a 

clean air-water interface case, and showed through a more detailed analysis that 

/ 2LK D δ=  where δ  is taken to be the molecular diffusion layer thickness and is 

considered stagnant for mathematical purposes. Through turbulent boundary layer 

scaling, they found that 
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where 0u  is a velocity scale for the near-surface bulk turbulence and eσ  is an 

equivalent surface tension that includes gravitational effects. 

The primary difficulty of this model lies in the fact that δ is not constant, but it is 



Chapter 1 Introduction 

Mass transfer across the turbulent gas-liquid interface 6

a function of time, space, and diffusivity in a turbulent flow field. Since this model is 

too difficult to apply in real applications, further theories were proposed to estimate δ. 

This leads to the development of eddy structure model. 

 

1.3.2 Eddy Structure Model 

Eddy structure model is also known as surface renewal model. The model is 

expressed in the form as: 

τ
DK L = .                                                    (1-7) 

The free surface is assumed to be populated with an array of surface parcels that are 

periodically replaced by bulk fluid elements by the turbulent flow. The averaged 

surface renewal time (τ) is thought to govern the mass transfer across the liquid 

interface. In such models, turbulent eddies larger than the thickness of the mass 

boundary layer play the dominant role. Statistically they replace the whole or parts of 

the surface layer by volume elements from the bulk. The classical surface renewal 

model was firstly presented by Higbie (1935), and was improved upon by Dankwerts 

(1951). The ramifications of these models for δ are described by Gulliver (1990). 

They assumed that the film thickness is reduced to zero by turbulent eddies coming 

from the bulk of the fluid at prescribed frequencies. There are other attempts to 

estimate the surface renewal time, such as using various velocity and length scales to 

estimate the renewal time. For example, in the large eddy model (such as in Fortescue 

& Pearson (1967)), the macro-scale L and the intensity V are used as the length and 

velocity scales, respectively, to approximate the renewal time: VL /≈τ . On the other 

hand, in the small eddy model (such as in Lamont & Scott (1970)), eddy sizes with 



Chapter 1 Introduction 

Mass transfer across the turbulent gas-liquid interface 7

the order of turbulence dissipation (ε) are used: ( ) 2/1/ετ v≈ . The difficulties with the 

surface renewal models are that they are conceptual and are not directly related to 

near interface turbulence. Therefore, the measurements of surface renewal eddies are 

difficult to correlate with the mass transfer velocity, as the investigators have to define 

what constitutes a surface renewal eddy by themselves. 

 

1.3.3 Surface Divergence Model 

In a review of studies in various mass transfer models, Hanratty (1991) 

highlighted the development of a model that relates the mass transfer velocity directly 

to the hydrodynamics near interface without resorting to the above mentioned 

conceptual models. Hanratty and co-workers developed the boundary layer equation 

for concentration in a turbulent flow field near slip-free interface. Using a coordinate 

system embedded on the gas-liquid interface, the mass balance equation relating the 

concentration field in the water side to the velocity field near the interface is given as: 
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where x- and z- are on the plane parallel to the interface, and y- is in the direction 

normal to the interface. C is the instantaneous concentration of the gaseous specie 

dissolved in the water. D is the diffusivity of the gaseous species in water. u, v and w 

are the fluctuating velocity components in the x, y and z directions, respectively. 

Since the characteristic thickness of the concentration boundary layer at the interface 

is very thin, derivatives in the normal direction (y-) are much larger than those in the 

other two directions. Hence Equation (1-8) can be simplified as: 
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McCready et al. (1986) conducted a series expansion and order of magnitude analysis 

near the interface and deduced the following relation for the vertical fluctuating 

velocity: 

yv β= .                                                      (1-10) 

That is, at the vicinity of the interface, v  varies linearly with y  with a gradient 

of β. From Equations (1-9) and (1-10), the importance of β is apparent to mass 

transfer across the gas-liquid interface. The vertical fluctuating velocity gradient is a 

function of time and distance along the interface.  

In recent years, the name ‘surface divergence model’ has been given to the model 

for a quantitative description of the gas-liquid interfacial mass transfer given 

nominally by the parameter ( Vh ⋅∇ ),   

( )h
u w vV
x z y

β∂ ∂ ∂
∇ ⋅ = + = − = −

∂ ∂ ∂
,                                 (1-11) 

where h∇  is the horizontal two dimensional divergence operator and V is the 

velocity fluctuation vector. For the cases where the interface is relatively smooth, 

these two parameters ( Vh ⋅∇  and β) are equivalent, as shown by Tamburrino (1994), 

and also noted in Tamburrino & Gulliver (2002) and McKenna & McGills (2004). 

However, when the interface is highly undulating in the presence of large amplitude 

waves, Banerjee et al. (2004) modified the mentioned equivalence by taking into 

account the surface curvature. In their expression, an additional term relating to the 

curvature of the fluctuating interface as opposed to a flat interface, i.e. 

2h
u vV w n
x y
′ ′∂ ∂ ′∇ ⋅ = + − ∇ ⋅

∂ ∂
.                                     (1-12) 
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1.3.4 Advantages of Surface Divergence Model 

It has been found that in the immediate region next to the free surface there exists 

a linear distribution region of the vertical velocity according to Equation (1-10). That 

is to say, β can be estimated through the linear vertical velocity distribution in that 

region. The importance of β is apparent from the concentration boundary equation. 

The development of β as the critical parameter governing the mass transfer across the 

gas-liquid interface has significant advantages over the prior conceptual models. 

Firstly, β is located directly in the region critical to the mass transfer process. It is 

taken from the immediate vicinity of the interface, where the largest resistance to 

mass transfer exists. Secondly, β is not related directly to any turbulence generation 

mechanism. This is important to ensure the model based on β is robust and applicable 

to a wide range of turbulent interface conditions and independent of the means of 

turbulence generation.  

Though the role of β as the crucial parameter to determine the interfacial mass 

transfer velocity has gradually been acknowledged by researchers, there is still a lack 

of studies on the measurement of such parameters in the vicinity region of the 

interface and the quantitative correlation to the mass transfer velocity. This gives us 

the motivation for the present study. The objective is to measure and quantify β near 

the interface, and investigate its relationship to the scalar transport velocity across the 

gas-liquid interface. This study will also help to build up database on near-surface 

turbulence in the liquid side. It would be beneficial for a better understanding of the 

mass transfer mechanism across the gas-liquid turbulent interface. Finally, the scalar 

transfer model proposed in the present study would be helpful to quantitatively predict 

the scalar transport in practical applications. 
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1.4 Structure and Scope 

The aim of this study was to develop reliable methods for the near surface flow 

field measurement and to present a mass transfer model based on the surface 

divergence model or β. For the near surface flow field measurement, the velocity 

distribution in the immediate vicinity of the interface is the foremost problem for 

developing a mass transfer model. As such, one focus is on developing reliable 

measuring methods for the velocity distribution in the near surface region.  

For simulating the real-life complex turbulent flow conditions, we chose three 

kinds of flow conditions: 1) the turbulence generated in the liquid from above the 

water surface as induced via wind shear; 2) the turbulence generated simultaneously 

from above and below the water surface in the same direction (i.e. co-current); and 3) 

the turbulence generated simultaneously from above and below the water surface in 

the opposite direction (i.e. counter-current). The real-life turbulence generation 

methods can be regarded as a combination of these three kinds of turbulence 

generation methods. In the midst of such measurements, the mass transfer 

experiments were carried out. For the mass transfer experiments, oxygen (O2) was 

chosen as the tracer gas since it is regarded as not so soluble in water and has wide 

applications in industries. Gas absorption and evasion experiments were carried out to 

provide a more comprehensive understanding. The detailed information about the 

experimental setup and measurement technique are described in Chapter 2. The near 

surface flow conditions and the key parameter β are provided in Chapter 3. Based on 

these measurements and combination with prior works, a mass transfer 
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model/correlation is presented in Chapter 3. For an ever wider range of flow 

conditions, experimental works were carried out for the thin film flow configuration. 

The experimental setups and correlated techniques are described in Chapter 4. 

Experimental results and the role of β for this kind of setup are discussed in Chapter 5. 

A numerical simulation work was carried out for a vertical falling film with forcing 

disturbance frequency in Chapter 6. The characteristic of β, concentration profile and 

local mass transfer velocity were obtained and analyzed in the light of the mass 

transfer model presented in Chapter 3. Finally, some concluding remarks on the 

general applicability of the mass transfer correlation obtained and recommendations 

for future work are presented in Chapter 7. 
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Chapter 2 Experiments in Circular Wind Wave Tunnel 

2.1 Introduction 

As we have discussed before, the key parameter governing the interfacial mass 

transfer is the gradient of the vertical fluctuating velocity taken with respect to the 

moving interface. As such, a required measurement technique must be able to track 

the moving interface and simultaneously measure the flow field at locations just 

beneath it. 

The almost continuous fluctuation of the interface makes such simultaneous 

measurements extremely difficult and effectively ruled out the use of Eulerian-based 

instruments like hot-wire anemometer and LDV employed in the conventional way. 

This is because these traditional measurement methods are based on measurement at 

specific location(s) and do not have the ability to track the fluctuating interface. In the 

early works, Jahne et al. (1987) and Duke et al. (1995) proposed the use of surface 

wave slope as proxy to the vertical velocity just beneath the interface. The assumption 

is made as the normal velocities caused by the interface fluctuation are directly related 

to the wave slopes. It is expected that the key parameter β, defined as the gradient of 

the vertical fluctuating velocity taken with respect to the interface at the interface, 

should be strongly affected by the variations of wave slope. Based on this assumption, 

some experimental techniques for the measurement of surface wave slope were 

developed, such as the works of Jahne & Reimer (1990) and Zhang & Cox (1994). 

Some researchers (such as Duke et al. (1995) and Saylor & Handler (1997)) reported 

that the measured wave slope correlated well with the measured interfacial mass 

transfer rate. It is noted that such studies were required to be carried out on fairly 

strong wind induced turbulent interface or in situations where there are significant 
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amplitude of surface fluctuation for the convenience of wave slope measurement. 

Such requirements may limit the application of these methods. The use of wave slope 

can not be applied in the situations where the interface is relatively quiescent, which 

can be found for the cases where the turbulence is generated beneath the interface. 

Typical examples can be found in the grid stirred tank cases (such as George et al. 

(1994), and Mckenna & McGillis (2004)) where the turbulent is generated by a deep 

submerged jet (Law et al. (1999)), and for cases where the interface is damped (due to 

presence of surfactant). 

It is clear that direct measurement and quantification of β near the gas-liquid 

interface can be challenging. PIV-based techniques which provide the advantage of 

non-interference with the flow and, at the same time allow spatial measurements at 

various depths beneath the interface and the interface tracking may be the key for the 

quantification of β. The principle of PIV-based techniques is to visualize the interface 

and the fluid movement beneath it on a single image. The movement of the interface 

and the flow field beneath it can then be analyzed by examining sequence of images 

taken at a known time interval tΔ . Interface tracking routine is then applied to the 

images to detect the position and the movement of the interface. Thus entirely 

velocity profile can be obtained, which represents a significant advantage over the 

traditional single point measurement methods. The PIV technique used to obtain the 

velocity profile beneath the interface is well established. The main difficulty lies in 

the interface visualization and tracking method. Several researchers have attempted 

such measurements and the following paragraphs review some of the techniques. 

In the early PIV-based experiments, such as Jahne & Wierzimok (1990), the 

interface is usually visualized as a fairly thick horizontal wavy line probably because 

of the effect of the meniscus formed at the contacting positions of water and channel. 
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The use of ‘line thinning’ technique as suggested by the authors to locate the interface 

can be rather inaccurate. This is because the thickness of the wavy line observed can 

and will easily overwhelm the depth of the concentration boundary layer thickness 

next to the interface. Hassan et al. (1996) used a different approach and identified the 

interface through illumination of floating particles. However, as the interface 

fluctuation causes the floating particles to move, continuous visualization of the 

interface profile is difficult, and the interface is often seen as ‘broken’. The 

interpolation method used to determine the interface profile from patches of floating 

particles is not very viable, as occasionally, pretty large section of the interface is not 

visualized. The use of many floating particles helps to overcome the problem of 

‘broken’ interface. However, this method brings into contention whether the flow field 

near to the interface is affected by the very presence of the many said particles.  

Another class of method is based on the optic property of laser light. Lorencez et 

al. (1997) used thin laser beams to activate the dye tracer presented in the flow field 

and formed a certain pattern by the underside of the water surface. Baumann & 

Muhlfriedel (2001) used total (internal) reflection of a laser beam at the interface to 

determine the vertical position of the interface. These techniques, though capable of 

obtaining the interface profile, do not allow or facilitate the simultaneous 

measurement of the flow field beneath the water surface. Lin & Perlin (1998) also 

utilized the total (internal) reflection principle and arranged the camera at a special 

angle to observe the interface. In this method, besides the difficulty of simultaneous 

observing the flow field beneath the interface, there is a special requirement for laying 

out the test section. 

To avoid the effect of the meniscus, which is commonly formed at the contacting 

position of the liquid and the container, Munsterer & Jahne (1998) suggested 
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observing the interface and the beneath flow field from a position slightly below the 

water surface. While this arrangement will cause the flow field be mirrored above the 

water surface by reflection at the water surface, the authors suggested using an image 

processing technique which finds the local maximum symmetry as the water surface 

position. Since the water surface is usually undulating and the mirror image will be 

distorted when waves are present, this method is less reliable in the presence of large 

wave amplitude. Peirson (1997) adopted a similar method to observe the flow field 

from beneath the interface, while he used another camera to observe the interface 

from a position above the interface. The additional view from above produced an 

unobstructed and good visualization of the interface. Configuration software is needed 

to make the two cameras to be aligned in space. The referenced scale for the 

subsurface imagery was set to puncture the initial still water surface. Images were 

captured by each of cameras and overlaid on a display monitor. Software was then 

used to scale and reposition the images so that both the horizontal and vertical 

alignment was achieved. Based on this method, Law & Khoo (2002) attempted to use 

two pairs of viewing mirrors to reflect these two different views onto a single plane. 

But using only one camera brings two issues: one is focusing difficulty, and the other 

is the possible difference in magnification. Focusing difficulty means the above and 

below images cannot be focused well simultaneously because of the changes of 

optical medium. The difference in magnification is also caused by the changes of 

optical medium, and this may lead to difficulties in correlating the two different 

viewing angles. The obvious advantage of this kind of method is the absence of any 

meniscus effect and the interface can be detected accurately. It is noted that this 

method entails a carefully managed and accurate image capture system and critical 

arrangement and calibration to avoid the effect of image distortion caused by tilted 
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arrangement of cameras. 

In the present work, following Law & Khoo (2002), with the availability of two 

independent camera systems, further improvements can be made for a more accurate 

quantification of the interface position and improvement of the spatial resolution of 

the flow field close to the interface. 

 

2.2 Experimental Setups 

2.2.1 Circular Wind Wave and Jet Stream Channel Tank 

The experiment was carried out in a circular wind-wave channel tank with two 

water jet streams at separate locations directed in the tangential streamwise direction 

along the channel bottom. Figure 2.1 shows the schematic diagram of the circular 

water tank. It consists of an annular water tank with water in the circular channel. The 

channel is of 10cm depth and 10cm width. The outer diameter of the tank is 75cm, 

while the inner diameter of the tank is 40cm. The entire setup is made of transparent 

Perspex material, so as to facilitate flow visualization and measurement. Air flow is 

generated by means of a rotor with four Perspex paddles (20cm width) arranged at 

right angles above the annular channel. The distance between the paddles and the 

water surface can be adjusted, and the rotating speed and rotating direction of the 

paddles is controlled by a rotor. The two water jet streams through four 3-mm 

diameter nozzles (placed diametrically opposite) beneath the interface can generate a 

clockwise direction flow along the bottom of the circular tank via the inlets and 

outlets connected to a water pump. The speed of the water jet generated by the water 

pump can be varied using a ball valve and the volumetric flow rate was measured with 

a flow meter. So by using these two independent means of turbulence generation from 
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above and beneath the gas-liquid interface, a variety of flow conditions imposed on 

the liquid surface and its vicinity can be obtained. In this work, several representative 

kinds of flow conditions were chosen: turbulence generated by solely wind shear from 

above, turbulence simultaneously generated by wind shear from above and water jet 

from below in the same direction (co-current) and in the opposite direction 

(counter-current). These representations of turbulence generation methods are deemed 

more general and perhaps all encompassing. They can be considered as a reasonable 

simplification of the most real life complex flow conditions. 

For the present experiments, pure water was filled to a depth of 7.5 cm in the 

channel, and the paddles were located at 7.5cm above the water surface. The flow rate 

through the water pump was adjusted with the combination of a ball valve and a flow 

meter. With a given flow rate from beneath, the turbulence intensity near the interface 

is still a function of the variable imposed wind speed from above. Table 2.1 

summarizes the groups of different flow conditions studied. 

For purpose of reference, the notional air flow speed above the water surface is 

assumed to be the same as paddle speed, which is taken directly above the center of 

the 10cm width water channel. This method of referencing follows that of Law & 

Khoo (2002)  

ωRVwind ≈ .                                                   (2-1) 

Here ω is the rotation speed of the rotor driving the paddles, and R is the distance 

from the center of the rotation shaft to the center of the water channel. The rotation 

speed of the rotor is measured using a tachometer. The paddle speed above the center 

of the water channel is taken as the parameter denoting the intensity of turbulence 

generated at the water surface of the wind wave channel. Since the major or 

practically all of the resistance to the mass transfer in this experiment (low solubility 
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gas is used) resides in the liquid side, accurate measurement of wind velocity profile 

in the vicinity of the interface is deemed unnecessary, and will not aid further in the 

quantification of the critical parameter influencing the interfacial mass transfer. 

Table 2.1: Summary of the PIV experimental conditions 

Flow conditions Flow rate (ml/s) Direction Nominal wind 

speed (m/s) 

Case 1  0  3, 3.5, 4, 4.5, 5, 5.5, 

6, 6.5, 7 

Case 2 6.3 Opposite  3, 3.5, 4, 4.5, 5, 5.5, 

6, 6.5, 7 

Case 3 6.3 Same 3, 3.5, 4, 4.5, 5, 5.5, 

6, 6.5, 7 

Case 4 3.2 Opposite  3.5, 4.5, 6, 6.5 

Case 5 3.2 Same  3.5, 4.5, 6, 6.5 

Case 6 10.5 Opposite  3.5, 4.5, 6, 6.5 

Case 7 10.5 Same 3, 3.5, 4.5, 6, 6.5 

The range of nominal wind speeds carried out in this study is 3.00m/s to 7.00m/s. 

The range is sufficient for development of a model relating near surface turbulence 

parameters to the interfacial mass transfer velocity. The upper limit wind speed is 

chosen such that the turbulence intensity generated is well below the margin where 

wave breaking occurs.  

For mass transfer experiments, the circular wind wave channel can be sealed by a 
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gas tight lid. The tracer gas is input through the opening at the side of the tank, and 

the residual gas (mainly air, lighter than the tracer gas) is naturally exhausted out of 

the system through the outlet opening located at the top. In this study, oxygen was 

selected as the tracer gas for its common usage in industrial and low solubility. As the 

supplied gas is stored at a temperature cooler than the bulk tank water in the test 

section, it needs to be preheated to the same temperature before being introduced into 

the setup. This is done by passing the gas through a heat exchanger, immersed in a 

large water bath. In the test section, the tracer gas is introduced just above the 

interface and with special care taken so as not to induce any interface disturbance. 

Before each experiment, the tracer gas is introduced for at least 20 minutes (for 

evasion experiments) or 10 minutes (for absorption experiments) to ensure uniform 

initial conditions. The most important aim is to prevent any buildup of 

non-condensable gases (notably air) residing close to the interface. 

This setup is quite compact and tends to produce a fairly homogeneous interface 

conditions that are not fetch-dependent like in other traditional linear wind wave 

facilities. It also has smaller enclosed air volume compared with the latter. Because of 

these merits, this setup is deemed suitable for the study of interfacial mass transfer. 

Numerous interfacial turbulence characteristic and mass transfer studies had been 

conducted using this type of setup (Jahne et al. (1979), Jahne et al. (1984), and Law & 

Khoo (2002)). 

 

2.2.2 Image Recording System 

In PIV measurements, as in other optical experiments, image recording is the 

basis and its quality is all important and needs to be optimized. In this experiment, 
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two high quality digital cameras (Pixelfly, HiRes model) mounted with a macro lens 

were adopted. Some key specifications and typical values of the camera are shown in 

the following table. It has the potential to record two subsequent images within a very 

short time interval. The time interval between two subsequent images can be adjusted 

and controlled by using an external TTL signal. 

Table 2.2: some key specification and typical values for the camera 

Number of pixels Pixel size Spectral range  Interframe time 

1360(H) ×1024(V) 4.65μm×4.65μm 280---1000nm 15μs ± 5μs 

This system has several advantages over other experimental setups based on 

standard video format such as used by Law & Khoo (2002). It has a higher spatial 

(around 20μm/pixel) and temporal resolution (2ms). And the most important thing is it 

bypasses the digitization process, which is necessary for video format processing. 

Raffel et al. (1998) pointed out that due to the analog nature of the standard video 

signal, a small frame-to-frame jitter during the digitization process can cause pixels to 

be slightly misaligned which in turn increases the measurement uncertainty in the 

displacement data. This problem typically worsens when a standard (analog) video 

recorder is used.  

 

2.2.3 Light Source 

Lasers are widely used in PIV because of their ability to emit monochromatic 

light with high energy density, which can easily be bundled into thin light sheet for 

illuminating and recording of the tracer particles without chromatic aberrations. 
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Generally, it is preferred to use pulse laser for PIV measurements. This is because the 

duration of the illumination light pulse should be short enough that the motion of the 

particles is frozen during the pulse exposure in order to avoid blurring of the images 

(no streaks). The streaks bring difficulty to the displacement estimation. Modern pulse 

lasers (such as Nd: YAG laser) can provide nanosecond (ns) scale of duration time. In 

this study, Nd: YAG laser (QUANTA system, model: P.I.L.S) is used as the light 

source. The delay time between two successive illumination pulses can be adjusted 

through the front panel, and the laser can provides an external synchronized signal to 

control other equipments (TTL signal for camera control).  

 

2.3 Experimental Techniques 

2.3.1 Technique for Measuring Near Surface Turbulence 

Figure 2.2 gives the schematic diagram for arrangement of the two titled cameras. 

Camera 1 and camera 2 were adjusted separately and titled at a small angle 7.5° to the 

horizontal. These small titled angles, obtained after numerous trials, ensure 

unobstructed and clear visualization of the flow field for all of the imposed flow 

conditions, while keeping the magnification difference between the top and bottom 

(known as distortion) not exceeding 5%. To visualize the water surface as a 

continuous edge, fluorescent dye was introduced to illuminate the visualization plane, 

which is similar to the work of Law et al. (1999, 2002). In this work, 30μm PSP 

(Polyamide seeding particles) particles were adopted after taking account of the 

similar density (1.03g/cm3) as water and its ability to provide sufficient light 

reflection after introducing fluorescent dye.  

It is noted that the two cameras and the laser must be synchronized to capture the 
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required images. This requirement was performed with the aid of a DA card (DT3000, 

Data Translation Ltd). The laser system can provide a synchronized signal when it 

emits the laser sheet. This signal is input into the Counter/Timer channel of the DA 

card to act as an external gate. When the gate is active, a pulse signal is generated to 

trigger the two cameras. The time-interval between successive images is 2ms-5ms 

depends on the flow conditions. Generally, the time interval increases with the flow 

velocity. The time-interval between successive image-pairs was set to be constant 

100ms.  

The typical images captured from camera 1 and camera 2 are also shown in 

Figure 2.2. With the introduction of fluorescent dye, the liquid side glows with certain 

luminance intensity, different from those of the particles. The interface is located at 

the edge of the contrast between the fluid and the air. The advantage of using 

fluorescent dye to visualize the interface is that, regardless of the interface fluctuation, 

the interface will always be visualized as a continuous edge with luminance contrast. 

The dye also produces contrasting luminance intensity from the particle seeding to 

allow the employment of PIV technique. 

Before the start of an experiment, a careful scale calibration step is needed to 

correlate the images captured by camera 1 and camera 2. A referenced scale is set to 

‘puncture’ the water surface at the plane of observation (coincide with the laser sheet 

plane). Images are captured by each camera and compared pixel by pixel. After 

obtaining the interface location from camera 1, a program is written to ‘transform’ the 

interface location to the bottom view (camera 2) using the bottom view local scaling. 

The program is used to scale and correlate the images so that both horizontal and 

vertical alignment is achieved. Some parts of the referenced scale images captured by 

the two cameras and the ‘transforming process’ from camera 1 to camera 2 are also 
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shown in Figure 2.2. 

On a typical image of the gas-liquid interface captured from camera 1, the gas 

phase is distinguished as the dark region while the water body is of higher luminance 

intensity, due to the effect of the fluorescent dye. The conventional edge detection 

technique is based on finding the ‘maximum gradient’ point. Since the particles are 

brighter than the water body, edge detection worked directly on the gray image of the 

gas-liquid interface (captured from camera 1) will simultaneously reveal the edge of 

particles and the interface (see Figure 2.3). To filter out the particle points, an optimal 

threshold value of intensity is chosen to do binary operation. All of the pixels with 

intensity higher than the threshold will be turned into 1, and the other dark points will 

be turned into 0. Taking account of the possible uneven distribution of light intensity 

along the interface, the interface region is divided into a subset of discretized surface 

regions and the binary operation is performed in each small part. The threshold level 

is determined by an auto iterative technique developed by Ridler and Calvard (1978). 

The histogram of each corresponding small part is initially segmented into two parts 

using a starting threshold value, such as half the maximum intensity dynamic range. 

The sample mean gray values associated with the foreground pixels and the sample 

mean gray values associated with the background pixels are computed. A new 

threshold value is now computed as the average of these two sample means. This 

process is repeated, based upon the new threshold, until the threshold value does not 

change any more. A Matlab (The MathWorks, Natick, MA) program is written to 

perform all of these operations based on the described technique. After the binary 

operation, edge detection can be used to find out the interface location. Figure 2.4 

shows the interface detected by this method. It is shown to be accurate via comparison 

with the original image. Figure 2.3 and Figure 2.4 show just the region near the 
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interface. 

Compared to the prior work of Law et al. (1999, 2002), the present use of two 

independent camera systems help to overcome the previous mentioned two difficulties 

encountered by trying to capture the two distinct views onto a single image plane. In 

addition, these two independent cameras provide a much higher resolution (about  

20 /m pixelμ ). These improvements ensure a clearer visualization of the interface 

and the associated flow field in the liquid side. The interface position can be 

determined more accurately. Because the image resolution is the major source of the 

measurement uncertainty, the present higher resolution has improved the experimental 

accuracy (increased from 40μm/pixel to 20μm/pixel in this work). 

Analysis for the flow field beneath the water surface is performed using a 

commercial PIV software (Dantec, FlowManager). An adaptive correlation technique 

was adopted to calculate the velocity profile of the flow field because it can provide 

an increased dynamic range and accuracy. The fundamental principle of adaptive 

correlation is an iterative procedure: from an initial guessed offset value, an offset is 

introduced from the first window (the interrogation area in the image frame from laser 

pulse one) to the second window. The obtained vector is validated and is used as a 

new estimate for the window offset. Then a new run is made, but this time with a 

smaller window (interrogation area). The initial interrogation area is 128×64 pixels, 

and the final interrogation area is 32×16 pixels. The main benefit derived from using 

the shift window is capturing the particle images that moved out the interrogation area 

during the interval time (the time between the two light pulses). Loss of these particle 

images is known as the ‘in-plane dropout’, which reduce signal strength and, as a 

result, the number of successful vectors that can be obtained. Capturing more particle 

images for each vector permits the interrogation area to be refined while still 
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obtaining an adequate number of successful vectors without increasing the seeding 

density in the flow.  

Following Law et al. (1999, 2002), the velocity with respect to the interface can 

be deduced by taking the difference between the flow field velocity (v) and the 

interface velocity located directly above the interrogation area of the velocity vector 

(vi): 

ir vyvyv −= )()( .                                               (2-2) 

To obtain the variation of vertical rms velocity with depth, many image pairs have to 

be analyzed and the vertical rms velocity is calculated by ensemble averaging of 

velocity located at similar depth from the interface. Every 100 images pairs were 

captured for each run, and the operation was repeated at least 5 times for each flow 

conditions. Precision uncertainty is reduced to about 2% by the ensemble average 

operation. 

  

2.3.2 Technique for Measuring Interfacial Mass Transfer Velocity 

In this study, the mass transfer velocity is determined by measuring both the 

dissolved oxygen evasion rate and absorption rate. Gas exchange velocities are 

determined by a disturbed equilibrium method. Tank water concentrations of the 

dissolved oxygen to be measured are perturbed from equilibrium before an 

experiment and the gas transfer velocity is computed by measuring the rate of return 

to equilibrium. The time rate of dissolved oxygen concentration change in the tank 

water is given by: 

wsL VCCAK
dt
dC /)( −= ,                                         (2-3) 

where Vw is the volume of water in the test system, A is the nominal area of the 



Chapter 2 Experiments in circular wind wave tunnel 

Mass transfer across the turbulent gas-liquid interface 26

interface without waves, C is the bulk concentration of dissolved oxygen in water, Cs 

is the saturated concentration of oxygen at the interface, and KL is the bulk liquid-side 

mass transfer velocity. The solution to Equation (2-3) is as follows: 
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= ,                                        (2-4) 

where Ci is the initial concentration of oxygen in bulk water, and Cf is the final 

concentration after time tf.  

The mass transfer velocity measurements were carried out separately from the 

turbulence measurements, and it is noted that precaution were taken to clean the 

interface well before each experiment. The tracer gas is preheated to the same 

temperature before being introduced into the test section. The temperature of the 

water in the test section is monitored with a thermometer to ensure that the variation is 

below ±0.5 ºC.   

For the gas evasion experiments, CO2 was used to continually flush the tank 

headspace to yield a known zero oxygen surface concentration, i.e. ./0)( lmgtCs ≈  

For the gas absorption experiments, pure O2 was introduced such that the total gaseous 

volume above the interface was considered to be saturated. Under such condition, Cs 

is maintained at the water surface at the corresponding water temperature. This value 

can be obtained from the manual supplied by the sensor manufacture (and in 

agreement with published measurements).  

By measuring Ci and Cf, the liquid side mass transfer velocity KL can be 

determined. In this study, bulk water side dissolved oxygen concentration was 

measured using a commercial fiber optic oxygen sensor (Model 210, Instech 

laboratories) with an accuracy of 1%. Figure 2.5 is the operation interface of the 

software used by the sensor. Water samples were taken from bulk region where the 
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dissolved oxygen concentration is assumed to be well mixed and independent of the 

location where samples were obtained. Table 2.3 lists the property of water in the 

experiments.  

Table 2.3 Property of water in this experiment conditions 

T(oC) ρ(×103kg/m3) υ(×10-6m2/s) Sc 

21 0.99799 0.9798 558 

22 0.99777 0.9569 532 

23 0.99754 0.9348 506 

The density and viscosity value are obtained from Lange’s Handbook of 

Chemistry. The Schmidt number value for oxygen dissolved in water is obtained from 

Mills (2001).  

The sensor uses two standards of known oxygen concentration and a linear 

algorithm for calibration. In this study, the two known oxygen concentration standards 

are zero concentration standard and atmospheric saturated concentration standard. The 

zero oxygen standards are obtained by adding sodium sulfite to DI (Deionization) 

water. This method is recommended by the operation manual of the optic oxygen 

probe. To prepare the atmospheric saturated standards, starting with DI water from a 

bottle held at ambient temperature for an extended period of time, and transferring it 

from cup to cup with ample turbulence at least 20 times. This procedure followed the 

instruction of DQM standard operating procedure (Katzenlson (2004)).  

According to the theory of operation, the sensor will be most sensitive to low 

levels of oxygen and deviations from the linear relation occur primarily at higher 

oxygen concentration levels. The working range for oxygen evasion experiment was 

within the calibration range, whereas the absorption experiment was conducted in the 
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extrapolated range of calibration. A shorter time interval was therefore adopted to 

obtained the final water samples in the gas absorption experiments, which helps to 

ensure that the working range in the absorption experiments is not far away from the 

linear calibration range, although it may be mentioned that the gas absorption 

experiment is still less accurate than the gas evasion experiment. The oxygen evasion 

experimental results are deemed to be more credible than the absorption. In addition, 

the dissolved oxygen concentration at the surface remains to be zero, irrespective of 

the temperature in evasion experiment. While the surface concentration is assumed to 

be the same as saturation concentration in absorption experiment, it is known that the 

saturated concentration is strongly affected by the water temperature. Nevertheless 

these two means were used as a self-consistent check and to demonstrate that 

essentially the correlation relationship obtained is independent of the direction of 

scalar transport.  

Concentration of Ci and Cf were obtained as the average values of at least five 

samples with a variation less than 2%. Taking into account the measurement 

uncertainty introduced by the instrument calibration, the overall measurement 

uncertainty for the gas evasion experiment is estimated to be around 5%. On the other 

hand, the measurement uncertainty for the gas absorption experiment is estimated to 

be about 10% or higher and attributed to the limitation posed by the oxygen probe. 
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Chapter 3 Experimental Results and Mass Transfer Model 

In this chapter, the experimental results from the circular wind wave tunnel were 

analyzed. The key parameter β was deduced from the near surface vertical velocity 

profile, and its role was discussed in different flow conditions. Finally, the correlation 

between this selected parameter and the mass transfer velocity KL was derived 

through a mass transfer model. 

  

3.1 Near Surface Vertical Velocity Distribution 

Figure 3.1 shows the typical variation of the vertical fluctuating velocity with 

respect to the interface (for Case 3 with nominal wind speed = 5 m/s). It can be seen 

that the vertical fluctuating velocity measured with respect to the interface increases 

with the depth. This quantity tends toward zero as the interface is approached. Such 

behavior follows the definition of Vr, as at the interface, there is zero velocity taken 

with respect to the interface itself. 

 It can be seen clearly from Figure 3.1 that a linear region appears to exist near 

the interface. This phenomenon is in agreement with the analysis of McCready et al. 

(1986) and confirmed in the experiments of Law & Khoo (2002). A linear fit through 

the origin can be performed on the data points located at the immediate vicinity of the 

interface. In this work, these linear least square fits were obtained employing as many 

data points as possible to provide a R2 coefficient (coefficient of determination) still 

greater than 0.85. This value is considered to be reasonable after taking into account 

the measurement uncertainty of the experiments for all the studied flow conditions. 



Chapter 3 Experimental results and mass transfer model 

Mass transfer across the turbulent gas-liquid interface 30

The most important parameter βrms is defined as the gradient of the Vr-rms profile 

near the interface, whose role has been discussed before and can be used to correlate 

with the mass transfer velocity across the turbulent gas-liquid interface. Together with 

the gradient of the linear variation, two other parameters can be obtained to 

characterize the near surface turbulence conditions as carried out in Law & Khoo 

(2002): βΛ  and rmsv −β . βΛ  is defined as the region where the variation of Vr-rms 

remains linear; rmsv −β  is taken to be a velocity scale denoting the magnitude of Vr-rms 

at the distance of βΛ  beneath the interface. After obtaining the value of βrms, a 

second non-linear fit can be carried outside the linear region. The extrapolated 

interception of the linear fit with the non-linear curve fit is obtained and chosen to 

determine the value of βΛ  and rmsv −β  (see Figure 3.1). Figure 3.2 to Figure 3.45 

present the variation of the vertical fluctuating velocity with respect to the interface 

for all the studied flow conditions. The x- coordinate has been made non-dimensional 

by the water depth in the channel. 

Figure 3.46 shows the variation of βrms with the nominal wind speed for all of the 

flow conditions studied. The results of Law & Khoo (2002) for only wind induced 

flow conditions are also included. It can be seen that this selected parameter generally 

increased with the wind speed. It clearly indicates that the near surface turbulence 

intensity expressed in terms of βrms in the linear region is dependent on the imposed 

wind speed from above and the water flow velocity from beneath. On the comparison 

of the different βrms value under the same water flow rate, it can be seen that 

turbulence generated in co-current flow (i.e. the wind above and water below the 

interface are imposed in the same direction) is deemed to have the largest turbulence 
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intensity in the vicinity of the interface region, while turbulence generated in 

counter-current has the smallest turbulence intensity in that region. Under the lower 

water flow rate conditions (3.2ml/s and 6.3ml/s), Figure 3.46 indicates that the near 

surface turbulence is primarily determined by the wind speed induced from above. It 

is suggested that the effect of the turbulence induced by the jet streams beneath the 

water surface barely reaches the near surface region or the associated influence on the 

vertical fluctuating velocity is very limited. It is also conceivable for the turbulence 

generated via the opposite direction, because at an elevation somewhere in the liquid 

the mean stream-wise velocity must tend towards a null quantity, the turbulence 

intensity associated with the vertical fluctuation of the interface has intuitively 

assumed a lower magnitude compared to the case of same direction where there is 

deemed some degrees of augmentation at a given wind speed. This general trend is 

applicable for the whole range of wind speed tested for the lower water flow rate 

conditions. With the increasing of the water flow rate from beneath via the jet streams, 

the near surface turbulence is obvious affected by the turbulence induced by the jet 

streams under the low wind speed conditions. A complete study of the relative 

importance of wind speed vis-a-vis the jet streams beneath the water surface whether 

in the same or opposite direction on βrms is outside the scope of the present work, 

since the present intent is focused on correlating the measured βrms generated from the 

vastly different means to the scalar transport rate. Lastly, it may be mentioned that 

regarding the comparison of the present results to Law & Khoo (2002) for the only 

wind induced turbulence cases, the deviations occur primarily in the low wind speed 
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range, which are usually associated with lower flow velocities (especially in the 

normal direction) and larger measurement errors or uncertainties; the differences are 

limited to be less than 20%. 

 

3.2 Mass Transfer Velocity 

Figure 3.47 presents the mass transfer velocity for the studied flow conditions. 

From this figure, it can be seen that the mass transfer velocity generally increases with 

the wind speed. This again demonstrates the general trend between turbulence 

intensity and mass transfer velocity. The mass transfer velocity in Figure 3.47(a) 

shows a fairly linear behavior passing through the origin for the case where only wind 

speed is imposed. A closer scrutiny reveals that for the case of same direction (Fig. 

3.47(b)), KL assumes a value perceptibly higher than the linear profile as obtained in 

Fig .3.47(a). On the other hand, KL for the case of opposite direction (Fig. 3.47(c)) 

takes on quantities clearly below the linear region depicted in Fig. 3.47(a). This 

observation is not too surprising as deduced from Figure 3.46 if one presupposed that 

the mass transfer is directly proportional to βrms. A careful examination of Figure 

3.47(a), 3.47(b) and 3.47(c) suggests that on comparing to the gas evasion results, the 

mass transfer velocity obtained via the gas absorption experiment seems to assume a 

larger quantity and the difference tends to increase as the wind speed increases. 

Nevertheless, the difference in the measured KL was limited to about 10%. As 

discussed before, the uncertainty arising from the dissolved oxygen concentration 
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measurement via gas absorption approach was higher due to the extrapolation 

technique employed during calibration. Overall, both sets of results depicted the same 

trend as the wind speed increases. More importantly, the still reasonable agreement of 

the KL values, albeit with the gas absorption indicating a tendency of higher 

magnitude though limited by about 10% on comparison to the gas evasion approach, 

portends well that the present finding and the subsequent deduction of a correlation 

function relating the scalar transport to some hydrodynamic parameter(s) would be 

applicable for both absorption and evasion.   

For direct comparison with the previous results of Law & Khoo (2002) and Jahne 

& Munnich (1979) carried out in a similar circular wind-wave channel, the mass 

transfer velocity is depicted together with Sc as KLSc0.5 for the ordinate axis and 

plotted versus the wind speed on the abscissa axis. The use of KLSc0.5 assumes a 

relationship of KL to diffusion coefficient of the gas in water that has been employed 

by many others, and also to account for the different tracer gas utilized in the different 

experiments. It is noted that in Law & Khoo (2002), CO2 was used at the water 

temperature of around 27oC (Sc≈420). In Jahne & Munnich’s work, CO2 was used at 

the water temperature of around 20oC (Sc≈600), while in this work, O2 was used and 

employed at the water temperature of around 22oC (Sc≈532). Figure 3.48 shows 

reasonably good concurrence in value and trend with Law & Khoo (2002) and Jahne 

& Munnich (1979). 

 

3.3 Mass Transfer Model 

Correlations of the mass transfer velocity and near surface turbulence parameters 
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have been investigated by previous researchers, such as McCready et al. (1986), Khoo 

& Sonin (1992) and Tamburino & Gulliver (2002). The relation can be expressed as: 
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+ ≡ β  is the non-dimensional mass transfer velocity, 2
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is the non-dimensional form of βrms, and ( )f  indicates a functional relationship. The 

exponent for Sc is governed by the surface conditions. McKenna & McGillis (2004) 

investigated the role of surfactant in gas-water mass transfer and presented an 

expression for the Schmidt number exponent as 2

6
1
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−= en  where ζ  is defined 

as stress ratio. In this work, mass transfer experiment is done under the condition of a 

clean surface. As such, the stress ratio is zero and so the exponent of Sc is set to 0.5. 

It is noted that the non-dimensional parameter +
rmsβ  encompasses all the three 

parameters (βrms, βΛ  and rmsv −β ) which define the hydrodynamic characteristics in 

the vicinity of the interface region. Even though βΛ  does not appear explicitly in the 

definition of this non-dimensional parameter, its influence is implicitly represented 

via the definition of βrms. For sparingly soluble gases (such as CO2 and O2), the 

concentration boundary layer next to the interface is very thin. Hence, the 

hydrodynamic characteristics in the immediate vicinity of the interface region are 

deemed to be crucial for the mass transfer process, and the other important issue is 

that such parameters exist irrespective of the turbulence generation mechanism. The 

above mentioned features found in the mass transfer correlation model based on β in 

Law & Khoo (2002) looks promising and possesses the potential to be further 
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developed into a robust model and applicable to different flows. 

Figure 3.49 shows the plot of 5.0ScK L
+  versus 5.0)( +

rms
β  for all the studied flow 

conditions based on both gas evasion and absorption measurements in our 

experiments. The result of Law & Khoo (2002) is also included. In the work of Law 

& Khoo, turbulence is imposed through two distinct methods namely a wind-induced 

shear turbulence from above and separately a confined-jet turbulence induced from 

beneath in a half-filled cylinder with water. A wide range of various water-glycerol 

mixtures as the liquid and carbon dioxide gas were tested at different temperatures. A 

combination of their works where βrms were explicitly measured together with the 

present data is employed to build a more universal correlation. It can be observed that 

a linear behavior (slope=0.20 with R2=0.981) can still be realized for all of the 

presented flow conditions. From Figure 3.49, a general relation can be proposed to 

correlate the mass transfer velocity with the near surface turbulence parameters: 

5.05.0 )(2.0 ++ =
rmsL

ScK β .                                       (3-2) 

Figure 3.50 shows a re-plot of all the results expressed in terms of  5.0
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versus 5.0)( +
rms

β . For the gas absorption only experiments in our measurements, the 

data presents a mean value of 0.21, whereas for only the gas evasion experiments, a 

mean value is obtained as 0.19. For all of the presented data points including the data 

from Law & Khoo (2002), the overall mean quantity is 0.20. The difference noted for 

the different mean quantities is less than 10% and broadly suggests the correlation 

obtained is valid for both gas absorption and evasion, albeit the larger experimental 

uncertainty associated with the gas absorption measurements.   
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A very recent work on direct numerical simulation (DNS) of a vertical rotating 

open-channel flow with heat transfer at the free surface can be found in Li et al. 

(2006). Li et al. employed the correlation relation of Law & Khoo (2002) and 

re-expressed as 
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Their DNS results concur very well with Equation (3-3) in terms of trend as the 

rotational speed increases as depicted in their Figure 7. The magnitude also agrees 

reasonably well except that the computed results indicated a slight under-prediction. 

In fact if the coefficient in Equation (3-3) is reduced to say 0.20 as proposed in 

Equation (3-2), the concurrence would have been even better. The most important 

observation is that in Li et al., the turbulence near the free surface is generated via the 

rotation and yet the scalar transport in terms of heat transfer across the turbulent 

air-water interface behaves remarkably as determined by Equation (3-2). This further 

supports the possible universality of Equation (3-2). 

 

3.4 Discussion and Comparison with Other Similar Models 

In the recent years, the name ‘surface divergence model’ has been given to the 

model for a quantitative description of the gas-liquid interface given nominally by the 

parameter ( h V∇ ⋅ ), where h∇  is the horizontal two dimensional divergence operator 

and V is the velocity fluctuation vector. It is cleared that ( h V∇ ⋅ ) is equivalent to β as 

firstly shown by Tamburrino (1994), and also noted in Tamburrino & Gulliver (2002) 



Chapter 3 Experimental results and mass transfer model 

Mass transfer across the turbulent gas-liquid interface 37

and McKenna & McGills (2004). To consider the possible large deformation of the 

interface, Banerjee et al. (2004) modified the mentioned equivalence by an additional 

terms relating to the curvature of the fluctuating interface as opposed to a flat 

interface (see Equation (3-7) below). Nevertheless, in most experiments, if the 

fluctuating amplitude of the interface is kept deliberately limited and in an absence of 

wave breaking, the relationship between the gradient of vertical velocity taken with 

respect to the interface and defined as β here is still closely linked by to the negative 

two-dimensional divergence of the free surface.   

A detailed experimental work has been carried out by Tamburrino & Gulliver 

(2002) in a fully developed straight section channel flow, where turbulence is 

generated from beneath the interface (in the absence of any wind-imposed shear from 

above). Tamburrino & Gulliver emphasized and employed the maximum value of β 

frequency spectrum instead of the mean value of β in the near surface region. 

Together with the mass transfer measurements from Gulliver & Halverson (1989) and 

Lau (1975), they proposed a correlation of the form: 

++ = max24.0 βSScK .                                          (3-4) 

However, from an estimate of the various relevant tabulated quantities found from 

their Tables 1 and 3 like 2β + , 2β  and +
maxβS , we can obtain a re-worked relationship 

as: 
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This relationship and the experimental measurements of Tamburrino & Gulliver (2002) 

are also plotted in Figure 3.51 for comparison, which indicates a fair concurrence with 
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the present results. This suggests the critical importance of +
maxβS  in the correlation 

for the mass transfer across the gas-water interface as argued and put forth by 

Tamburrino & Gulliver (2002) can be viewed alternatively in terms of +
rmsβ . It may 

be mentioned that the deviation mainly lies in the lower β value region, which 

corresponds to low turbulence intensity region. Taking account of the measurement 

uncertainty and the limited experimental conditions carried out in Tamburrino & 

Gulliver (2002), the difference in the coefficients of Equations (3-2) and (3-5) is 

deemed to be acceptable.  

In McKenna & McGillis’s work (2004), they used an innovative DPIV technique 

to measure the surface divergence under an oscillating grid-stirred turbulent condition. 

Their work is focused on the role of surfactant on the scalar transport across the 

gas-liquid interface and presents a relationship in the form as: 

2/2
1

6
1

3
2,Re

2
1 ϕ−−−+ −=== enSc

aL
kK n

a ,                (3-6) 

where )( Va h ⋅∇=  is defined as surface divergence, vaLa /Re 2=  and the Schmidt 

number exponent n is governed by the surface conditions. Under a clean surface 

condition, n=0.5. A macro-length scale L is used to get a dimensionless quantity. For 

direct comparison with the results from Law & Khoo (2002) and the present work, the 

dimensional parameter β (or α) is used on the abscissa axis and plotted in Figure 3.51. 

The general trend of the present results fits well with the measurements of McKenna 

& McGills, while an obvious difference exists in term of the magnitude. Their results 

show a significant scattered pattern. In Mckenna’s thesis (2000), it was pointed out 

that there were several contributory factors to the experimental uncertainty for their 
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work. One such factor arose from the uncertainty in the DPIV measurement giving 

rise to around 10-30%. The other part is the limitation of the measurement determined 

by the spatial resolution. Brumley and Jirka (1988) have derived some theoretical 

results and suggested that the smallest scales contribute the most to the surface 

divergence, while the finite spatial resolution of around 6mm in McKenna & 

McGillis’s work omits the contributions of such smaller scales, which can result in the 

underestimation of the flow dynamics parameters. This would be an essentially 

consistent shift over all the measurements, rather than a random measurement 

uncertainty. This part of uncertainty is hard to estimate, but the magnitude is reckoned 

to be not negligible. We can only surmise qualitatively that the difference observed 

between Equations (3-2) and (3-6) is largely attributed to the vastly difference 

measurement techniques for β (or α).  

Banerjee et al. (2004) in their DNS study of the surface divergence models for 

scalar exchange between turbulent streams suggested a relationship which can be 

re-expressed as: 
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Here the term in the bracket embedded within the square bracket on the RHS is the 

surface divergence taking into consideration the curvature of the deforming surface, 

and C is a coefficient. Their DNS calculations showed that the said surface divergence 

term with the dilation contribution is numerically the same as another form obtained 

based on the Hunt-Graham (1978) blocking theory (their Fig. 8), such that C ≈ 0.20 
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for Equation (3-7) appears to concur rather well with the experimental data of Komori 

et al. (1989) for an un-sheared interface of an open channel flow (see their Table 2 for 

comparison of the measured mass transfer rate from Komori et al. and their 

prediction). For the DNS of the sheared turbulent air and water streams, from the 

rather limited data set, Banerjee et al. (2004) obtained a higher coefficient of C≈ 0.35 

(for the lower Sc of 1.0-1.2) and C≈ 0.45 (for the higher Sc up to about 200). It is 

unfortunate that the quantitative values of equivalent +
rmsβ (or dimensional β) are not 

provided explicitly and cannot be easily deduced to be reflected directly in either 

Figures 3.50 or 3.51 for more detailed comparison and evaluation. Nevertheless, 

despite the differences in the coefficient in Equations (3-7) and (3-2) which can be 

attributed to how the surface divergence is defined and related to β, the trend is 

unmistakenly similar and valid for a varied range of flow conditions irrespective of 

how the surface turbulence is generated. 

Finally, as already and somewhat discussed at length in Law & Khoo (2002), 

McCready et al. (1986) performed a computer simulation of liquid flow beneath a flat 

mobile interface next to the gaseous medium. As pointed out by the authors that there 

is not enough experimental information to determine β(z,t) completely, they just 

assumed that the spatial variation of the velocity field was represented by a single 

harmonic of the form as:  

)/2cos()(2),( zzttz λπββ =  and  ytzv ),(β= ,                    (3-8)  

with β(t) being a random function of time and z- is the transverse coordinate. The 

transverse wavelength λz was taken to be 100 (made dimensionless with interfacial 
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friction velocity and kinematic viscosity) for most of the calculations so as to be 

consistent with the measured behavior near a solid boundary. Though these and 

several other several assumptions were employed in their derivation, McCready et al. 

obtained a relation linking the scalar transport across the interface to β as: 

5.05.0 )(71.0 ++ = rmsL ScK β .                                          (3-9) 

This relation is plotted in Figure 3.51 for comparison. It is appropriate to note the 

characteristic velocity employed in the non-dimensionalisation appeared on the both 

sides of Equation (3-9) (and/or Equation (3-2) and others) can be cancelled out thus 

leaving the function completely unaffected. McCready et al. (1986) had used a 

different characteristic velocity scale for their non-dimensionalisation. It is clear that 

Equation (3-9) concurs with Equation (3-2) except for the magnitude of the 

coefficient, which can be easily attributed to the assumptions made in McCready et 

al.. 
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Chapter 4 Experiments in Liquid Wavy Film 

4.1 Introduction  

Thin liquid films falling under the influence of gravity along vertical or inclined 

solid surface are encountered in a wide range of industrial process equipments, 

including wetted-wall absorbers, falling-film chemical reactors, condensers, and 

vertical tube evaporators. Reliable design of these processes depends on the ability to 

accurately predict the transport rates of heat and mass to the flowing film. However, 

the interfacial and wall-to-liquid heat and mass transport processes for wavy falling 

films are significantly affected by the unsteady hydrodynamic characteristics of the 

wavy films such as the film thickness, velocity distribution, wall shear stress variation 

and others, which are not yet fully understood over a wide range of Reynolds 

numbers. 

In this Chapter 4 and the next two chapters, the interest on the scalar transport 

across the turbulent air-water interface culminating with the correlation given in 

Equation (3-2) is being extended to thin film flow arrangement. In other words, the 

intent is to ascertain whether Equation (3-2) is still applicable to thin film flow where 

hydrodynamic influence the scalar transport across the thin film interface. Both 

experiments and numerical simulations will be carried out. 

4.1.1 Wave Pattern and Thin-Film Flow Regimes  

The hydrodynamics of falling film have been studied by numerous researchers. 
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However, in several of these studies, the theoretical and experimental results are not 

in good agreement. The cause of the discrepancy is possibly attributed to the 

inadequate modeling of waves and associated inadequate resolutions in the 

experiments. According to the hydrodynamic studies carried out by Grossman (1984), 

the film flows can be broadly categorized into three regimes depending on the film 

Reynolds number (defined as νδμ /4/4Re4Re ws =Γ== ): 

(1) the smooth laminar flow, for 20Re ≤s ; 

(2) flow with surface waves, of partially laminar and partially turbulent nature, in 

4000Re20 << s ;  

(3) fully turbulent flow, for 4000Re ≥s . 

In the wavy flow regime (2), transition to turbulence and the surface disturbances 

become more significant with increasing Reynolds number. This transition regime can 

then be subdivided into capillary wavy-laminar, inertial-wavy-laminar, and inertial 

wavy-turbulent flow regimes, corresponding approximately to the Reynolds number 

ranges, 20<Res<200, 200<Res<1000, and 1000<Res<4000, respectively. The inertial 

waves are known as ‘roll’ waves; this is because of their appearance of rolling down 

over a film substrate.  

Increasing the Reynolds number causes the roll waves to develop a steep front. 

The increase in curvature increases surface tension force, which, in turn, leads to the 

growth of smaller push waves just in front of the larger waves. An excellent 

illustration of these differing flow regimes was experimentally observed by Morioka 

et al. (1993). They observed that the push waves collapse as they flow downstream. 
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However, the roll and push wave combination appears to persist after the collapse. 

Increasing the Reynolds number causes the wave interval to increase, and the wave 

fronts lose their ring-like symmetry. The flow has become chaotic in the last transient 

regime, and the waves are starting to interfere with adjacent waves. Continuing to 

increase the flow strength leads to a blending of the roll and push waves, and the 

surface becomes covered with small, jagged, turbulent waves. 

In the low Reynolds number range of 20<Res<200, surface tension force plays a 

key role in the evolution of the wave. These forces appear to be important when their 

magnitude is comparable to that of the gravity and viscous forces. The capillary 

waves appear as ripple on the film surface, being of their high frequency and small 

amplitude.  

Roll waves are governed by the interaction of inertia (attributable to the higher 

Reynolds number) and gravity. In such forms of waves, surface tension effects 

becoming negligible in comparison. These waves have longer wavelengths and much 

lower frequencies than capillary waves. The waves occur at Reynolds numbers 

ranging from 200 to 4000, and tend to overtake the smaller, capillary waves, resulting 

in a complicated surface structure that appears to be random in nature. Experimental 

studies have shown that, under constant operating conditions, roll waves travel with 

an almost constant celerity (wave velocity normalized with respect to average fluid 

velocity) and can be identified quite easily over a wide range of Reynolds numbers 

(Karapantsios and Karabelas (1990)). Figure 4.1 presents the schematic diagram of 

these two wave shapes.  
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4.1.2 Previous Experimental Methods 

Numerous researchers have used various measurement methods to investigate the 

wave patterns and characteristics of liquid films (The motivation lies in relating the 

wave patterns and characteristics of film flow to the scalar transport across the 

interface). These characteristics are important in estimating the effects that waves 

have on heat or mass transfer. Making reliable experimental measurements of the 

local flow structure in the film is exceedingly difficult due to the extremely small film 

heights (≈1mm), very short passage time of each wave (≈60ms) and the random 

location of the wave height. Many film thickness measurements have been conducted 

in the past to better understand the film characteristics such as the variation of mean 

or time-averaged film thickness with Reynolds number, axial variation of mean film 

thickness, temporal variation in local film thickness and statistical nature of interfacial 

waves. 

Previous experimental methods can be divided into two broad categories: (1) 

intrusive method, such as time-recording of film thickness at one or more location(s) 

using various probes; (2) Non-intrusive methods, such as shadowgraph method and 

light absorption and reflection method. 

Karapantsios et al. (1989) evaluated the statistical characteristics of a falling film 

within a vertical pipe by means of the ‘parallel-wire conductance probe’ technique. 

The technique is based on the inverse proportionality between the electrical resistance 

and the liquid layer thickness covering the wires. Lyu and Mudawar (1991) developed 

an alternative technique based on the principle of hot-wire anemometry. Nosoko et al. 
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(1996) used a needle contact technique to measure the wavy peak thickness. 

Intermittent contacts of the film with the needle were detected using a laser beam. The 

obvious disadvantage of this class of methods is that no matter how small the size of 

the probes, it will affect the flow field in the falling film to varying extent. At the 

same time, limited by the responding speed and/or the finite size of the probes, the 

obtained film thickness is based on time or spatial averaging. 

The methods of category (2) have mainly been used to measure the wavelength, 

thickness, frequency and phase velocity. Alekseenko et al. (1985) utilized the 

shadowgraph method to record the instantaneous thickness of the film. Based on the 

continuous record, the mean thickness and the phase velocity can be determined. 

Furthermore, Alekseenko et al. used stroboscopic visualization of spherical aluminum 

particles to track the film motion. Miller (1992), and Vikas & Horacio (1996) used 

similar method to get a magnified film shadow and recorded in analog or digital form. 

They used video recording to observe the development stages of the flow field and the 

film thickness variation with time. Nosoko et al. (1996) used the shadowgraph method 

to record two dimensional falling films on a vertical flat plate with controlled 

disturbance. When light from the stroboscope illuminates the wave, the concave and 

convex surface of the wave causes the light rays to diverge and converge, producing a 

train of dark and light strips on the back screen. The frequency of the two-dimensional 

waves was determined with the stroboscope by adjusting its frequency to the 

minimum so that the shadows of waves were fixed on the screen. The wavelength and 

phase velocity can also be determined. Methods of above category (2) will not affect 
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the flow field in the falling film and provide a good means to observe the flow pattern 

and phase velocity. However, these can not be employed to obtain the instantaneous 

velocity profile within the falling film.  

Ho and Hummel (1970) used the photochromic dye activation technique to 

measure the velocity profiles in vertical, annular falling films of aqueous alcohol 

solutions and alcohol-glycerol mixtures. This technique involves the reversible 

activation of a photochromic dye dissolved in the working fluid, and has been applied 

recently by Kawaji (1998) to various two-phase flow studies. Moran et al. (2002) 

extended this method to measure the instantaneous film thickness and velocity 

distribution. Lel et al. (2005) used the light reflection from the wavy surface and the 

fluorescence intensity technique to measure the film thickness and phase velocity. 

These mentioned methods make a good attempt to reveal the velocity profiles, but it 

seems difficult to provide sufficiently fine resolution in the vicinity of the interface. 

On the theoretical side, much progress has been made on the analysis of wave 

evolution in laminar film flow, and considerable efforts have been made on better 

physical understanding of falling liquid films. Numerical simulations of wavy laminar 

falling films have also been conducted to simultaneously predict the temporal and 

spatial variations in film thickness, wall shear stress and/or velocity fields. However, 

to our knowledge, velocity field predictions for wavy films have not been compared 

in great detail with instantaneous flow field data, since such experimental data are still 

rather scarce. 

In this work, we focused mainly on the surface structure of the falling film. Based 
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on the measured surface velocity profiles, the key parameter of β which is compatible 

to that determined in Chapter 2 and 3 will be determined. Mass transfer experiments 

are next carried out to provide a possible relation to β for comparison to Equation 

(3-2). 

 

 4.2 Experimental Apparatus for Falling Film 

Figure 4.2 shows the schematic diagram of the experimental apparatus for the 

falling film arrangement. The test section consists of a smooth plate and equipped 

with two side walls. All of the experimental components are made of transparent 

Perspex material. The dimensions of the test section plate are 25cm long and 80mm 

wide. To avoid any unwanted or extraneous light reflection from the plate surface, the 

exterior is covered with dull, self-adhesive black foil paper. The plate is inserted into a 

slot and fastened with screws. The other end of the test section plate is extended 

towards the water collection vessel. The slot (upper) surface is designed to ensure the 

flow transit smoothly to the test section plate surface. One end of the slot is attached 

to the upper water box (10cm (L) × 8cm (W) × 10cm (H)) and is smoothly rounded to 

ensure evenly distributed flow across the entire width of the test section plate.  

Figure 4.3 shows a more detailed schematic for the slot part. To reduce the water 

velocity fluctuation and to streamline the flow in the upper water box, some sponges 

and honeycomb collimators (0.32cm cell diameter) are placed in the box. 

The upper water box is installed on a separate bottom plate with dimension of 
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30cm long and 10cm wide. Two M3 screws are placed at the frontal side of the plate. 

They are aligned perpendicular to the test section plate and are used to adjust the 

system to make that the test section plate is horizontal across the entire width. A screw 

shaft located at the rear side of the plate is designed to adjust the incline angle of the 

test section plate.  

The water flow rate is monitored and can be controlled by means of a flow meter 

with a valve in the measurement range of 0—4 lit/min. The water is collected at the 

end of the test section in a deep collection vessel (6cm (W) × 13cm (L) × 7cm (H)) 

and recirculated via a water pump to the upper water box and flows down the inclined 

test section plate.  

For the mass transfer experiments, the whole apparatus is enclosed in a 

transparent case (73cm (L) × 18cm (W) × 20cm (H)). To minimize the unnecessary 

exposed area outside the thin film flow test section, the collection vessel and the 

upstream water box are designed with small cross section area. A fit cover is also 

added in the upstream water box to further reduce the unnecessary exposed area. The 

tracer gas is input from a location at height 50mm from the horizontal case bottom at 

the upstream position, and is exhausted from a location at height 180mm from the 

case bottom towards the downstream end. Since the input gas used in this work 

(carbon dioxide) is heavier than the air, the non-condensable gases (notably air) will 

be naturally exhausted out through the outlet opening located at a higher elevation. 

The input gas is supplied from a cylinder to the enclosed chamber, and its flow rate is 

controlled so that it does not induce any additional shear on the thin film flow in the 
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test section. In this work, the input gas flow rate was kept to be below about 80ml/s. 

Similar to the mass transfer experiments in Xu et al. (2006), the input gas is preheated 

to the same temperature as the working liquid (water) before being introduced into the 

system. 

The present set up is fairly similar to that employed in Moran et al. (2002). The 

present set up is, however, deemed more suitable for the study of falling film 

hydrodynamics with scalar transport across the interface. The relative high wave 

speed and thin film thickness constitute the main challenges for a viable falling film 

experiment. Compared with other types of falling film setups, this present set up 

provides more ways to control the wave speed and film thickness through fine 

adjustment of the inclined falling film angle and the flow rate can be varied 

independently, all of which allows a wide range of flow conditions. 

Table 4.1: Flow conditions in falling film experiment 

Flow conditions Inclined angle θ 

(degree) 

Flow rate (lit/min) 

Case I 5 0.8 

Case II 5 1.2 

Case III 5 1.6 

Case IV 15 0.8 

Case V 15 1.2 

Case VI 15 1.6 

In this preliminary work, the experiments were conducted at two different 
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inclined plane angles of 5o and 15o with three flow rates at 0.8 lit/min, 1.2 lit/min and 

1.6 lit/min applicable for each inclined angle. Table 4.1 summarizes the experimental 

flow conditions. All of the experiments were carried out at the temperature of 25oC. 

 

4.3 Experimental Techniques  

4.3.1 Surface Field Measurement  

As we have discussed earlier, previous experimental works on thin falling film 

flows mainly focused on the mean parameters such as film thickness, phase velocity, 

frequency and wave length. Though some attempts have been made to get the 

instantaneous velocity field within the thin film, the limited spatial resolution does not 

permit a clear revelation of the flow structure, especially in the vicinity of the 

interface. The small and yet continuously fluctuating thickness of the thin falling films 

presents considerable difficulties to the measurements of the local flow structure. PIV 

based technique, however, provides a possible means to reveal the entire flow field at 

the same time, which is especially so following the development of the micro-PIV 

technique. To reveal the flow structure, two observation views can be adopted. One is 

to site the camera from the side elevation to observe the falling film flowing down the 

inclined plate (termed the normal view), and the other one is put the camera directly 

above and looking down on the thin film surface to observe the layer parallel with the 

surface (also called the parallel view).   

For the former view, the thin film thickness poses the biggest challenge. If this 
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approach is adopted, the detailed information on the instantaneous interface position 

and the entire velocity profile would invariably require very fine spatial resolution. 

The mean film thickness is usually of the order of 1mm or less. It is thus expected the 

spatial resolution should be much less than 0.1mm with even finer resolution near the 

interface if one is interested to measure the vertical fluctuating velocity gradient at the 

interface to evaluate β. The highly irregular wavy surface and the fine spatial 

resolution make such kind of measurement very difficult.  

For the latter view, the challenge comes from how to determine accurately the 

depth of the observation layer relative to the fluctuating interface. With a fixed focus 

length, the variation of the optical media (caused by the interface fluctuation) will 

change the observation layer position. A lens with good magnification and reasonable 

depth of view is absolutely necessary. In our experiments, the key parameter β is 

related to the surface divergence as also shown by Tamburrino & Gulliver (2002) and 

McKenna & McGillis (2004), and the surface divergence can be derived from the 

surface velocity profile (see below). 

As such, the parallel view approach is adopted in this work. A high speed video 

camera (Photron ultima APX) with frame speed at 2000 frames per second was used 

to capture the surface motion images. A 55mm macro lens was attached to the high 

speed camera to obtain a view field size (image) of approximately 3.3cm by 3.3cm on 

the focal plane. The high speed camera was fixed on a moving carriage (Manfrotto Art. 

454) with a range of 0—120mm. Two stages were combined to enable a larger range 

so that the camera can track the whole length of the thin film flow test section. With 
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the help of the carriage, the camera is able to move along the streamwise direction 

such that the variation of surface divergence with the axis position can be 

systematically obtained. For each x position in the streamwise direction, the surface 

motion was captured separately for five times. For each run, at least 100 images were 

obtained at equally space time intervals. These 500 images or more were used to 

compute the ensemble average parameters for each position. A high intensity lamp 

(ARRILUX 400) was used to provide sufficient light source for image capturing. 

Figure 4.4 shows the arrangement of each part for the whole system. 

 Three further measures are adopted to eliminate unwanted light coming from the 

region beneath the wavy surface. Firstly, commercially available dark blue dye was 

introduced to reduce the light coming from the region beneath the film surface. In this 

work, 1.5ml dye was mixed with 2000ml pure water. Its effect on the viscosity and 

other physical properties are deemed negligible. Figure 4.5 shows the different effects 

before and after introducing dye into a still water drop. Some particles were left on the 

plate initially, and then a still water drop (with and without dye) was introduced by a 

small syringe. The images before and after the introduction of dye were captured and 

compared in Figure 4.5. From this figure, it can be clearly seen that before introducing 

the dye, the particles (beneath the surface) can be seen clearly. As the dye was 

introduced, the light reflected by the particles was overshadowed or ‘blocked’ by the 

dye. The second measure relates to the procedure for releasing the particles into the 

thin film. Polypropylene (PP) particles were added into through a fine sieve with 

50µm grid spacing. This kind of particles was also employed by Weitbrecht et al. 
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(2002) after consideration of the density requirement with the property of less 

conglomerating tendency. Although these particles are considered neutrally buoyant, 

they still float on the surface when firstly introduced directly into the thin film flow. 

During the experiments, the particles were poured on the free surface at the upstream 

location by shaking the sieve gently. This procedure of particle introduction is similar 

to the action by Tamburrino and Gulliver (2002) in their investigation of the surface 

motion. Finally, the third measure relates to the intensity threshold value based on 

observation of the collected images which was used to filter out the possible 

extraneous light reflected by the particles located beneath the surface.   

 From the surface field images, an adaptive correlation algorithm is used to 

obtain the surface velocity distribution (with integration window area 16(x-) × 32(z-) 

pixels and 25% overlap). The surface velocity gradient is calculated via second-order 

central differences method in the domain view area, such as: 

11

11

−+

−+

−
−

=
∂
∂

ii

ii

xx
uu

x
u

, 

11

11

−+

−+

−

−
=

∂
∂

jj

jj

zz
ww

z
w ,                                              (4-1) 

where the i- and j- are in the direction of x- (streamwise) and z- (lateral) 

correspondingly. Next, the surface divergence defined as 

h
u wV
x z
∂ ∂

∇ ⋅ = +
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                               (4-2) 

is evaluated. Here u  and w  are the surface velocities in the streamwise (x-) and 

transverse (z-) directions. With the continuity equation, it is found that β is related to 

the surface divergence as  
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This relationship is also revealed in Tamburrino & Gulliver (2002), McKenna & 

McGillis (2004) and Banerjee et al. (2004). 

 

4.3.2 Mass Transfer Velocity Measurement  

As discussed earlier, the mass transfer velocity of sparingly soluble gas (such as 

oxygen used in this work) is controlled primarily by the diffusion of the tracer gas in 

the liquid film because of its significantly lower diffusivity in the liquid as compared 

to the gas phase. The major resistance for diffusion lies in the liquid side.  

The equation governing the transfer velocity is given earlier in Equation (2-3) and 

repeated here as: 

)( CCAK
dt
dCV SLw −= .                                          (4-4) 

Each symbol has the same meaning as discussed before. Similarly, the overall mean 

mass transfer velocity over a period of time tf can be expressed in the following form 

by integrating Equation (4-4): 
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,                                   (4-5) 

where the area A is taken to be a flat surface equal to the thin film flow in the test 

section (measuring 8cm (W) × 25cm (L)). Here sC  is the concentration at the 

interface,  iC  and fC  are the concentrations in the bulk liquid at 0t =  and ft t= , 

respectively. In this work, ft  typically ranged from 20 minutes to 30 minutes, and at 
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least 5 data points were sampled to obtain the representative average value. The total 

volume of water in the system is measured accurately via calibration flask before 

introducing into the system. In this work, about nominally 2.0 liter of water was 

utilized. It may be noted that the mass transfer experiments were carried out 

separately from the experiments for surface field velocity measurement. Precautions 

were taken to keep the water and the surface clean.  

Along the film surface, the concentration of oxygen Cs is constant and in 

equilibrium with the partial pressure of oxygen in the gas phase. The concentration of 

the dissolved oxygen in the water is measured with a DO probe (HACH HQ30d) with 

an instrument accuracy of 99%. This is a different measuring probe from the earlier 

experiments in Chapter 2, since this one provide a quicker response time and so more 

accurate results compared to the previous one. The probe is put in a closed tank 

located in the downstream of the test section (as shown in Figure 4.2). The probe is 

factory calibrated and works in the range of 0—20ppm. Its accuracy is confirmed with 

some standard prepared samples as discussed earlier. Limited by the working range of 

this probe, only oxygen evasion experiments were carried out in this part of work. As 

before, for the oxygen evasion experiments, carbon dioxide was also introduced 

initially for a period of at least 5 minutes. The gas (carbon dioxide) was supplied from 

a cylinder to the test system. Its flow rate and pressure were controlled so that the 

pressure did not exceed 20psi (around 1.38bar) and the flow rate did not exceed 10cfh 

(around 78.7 ml/s).
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Chapter 5 Experimental Results of the Thin Falling Film 

5.1 Surface Velocity Distribution 

Figure 5.1 shows the typical image captured in the experiments. It was taken 

along the central line in the wide direction. The image is consisted of 1024 × 1024 

pixels. The coordinate originates from the left lower corner with the positive x- 

direction along the flow direction from left to right, and the positive z- direction 

points from bottom to top. Taking account of the main flow direction lying in the x- 

direction, the integration window used in the analysis process is 16(x-) × 32(z-) pixels 

with 25% overlap. The whole field of view for the image is about 3.3cm × 3.3cm, so 

each integration window area is about 0.5mm × 1mm. Two successive images were 

compared and the velocity field was obtained by adopting the adaptive correlation 

algorithm, which have been discussed before in Section 2.3. 

Figure 5.2 to Figure 5.7 show the typical velocity distributions for the film 

surface under different flow conditions. From these figures, it can be seen that the 

velocity vectors have main components in the streamwise direction. And it is quite 

clear that the velocities increase with the inclined angle and the flow rate.  

Figure 5.8 to Figure 5.13 show the variation of surface mean u velocity along the 

centerline in the x- direction. The mean u velocity is firstly averaged over a spatial 

domain 5mm (x- direction) and 33mm (z- direction) with 25% overlap pertaining to 

each x position eventually distributed in the streamwise direction, then an ensemble 
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averaging operation is carried out for all of the captured images. The coordinates in 

the plot have been made dimensionless according to the flat film thickness ( 0h ) and 

average velocity ( 0u ) estimated from Nusselt’s theory (see also Gao et al. (2003)):  
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Here θ  is the inclined angle and Re is the nominal Reynolds number defined as  

νν W
Qhu

== 00Re ,                                              (5-3)  

where W is the width of the test plate. Based on these equations, the nominal 

Reynolds numbers for the studied cases were estimated as: 

Re (Case I) = Re (Case IV) ≈ 166, 

Re (Case II) = Re (Case V) ≈ 249, 

Re (Case III) = Re (Case VI) ≈ 332. 

The x- direction is considered to be the wave evolution direction where the major 

velocity changes occur in this direction. It is unfortunate that there is much less 

pertinent experimental data from the literature for our direct comparison. Most of the 

experimental works were obtained under fixed frequency disturbance and the focus is 

on the time evolution characteristics which is dissimilar to the flow conditions in our 

experiments. Portalski and Clegg (1972), however, presented the variation of the 

mean film thickness with distance with naturally occurring waves (similar to us). 

From their figures, it is possible to deduce the evolution of the surface velocity 

variation for comparison. According to Nusselt’s theory, the u velocity has the 
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following profile:  

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛=

2

0 2
2
3

δδ
yyuu .                                         (5-4) 

From this equation, the surface velocity (where y=δ) is given as 1.5 times the 

averaged velocity. From Equation (5-2), one knows the relationship between the 

averaged velocity and the film thickness. The results deduced from Portalski and 

Clegg (1972) are also shown in Figure 5.8 to Figure 5.13. The Reynolds numbers in 

Portalski and Clegg (1972) are in the similar range as this work and it provides a near 

comparison to validate our measurements. There is general concurrence of magnitude 

for the distributions. Our results also show that the mean u velocity distribution 

indicates a somewhat decreasing trend fairly similar to Portalski and Clegg (1972). 

Taking into account the differences in experimental conditions (vertical glass sheet 

was used in the work of Portalski and Clegg) and the entry conditions, the deviation 

observed is considered to be acceptable.  

Figure 5.8 to 5.13 for the u- distribution also show the non-uniqueness of using 

only Re to characterize the thin film flow. The intent for these plots serves primarily 

to provide some validations of the experimental set-up and quantitative measurements 

versus published work like Portalski and Clegg.  

 

5.2 Surface Divergence 

The surface divergence is calculated by the sum of the second order of velocity 

gradient for u and w. Since the surface divergence is also related to β (Equation 
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(1-11)), and β has been used to characterize near surface turbulence in Chapter 3, we 

shall revert to the use of β henceforth in the below discussion.  

Figure 5.14 to Figure 5.19 present the variation of surface divergence or β in the 

streamwise direction. More specifically, the evolution is for  

1/ 4
1/ 2 2 1/ 4 2

0

1( ) ( )
T

rms time average time average dt
T

β β β⎡ ⎤≡ = ⎢ ⎥⎣ ⎦∫                      (5-5) 

along the centerline of the thin film flow section as a function of x. Here T=0.25s. β is 

firstly obtained in each integration area (16 pixel (x- direction) × 32 pixel (z- direction) 

measuring around 0.5mm × 1mm) with 25% overlap, and 2β  is the average taken 

over several integration areas (5mm in x- direction and 33mm in z- direction) 

spanning the transverse extent of each image. These figures clearly show that 

1/ 2( )rms time averageβ  is not a constant, but is a function along the streamwise direction. It 

also indicates the mass transfer velocity is not a constant in the flow field. It is 

consistent with the evolution characteristic of the falling films.  

Figure 5.20 shows the effect of observation areas for 1/ 2( )rms time averageβ  evaluated 

along an axis parallel to the centerline but offset by around 1cm in the z- direction. 

The purpose of this plot is to examine the variation of β in the spanwise (z-) 

direction. The horizontal lines provided indicate the overall averaged values of 

1/ 2( )rms time averageβ  taken across the length of the test section given as 

1/ 2( )rms overall averageβ . Firstly it can be seen that the two distributions in Figure 5.20 

follows similar trend with some limited offset variation, and the deviation for the 

1/ 2( )rms overall averageβ  is below 10%; these features are common for all the other studied 

cases (not shown). By taking 1/ 2( )rms time averageβ  along the centerline as representative 
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of β distribution over the extent of the thin film test section to minimize the side wall 

effect, one may expect to incur an error limited to about 10% or so. 

Figure 5.21 shows the variation of 1/ 2( )rms overall averageβ  with different flow rates. It 

is clear to see that 1/ 2( )rms overall averageβ  increases with the flow rate and inclined angle. 

The increase of 1/ 2( )rms overall averageβ  with inclined angles and flow rates can be 

regarded logically as indicators for increase of turbulence activities in the flow and 

especially at/near the interface. Such observations are consistent with the findings in 

circular wind wave tunnel (like Law & Khoo (2002)). It also demonstrates a possible 

monotonic relationship between the key parameter β and the studied flow parametric 

conditions. Though at the same flow rate under two inclined angles have the same 

nominal Reynolds number, the distribution of 1/ 2( )rms overall averageβ  which indicates an 

increase with the inclined angle may suggest that β is perhaps a more suitable single 

parameter to characterize the near surface turbulent conditions than just the Reynolds 

number.  

 

5.3 Mass Transfer Velocity  

Figure 5.22 presents the variation of overall mass transfer velocity ( )L overall meanK  

with the flow rate at different inclined angles. It is observed that the mass transfer 

velocity increases with both the flow rates and inclined angles; this behavior is 

identical to that of the 1/ 2( )rms overall averageβ  distribution. Figure 5.22 clearly shows that 

the mass transfer velocity is not a unique function of the nominal Reynolds number 
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and would certainly require other(s) to ensure a 1-1 functional relationship. On the 

other hand, the possibility exists that the mass transfer velocity can be made related to 

1/ 2( )rms overall averageβ . The potential of β is evident since it characterizes the near surface 

turbulent conditions and the scalar transport across the interface is definitely affected 

by the hydrodynamic conditions right at the interface within the mass concentration 

boundary layer. 

Figure 5.23 presents the variation of overall mean mass transfer velocity 

( )L overall meanK  with 1/ 2( )rms overall averageβ . This figure shows a distinct feature of 

monotonic trend between these two parameters. This figure gives us more confidence 

to use β as the key/crucial parameter affecting the mass transfer across the thin film 

flow. Several of the mass transfer experimental works (for falling films) presented the 

empirical correlation between the mass transfer velocity and the nominal Reynolds 

number (such as Miller & Keyhani (2001)). Nosoko et al. (1996) had included the 

effect of forcing disturbance frequency as an additional parameter. Invariably more 

than one governing parameter is involved and deemed necessary to describe 

(indirectly) the surface flow condition, which affect directly the mass transfer across 

the interface. Our finding of β as a single hydrodynamic parameter relating to the 

scalar transport for the thin film flow is probably carried out for the first time; it 

presents an opportunity to relate to a previously obtained empirical relation based on 

vastly different non-thin film flow configurations/arrangements where β is involved 

and given in Equation (3-2).   

 



Chapter 5 Experimental results of the thin falling film 

Mass transfer across the turbulent gas-liquid interface 63

5.4 Mass Transfer Model Validation  

Figure 5.24 shows the results expressed in terms of 0.5 0.5/( )L mean rmsK Sc β υ−  vs. 

1/ 2( )rmsβ  for the studied cases. The horizontal line indicates the mean value of the 

ratio for all of the studied cases. It is remarkable that the distribution of 

0.5 0.5/( )L mean rmsK Sc β υ−  for the present experiment takes on a constant of about 0.55 

(or at most a slow-varying function with rmsβ ) which still corresponds reasonably in 

the same order of magnitude to the constant quantity of 0.2 given in Equation (3-2) 

(reported in Xu et al. (2006) and Law & Khoo (2002)). As already noted by Xu et al. 

(2006), the larger magnitude of 0.5 0.5/( )L mean rmsK Sc β υ−  attained in McKenna and 

McGillis (2004) can be possibly attributed to the large uncertainty in the DPIV 

measurement of roughly 10-30% and spatial resolution issue of which are likely to 

lead to an underestimation of the flow dynamic parameters like β.  

There are several other contributing factors leading to the observed discrepancy 

between our experiments and Equation (3-2). One is related to the surface area A 

taken to be the region of the thin film flow in the test section for the evaluation of 

L meanK −  in Equation (4-5). Ideally, though precautions have already been adopted to 

reduce the exposed water surface to the tracer gas except in the test section, it is 

inevitable that there are still considerable exposed areas upstream and downstream of 

the inclined plane test section. The nominal test section (pertaining to the thin film 

flow and where β was quantified) was measured as 8cm×25cm; both the upstream and 

downstream regions have exposed areas constituting about more than 50% of the test 

section. Experimentally, it is not feasible to cover up these upstream and downstream 
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areas such that there is no exposure to the tracer gas. Even if one can find a means to 

do so, the near surface turbulence intensity in the test section and especially β would 

be unclearly affected. Since this is perhaps the first time measurement of β has been 

attempted for the falling film flow configuration, we believe the present preliminary 

finding can serve the all-important purpose to ascertain broadly if β is indeed truly a 

critical parameter to consider affecting the scalar transport across the interface. In 

essence, we are looking for whether there is a broad agreement of the measurements 

from the falling film flow experiments and Equation (3-2) in both magnitude and 

trend. Let’s bear in mind that if the increased surface areas for the scalar transport 

were properly accounted for, the mentioned agreement in terms of magnitude would 

be even better. Other possible error may arise from the determination of the scaling 

factor, which was used to estimate the surface velocity. The scaling factor was 

determined by capturing a scaled ruler and estimate the pixel distance for a known 

length. Another source of major error/uncertainty comes from the evaluation of the 

surface velocity derivatives to obtain the surface divergence and hence β. It is 

estimated the uncertainty associated is around 10%. All in all, in the midst of the 

errors incurred, our preliminary results for the falling film flow experiments have 

clearly shown broad agreement with the scalar correlation given in Equation (3-2). 

One can hardly say that the present finding is simply just fortuitous to concur well 

with Equation (3-2) since both experiment and numerical simulation (Chapter 6) were 

attempted. Of course, more works need to be done to increase the range of flow 

conditions with wider variations of β. and this we hope to do so in the near future. 
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Chapter 6 Numerical Simulation in Falling Film 

6.1 Introduction 

Numerical study can offer further insights into the film hydrodynamics that are 

not easily obtained from experiments. Nusselt (1916) was probably the first to 

develop solutions for the falling film hydrodynamics on a vertical flat plate. For a 

steady, uniform, fully developed one-dimensional flow (Figure 6.1), the Navier-stokes 

equations reduce to: 
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dP .                                                      (6-2) 

Nusselt used the no-slip boundary conditions at the wall and assumed that the shear at 

the liquid-gas interface was negligible. Equation (6-1) was solved and a parabolic 

velocity profile was given as: 
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where Δ is the nominal thickness of falling film, y- is the direction perpendicular to 

the interface, and u is the streamwise velocity (x- direction). By integrating the 

velocity profile over the film thickness, the averaged velocity can be obtained as: 

ν3

2Δ
=

gU .                                                     (6-4) 

Usually, Equation (6-4) is substituted into Equation (6-3) to simplify the velocity 
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profile as: 
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Several analytical models on film hydrodynamics extend the idea as seen in 

Kapitza and Kapitza (1949) which is based on the parabolic velocity profile and 

assuming that the streamwise hydrodynamic variables scale with the wavelength. In 

examining various models developed to that date, Dukler (1972) concluded that all 

failed to accurately represent any measured characteristics of the wave except at 

Reynolds numbers well below those of industrial interest. 

In a different approach, Brauner & Maron (1983) and Maron et al. (1985) treated 

isolated waves as a series of segments (Figure 6.2 where the velocity vector is 

indicated as relative to the interface velocity), each having a different type of velocity 

distribution depending on the physics of the region. In the so-called substrate region, a 

parabolic velocity profile was adequate, while the flow under the front of the wave 

was assumed to be fully mixed. The slowly varying wave back was described with a 

boundary layer model. Upon matching these solutions at the segment boundaries, it 

was possible to predict wave mean characteristics (such as film thickness, wave 

length and phase velocity) in reasonable agreement with the values measured. The 

model was fitted with a limited amount of data from experimental measurements and 

it failed to explain the large variation observed in individual wave amplitudes and 

lengths. 

Wavy film flow is a challenge both for experimental measurements and for 

numerical simulations due to the typical length scales involved: a few millimeters 
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thickness, but tens to hundreds centimeters running length to exhibit wave characters. 

Modeling the wavy film flow by a direct solution of the Navier-Stokes equation is 

hampered by numerical stiffness imposed by the stress free interface, resulting in 

convergence difficulties except at lower Reynolds Numbers. Bach and Villadsen 

(1984) explored the application of a finite-element scheme to the unsteady problem of 

waves developing from initial perturbations on the smooth film for Reynolds numbers 

up to 100. Kheshgi and Scriven (1987) applied a finite-element technique to problems 

with periodic boundary conditions in the flow direction, and verified the evolution of 

infinitesimal disturbances as predicted by Orr-Sommerfeld analyses. Their work was 

limited to low flow rates, and failed to generate waveforms comparable to those 

observed experimentally for fully developed flow. Recently, some pertinent works 

have been carried out using finite element methods, such as Ho & Patera (1990), 

Malamataris & Papanastasiou (1990), Salamon et al. (1994), and Ramaswamy et al. 

(1996). Malamataris & Papanastasiou focused on a modified outflow boundary 

condition by calculating traveling waves in truncated domains. Salamon et al. 

assumed an initial sinusoidal waveform, and solved the governing equations in a 

reference frame moving with the wave. Ramaswamy et al. used the so-called 

Arbitrary Lagrangian-Eulerian (ALE) method, where the grid velocity must be 

judiciously selected in order to handle very large deformations. The moving surface 

was captured by a Lagrangian type method. Their simulation work introduced spatial 

waves on the initial film and used periodic boundary conditions with the constraint 

that the mean film thickness is conserved. This is not compatible with the 
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experimental conditions corresponding obviously to open flow conditions where the 

flow rate is conserved. Gao et al. (2003) used the Volume of Fluid (VOF) surface 

tracking method based on the finite volume idea, and the Continuum Surface Force 

(CSF) model to account for the surface tension effect. They succeeded in simulating 

the thin film flow subjected to an inlet flow rate perturbation and investigated the 

downstream response to the small monochromatic forcing disturbance. This method 

does not need to assume a prior waveform and velocity.   

The falling film flow used in industries mostly operates in the wavy-laminar flow 

regime. However, because of its complexity, research has been limited until recently, 

with the advent of powerful computational tools. The wavy-laminar flow regime is 

considerably more dynamic than the smooth laminar flow and requires either 

considerable computational effort or excellent physical insight to simplify and solve. 

Morioka & Kiyota (1991), Yang & Jou (1993), and Patnaik & Perez-Blanco (1996) 

numerically solved the wavy-laminar flow problems for absorption of water vapor 

into a film of aqueous LiBr. In their studies, the velocity profile was assumed as prior 

and was used as input for solving the energy and diffusion equations. Morioka and 

Kiyota assumed a parabolic velocity profile and solved the energy and diffusion 

equations for a periodic, sinusoidal wave motion. Their results showed that the 

averaged mass flux increase 1.7 to 2.4 times that of laminar flow. In order to avoid 

modeling the wave structure that accompanies falling film flow, Wasden and Dukler 

(1989, 1990) applied a semi-empirical method in which the flow was calculated for 

experimentally measured wave shapes and velocities. Subsequent solution of the 
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diffusion equation in a coordinate system moving with the wave demonstrated 

enhancement of the mass transfer rate by a factor of 1.5 to 2.5 times in comparison 

with the smooth film case.  

An accurate or at least reasonable determination of the film hydrodynamics is of 

paramount importance since it directly affects the mass transfer across the interface. 

In this study, we adopted the familiar and well-established VOF method (as used in 

Gao et al.) provided by the Fluent software package to determine the hydrodynamics 

of the falling film flow, and the mass transfer computation was added in through a 

user defined scalar (UDS) function and started after the flow field has reached a 

quasi-steady state. 

 

6.2 Numerical Methods 

6.2.1 Governing Equation  

The VOF method relies on the fact that the two (or more) considered fluids are 

not interpenetrating. For each phase, a new variable is introduced: the volume fraction 

of the phase in the computational cell (α ). In each control volume, the volume 

fractions of all phases sum to unity. The fields for all variables and properties are 

shared by the phases and represented by volume-averaged values, as long as the 

volume fraction of each phase is known at each location. Thus the variables and 

properties in any given cell are either purely representative of one of the phases, or 

representative of a mixture of the phases, depending upon the volume fraction values.  
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We consider a two-dimensional vertical thin film flow on a flat plane. The x- axis 

is oriented the streamwise direction along the plane, and the y- axis is perpendicular 

to the plane in the film thickness direction with the origin at the plate. Two different 

Reynolds numbers under various disturbance frequency cases were considered in this 

study. Taking account of the low Reynolds number and no heat transfer included, the 

flow is considered to be a laminar incompressible Newtonian and isothermal flow. 

The governing equation is given as: 
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Here ),( vuv = , where u and v are the streamwise and perpendicular velocities 

respectively, and all the other variables and symbols carry the usual meanings. volF  

is the additional volume force. The subscript w denotes the properties related to the 

water phase. Equation (6-8) is the volume fraction equation for water phase. For the 

gas-phase (denoted by subscript g), the volume faction ( gα ) will be computed based 

on the following relationship: 

1=+ gW αα .                                                  (6-9) 

The volume-fraction-averaged density and viscosity take on the following form as: 
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The governing equation for mass transport is given as: 
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where wc ρφ /= . Here c is the concentration of tracer gas dissolved in the liquid side, 

and D is the corresponding liquid side diffusion coefficient.  

The momentum and mass transfer equations are discretized by the second-order 

upwind scheme. PRESTO! (Pressure Staggering Option) scheme is adopted for the 

pressure interpolation. Pressure-velocity coupling is achieved by the PISO 

(Pressure-Implicit with Splitting of Operators) scheme. 

 

6.2.2 Surface Tension 

As discussed before, the surface tension plays an important role in the thin film 

flows. The surface tension is taken into account through the Continuum Surface Force 

(CSF) model proposed by Brackbill et al. (1992), where the surface tension is 

transformed to a volume force volF . The addition of surface tension to the VOF 

calculation results in a source term in the momentum equation. The localized volume 

force volF  is calculated from the volume fraction data by 
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where κ  is the curvature of surface, and calculated from the local gradients in the 

surface normal at the interface. Let n  be the outward surface normal vector and is 

given as: 

Wyx nnn α−∇== ),( ,       nnn /ˆ = .                            (6-14) 

The curvature κ  is thus defined in the terms of the divergence of the unit normal n̂ : 
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n̂⋅∇=κ .                                                    (6-15) 

 

6.2.3 Interface Reconstruction and Face Flux Interpolation 

The standard interpolation schemes are used to obtain the face fluxes whenever a 

cell is completely filled with one phase or another. When the cell is near the interface 

between two phases, a special method called geometric reconstruction scheme is 

adopted.  

The geometric reconstruction scheme represents the interface between fluids 

using a piecewise-linear approach. The geometric reconstruction scheme is 

generalized for unstructured meshes from the work of Youngs (1982). It assumes that 

the interface between two fluids has a linear slope within each cell, and uses this 

linear shape for calculation of the advection of fluid through the cell faces. Figure 6.3 

gives out the actual interface shape and the interface shape represented by the 

geometric reconstruction scheme. 

The first step in this reconstruction scheme is calculating the position of the linear 

interface relative to the center of each partially-filled cell, based on information about 

the volume fraction and its derivatives in the cell. Figure 6.4 shows an example for 

the interface reconstruction. For the cell (i, j), the surface is represented by the line 

function as: 

jiji dxky ,, += .                                                (6-16) 

The slope jik ,  is obtained from the volume fraction derivative in the cell and given 
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as: 

jiyxji nnk ,, ]/[−= .                                             (6-17) 

The intersection point of the line with the local y- axis is determined by the liquid 

volume fraction in the cell and the slope. Specifically for the case of 

ijji xyk ΔΔ<< /0 ,  and 2/2
,, ijiji xkV Δ< , the value jid ,  is given by: 
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where jiV ,  is the fluid volume in the cell (i, j). Other cases at the different fluid 

occupation conditions can be computed in a similar way.  

The second step is calculating the amount of advection fluid through each face 

using the computed linear interface representation and information about the normal 

and tangential velocity distribution on the face. The third step is calculating the 

volume fraction in each cell using the balance of fluxed calculated during the previous 

step.  

 

6.2.4 Boundary Conditions 

For the VOF method based on a fixed rectangular grid, since the free surface is 

no longer the real computational boundary, the boundary conditions for the extended 

computation domain take on a relatively simpler form. 

For the bottom wall, non-slip boundary condition and zero scalar flux condition 

are adopted and given as: 
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For the top side, the inlet gas velocity and the saturated concentration are given 

as: 

0== vu  and wsatc ρφ /= .                                      (6-20) 

where wρ  is the density of water. For the inlet conditions, gas and liquid inlet are 

treated separately based on the estimated film thickness *h . The dimensionless 

parameter Reynolds (Re) number is defined as:  
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where *u  is the estimated film average velocity. Based on Nusselt’s theory, *u  is 

given as: 
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From Equations (6-21) and (6-22), for a given Reynolds number, the characteristic 

length and velocity can be expressed as: 
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To allow the inlet disturbance to evolve into steady-state periodic waves, the film 

running length needs to be quite long. In this work, the computation domain is 500h* 

in the x- direction and 2.5h* in the y- direction. The mesh size is 0.4h* in the x- 

direction and 0.1h* in the y- direction. The time step is fixed as 2×10-5 s for all the 

computed cases (i.e. ** /02.0~01.0 uht =Δ ). It may be noted that much smaller mesh 

sizes especially in the y- direction and time steps were implemented for several 

selected configurations to ensure grid invariance of computed results. The gas is 

‘induced’ above the nominal liquid film thickness of *h  (i.e. in the range of *h  to 
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2.5 *h ). The inlet gas velocity and the saturated concentration are given as: 

0== vu  and wsatc ρφ /= .                                     (6-24) 

Liquid is ‘induced’ below the height of *h  (i.e. in the range of 0 to *h ). The inlet 

liquid velocity is given as the Nusselt’s theory predicted parabolic velocity profile: 
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The forcing perturbation is included in Equation (6-25). F is the frequency of the 

forcing disturbance and ε  is the disturbance magnitude. As discussed in Gao et al. 

(2003), the disturbance magnitude has negligible effect on the wavy characteristics at 

the steady state. In fact, for the previous experimental works, such as Liu & Gollub 

(1994), Alekseenko et al. (1985) and Nosoko et al. (1996), all have reported that the 

steady-state wave shape is sensitive to the forcing frequency but remains fairly 

independent of the forcing strength. This kind of perturbation introduced as 

initial/boundary conditions by Gao et al. (2003) is compatible with the disturbance 

introduction methods used in experiments, and as such is adopted in the present work. 

For the outlet conditions, the type of outflow boundary condition is adopted, 

where the exit flow is assumed to be close to a fully developed condition. The scalar 

flux is given to be zero. The same exit boundary condition was adopted as in Gao et al. 

(2003): 

0=
∂
∂

=
∂
∂

x
v

x
u  and 0=⋅

∂
∂ n
xi

φ .                                    (6-27) 
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6.3 Results and Discussion 

We computed for two flow conditions with different Reynolds numbers and under 

four different frequencies imposed. The present preliminary work covered 

representative small-amplitude nearly sinusoidal type wave and high amplitude 

teardrop type wave. The mass transfer simulation was started after reaching 

quasi-steady wave shape, and the mass transfer associated parameters (such as β and 

KL) were measured after the concentration profile has reached quasi-steady state. In 

our implementation, the mass transfer measurement commenced around 

tΔ45000~35000 after the simulation started, depending on the case studied. The 

water properties were given as: 

3 2998.2 / , 9.78 / , 0.001003 /( ), 0.073 /kg m g m s kg m s N mρ μ σ= = = ⋅ = . 

Other simulation conditions were given as:  

1) Re=20.1, f=27 Hz (Case A); 

2) Re= 20.1, f=45 Hz (Case B); 

3) Re=69, f=30 Hz (Case C); 

4) Re=69, f=70 Hz (Case D). 

 

6.3.1 Wave Shapes 

As studied by Gao et al. (2003), we also selected Case A to validate the present 

simulation result. This Case A corresponds to the experimental case of No.11 of 

PLATE 41 reported in the Kapitza study (1949). Kapitza and Kapitza did not provide 
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explicitly the forcing frequency, but reported the steady-state wavelength λ  and 

wave velocity wu . Following Gao et al. (2003), we estimated the inlet forcing 

frequency through the relation λ/wuF =  with the assumption that the waves inherit 

the perturbation frequency. 

Figure 6.5 shows the comparison of the calculated almost stationary sinusoidal 

type wave shape for Case A. The shadowgraph provided by Kapitza and Kapitza 

(1949) and the simulated wave shape calculated by Gao et al. (2003) are also 

presented for comparison. Figure 6.5(a) is the experiment via shadowgraph; Figure 

6.5 (b) is the calculation by Gao et al. (2003); Figure 6.5 (c) is the results calculated in 

this work. From this figure, it can be seen that the calculated waveform and the 

experiment are very similar. Gao et al. overestimated the wave length on comparison 

with the experiment and our work. Overall, the wave shape exhibits a slightly steep 

front and gentle tail. The curvature of the wave surface is larger at the wave trough 

and smaller at the wave crest and tailing slope. 

Figure 6.6 shows the evolution of the studied film flows under the inlet forcing 

disturbance. The coordinates in these figures are made dimensionless by the 

corresponding characteristic film thickness estimated by Equation (6-23). Same 

operations are done for all of the figures in this work. It can be seen that the small 

capillary ripples rapidly spread over the whole length and grow into larger amplitude 

waves in the downstream direction. For the smaller Reynolds number cases (Case A 

and Case B), the small inlet waves grow into nearly sinusoidal type waves. The 

semi-stationary waves have nearly the same shape and amplitude, and they travel at 
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nearly the same speed. However, they are not exactly stationary. On close 

examination of these figures, it can be found that the wavelength and amplitude 

slightly increase in the streamwise direction. This behavior is consistent with the 

finding of Kapitza (1949) and Alekseenko (1985). Such behavior also has been 

summarized by Chang (1994). The wave length and the wave amplitude decrease with 

the increasing of disturbance frequency. This trend is validated by the experimental 

works of Nosoko et al. (1996). For the mid Reynolds number cases (Case C and Case 

D), such trend is also observed with the increasing of disturbance frequency. At low 

frequency, the small inlet waves grow into solitary type waves with capillary wave 

ahead.  

These four cases cover the regular wave shapes from small amplitude capillary 

wave (Case B), sinusoidal type wave (Case A and Case D), and solitary type wave 

(Case C). These four typical types of flow were chosen to further our understanding 

on mass transfer model application in the thin film flows. 

 

6.3.2 Vector Plots  

Figure 6.7 shows the typical velocity vector plots for the studied cases with 

stationary wave shapes. The vector plots are expressed with the reference coordinates 

moving with the respective wave velocities. For all of the studied cases, much change 

occurs at the trough region. The largest velocity variations occur at the two sides of 

the trough region. For Case C, with the interaction of the successive solitary wave and 
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capillary, the largest variation occurs in the front of the large solitary waves. Such 

interaction effects can also be seen in Case A and Case D. For these two cases, the 

velocity variation at the front of the wave is slightly larger than the tail region of the 

wave. Such trend seems to bear some relationships to the relative ratio of the wave 

amplitude and wave separation. With the increase of such ratio (wave amplitude/wave 

separation), the variation in the front becomes more significant compared with the tail 

region of the wave. For the studied four cases, Case B have the smallest ratio; the 

velocity variation on the two sides of the trough have the almost same magnitude. 

From these figures, it also can be seen that a circulation region exists for Case A, 

Case C and Case D, which have relatively high amplitudes compared to Case B. With 

the increasing of the amplitude, the circulation region becomes larger and larger. It is 

noted that the circulation region is restricted to the peak region of the waves. No 

circulation is found at the residual layer. Such behaviors is also revealed by Gao et al. 

(2003) and Wasden & Dukler (1989, 1990). The existence of these circulation regions 

is thought to be helpful for mass transfer process, since they will take the materials 

from the surface to the substrate region and refresh the surface with fluid from the 

substrate.  

 

6.3.3 Streamwise Velocity Profiles in the Normal Direction   

Figure 6.8(b) to Figure 6.11(b) and Figure 6.10(c) show the x- velocity profiles 

for various parts along the wave flow direction. The coordinates in the velocity 
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profiles are made dimensionless according to normalization by the corresponding 

maximum velocity and film thickness at the respective location, so that the velocity 

profiles at various position can be drawn in one plot. The positions where the velocity 

profiles are taken are indicated and numbered by vertical lines shown in the respective 

Figure 6.8(a) to Figure 6.11(a). In each Figure 6.8(b) to Figure 6.11(b) and including 

Figure 6.10(c), the black solid line corresponds to the parabolic velocity profile 

estimated by the flat film theory. From these figures, it can be seen that the velocity 

profiles generally fit well with the parabolic profile predicted. The largest deviations 

came from the trough region in Case A and the front wave region in Case C. For Case 

C, the experimental results of Alekseenko et al. (1985) are provided for comparison. 

Figure 6.12 shows the comparison between the experimental study carried out by 

Alekseenko et al. (1985) and the simulation result (Case C) in this work (the taken 

points are shown in Figure 6.10(a)). Case C is chosen since it has fairly similar wave 

shape as in Alekseenko et al.’s work. It fits rather well with our simulated results in 

these regions (the marked regions in Alekseenko et al.’s result are shown in Figure 

12(a)), where regions I, II and III broadly correspond to stations 2, 1, and 3, 

respectively.  

Generally, the smaller wave amplitude, the less deviation from the parabolic 

profile can be observed. Best agreement can be found for Case B. As the amplitude 

increases, the more obvious deviation from the parabolic profile is observed. These 

observations are consistent with the prior assumption of parabolic theory.   
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6.3.4 Other Quantitative Wave Parameters 

The wave speeds are calculated by careful examining the magnified two views of 

waveforms at two close moments as displayed in Figure 6.13 typically. These figures 

are also made dimensionless and the corresponding time moments are listed in the 

legend. The wave peak height hp (the distance between the wave crest and bottom 

wall), the wave length λ and wave amplitude ham (the distance between the wave crest 

and wave trough) can also be obtained from the wave evolution figures. Table 6.1 

shows the simulated wave parameters for these four studied cases.  

Table 6.1: Simulated wave parameters 

Flow 

conditions 

Wave speed uw 

(m/s) 

Wave peak 

height hp (m) 

Wave length λ  

(m) 

Wave 

amplitude ham 

(m) 

Case A 0.196 0.00027 0.0072 0.00019 

Case B 0.255 0.0002 0.0057 0.000022 

Case C 0.378 0.00046 0.01248 0.00037 

Case D 0.375 0.00039 0.0054 0.000275 

Nosoko et al. (1996) carried out many experiments on falling film characteristics 

with Reynolds numbers ranging from 14 to 90. Wave velocity, wave peak height and 

wave length were measured in their experiments. Based on their experimental works, 

two correlations are presented as: 

37.031.002.0 Re13.1 λNKN Fuw = ,                                      (6-28) 

46.039.0044.0 Re49.0 λNKN Fhp = .                                     (6-29) 
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where KF is defined as dimensionless physical properties group parameter 

( 343 /σνρ gK F = ), λN is the dimensionless wave separation 

( 3/12 )/( νλλ gN = ), uwN  is the dimensionless wave velocity ( 3/1)/( guN wuw ν= ), and 

hpN  is the dimensionless wave peak height ( 3/12 )/( νghN php = ). 

Figure 6.14 and Figure 6.15 show the comparison of the calculated dimensionless 

wave velocity and wave peak height with the empirical relations (6-28) and (6-29), 

respectively. The lines indicate the predictions by the empirical relationships (6-28) 

and (6-29). The marked points are the corresponding dimensionless parameters 

obtained from the simulated results. Generally, the simulated results concur 

reasonably in magnitude and trend with the empirical relation. Taking note that the 

VOF method essentially tracks VOF data in each computational cell, the wave surface 

is reconstructed based on given VOF value (in this work, we have regarded VOF=0.5 

as the surface position). Such deviation is considered to be acceptable in the midst of 

experimental uncertainty associated with the two correlations. Now that the results for 

the wave dynamics are established and compared reasonably with published works, 

we next proceed to the mass transfer results. 

  

6.3.5 Concentration Profiles 

Figure 6.16 shows the instantaneous concentration contours for the studied four 

cases. Generally, the concentration contour ‘bends’ with the same trend as the wave 

surface. A closer observation reveals that the circulation motion which occurred in 
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Cases A, C and D causes the concentration contour in the wave crest region gradually 

bends towards the wave trough and finally forms an enclosed shape. The 

concentration gradient at the wave rear region is stepper than the wave front region 

In the substrate region, the concentration contours gradually bend towards the 

bulk region. This is the direct result of mass diffusion motion in the fluid phase. It has 

been found that the largest velocity variation lies on the two sides of trough region 

(see Figure 6.7). As it is, the contours of concentration are indeed closest in the 

vicinity of the trough region; this suggests that there is likely a close relation between 

the near surface hydrodynamic activities and the associated mass transfer at the 

interface. 

 

6.3.6 Instantaneous Bulk Concentration Profiles 

The instantaneous local bulk concentration is given by the following expression: 

δ

δ

∫= 0
cdy

Cb ,                                                  (6-30) 

where δ  is the local film thickness, c is the local concentration value. 

Figure 6.17 to Figure 6.20 show the typical bulk concentration variations along 

the wave flow direction. All of these figures plotted are at the same time moment 

t=0.09s after starting the mass transfer simulation. These figures indicate that the bulk 

concentration also changes with the surface wave shape. The bulk concentration 

gradually increases in the downstream direction and remains semi-stationary close to 

the exit region. This is because the effects from the surface and upstream have 
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reached the region near the bottom wall. By taking a comparison of the bulk 

concentration in the further downstream regions, it can be found that the bulk 

concentration has the following relationship:  

Cb (Case D) > Cb (Case C) > Cb (Case A) > Cb (Case B).                (6-31) 

Such trend indicates the relative mass transfer velocity relationship for the studied 

four cases. It is known that rapid mass transfer speed will cause the bulk 

concentration to increase rapidly. 

   

6.3.7 Mass Transfer Velocity Variations 

The mass transfer velocity across the interface is calculated as: 

/

/ /

y i f

L
i f b i f b

cD
Flux yK

C C C C

=
∂−
∂= =

− −
,                                    (6-32) 

where /y i f=  indicates the interface position. Figure 6.21 to Figure 6.24 show the 

mass transfer velocity variations along the wave flow direction at a particular instance 

in time. The bulk concentration profile and the wave shape are also included to 

demonstrate the variation of KL with the wavy surface. From these figures, it can be 

seen that the maximal and minimal of mass transfer velocities are located near the 

troughs and crests of the wave profile, respectively. Close inspection of these figures, 

it can be found that the maximum value of mass transfer velocity is located in the 

vicinity of the trough while the minimum value of mass transfer velocity lies slightly 

ahead of the film crest. Such characteristics were also observed by Sisoev et al. (2005). 
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Sisoev et al. explained these phenomena from the points of view of the concentration 

gradient. In Figure 6.16(a) on the instantaneous concentration profile, it is clear that 

the concentration contours at the trough of each wave are much closer compared to 

any other regions. As such, one would logically expect the largest mass transfer across 

the interface to occur at these regions of steep concentration contours. On the other 

hand, the contours at the wave crest and the region slightly ahead are relatively more 

spaced out and probably lead to lower value of mass transfer velocity in the 

mentioned associated regions. 

 

6.3.8 Results 

Figure 6.25 to Figure 6.28 show the variation of 1/ 2( )rms time averageβ  

(where 2 1/ 2( )rmsβ β= ) along the wave flow direction for studied cases. The value of 

2β  at each spatial location is averaged over the computation time of 0.2T s= , i.e.: 

 
1/ 4

1/ 2 2 1/ 4 2

0

1( ) ( )
T

rms time average time average dt
T

β β β⎡ ⎤≡ = ⎢ ⎥⎣ ⎦∫ .                  (6-33) 

From these figures, it can be seen that 1/ 2( )rms time averageβ  increases along the wave 

evolution direction before reaching the steady-state value corresponding to the 

quasi-steady condition of the propagating waves further downstream. 

On the other hand, by first averaging 2β  spatially across the whole computation 

length L and then taking the square root, we obtain 1/ 2( )rms meanβ  (spatial averaging) 

which varies with time. That is,    
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1/ 4
2

1/ 2 2 1/ 4 0( ) ( )

L

rms mean mean

dx

L

β
β β

⎡ ⎤
⎢ ⎥≡ =
⎢ ⎥
⎢ ⎥⎣ ⎦

∫ ,                            (6-34) 

where L is the whole length of the computation domain in the x- direction. Figure 

6.29 shows the variations of 1/ 2( )rms meanβ  for the studied four cases. Since the mass 

transfer simulation is started after the waves have reached semi-stationary (or 

quasi-steady) state, 1/ 2( )rms meanβ  should also depict the characteristic of the 

semi-stationary state affecting the mentioned mass transfer. At different moment in 

time, 1/ 2( )rms meanβ  does not change much or there is limited variation about a mean 

value. It is clear that the variation of 1/ 2( )rms meanβ  with time about a mean value is 

found to be higher for the larger Re with imposed higher disturbance frequency F.  A 

note worth mentioning is that from Figure 6.29, the mean value of 1/ 2( )rms meanβ  

generally increases rather monotonically with Re. But it is obvious that the 

disturbance frequency F has significant effect on 1/ 2( )rms meanβ  and the Reynolds 

number is not the sole determining parameter affecting 1/ 2( )rms meanβ . On stand-alone 

amplitudes of the waves (see Table 6.1), there is no clear trend between 1/ 2( )rms meanβ  

and the wave amplitude. Neither is there a clear trend or monotonic relation between 

the wavelength λ (see Table 6.1) and 1/ 2( )rms meanβ . As such, a combination of wave 

parameters may be necessary to relate to 1/ 2( )rms meanβ  (and subsequently the mass 

transfer velocity L meanK − , see below and Figure 6.30) in a consistent monotonic 

behavior. This may partly explain why it is so much harder to reach a general 

grouping of wave/hydrodynamic parameters to relate consistently to the mass transfer 

velocity across the interface of thin film flow represented by L meanK − . 
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Figure 6.30 shows the variation of the mean mass transfer velocity (KL) taken 

over the computation domain with time, which is calculated as: 

L

dxK
K

L

L

meanL
∫=−
0 .                                            (6-35) 

It may be noted that long time computation has been adopted for the wave 

propagation downstream to have reached quasi-steady condition and likewise mass 

transfer across the interface has similarly obtained quasi-steady condition before the 

evaluation of L meanK − . From Figure 6.30, it is clear that: 

L meanK − (Case D)> L meanK − (Case C)> L meanK − (Case A)> L meanK − (Case B)    (6-36)      

follows faithfully the monotonic behavior of  

1/ 2( )rms meanβ (Case D)> 1/ 2( )rms meanβ (Case C)> 1/ 2( )rms meanβ (Case A)> 1/ 2( )rms meanβ (Case B) 

which gives us hope that the functional form of Equation (3-2) may yet be applicable 

for the thin film flow.  

Figure 6.31 presents the variation of the ratio [ ]0.50.5 / ( )L mean rms meanK Sc β ν−  with 

time. For all of the studied cases, an overall mean linear fit can be obtained giving rise 

to a constant C=0.14. This correlation deduced is indeed close to the constant 

coefficient of C=0.2 as presented in Xu et al. (2006) or Equation (3-2). Not only is the 

functional form between L meanK −  and 1/ 2( )rms meanβ  consistent with Equation (3-2) 

but the coefficient obtained is of the same order of magnitude, all of which portents 

well that the correlation relation of Equation (3-2) may truly possess universal 

property. Of course, this is just the first step in the preliminary tests of mass transfer 

across thin film flow. More tests of vastly different wave conditions for the thin film 

flow are needed to further substantiate or otherwise. 
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Chapter 7 Concluding Summary and Future Work   

An objective of this study is to investigate the correlation between the interfacial 

mass transfer velocity and the near interface turbulence parameters. It is increasingly 

clear that the employment of bulk turbulence is unable to provide a unique 

relationship between the turbulent hydrodynamics and the scalar transfer velocity. It is 

also widely acknowledged that the flow hydrodynamics in the immediate vicinity of 

the interface like the vertical velocity gradient (β or the surface divergence) play an 

important role in determining the transport process which is fairly independent of the 

means of turbulence generation. To reveal the flow hydrodynamics in the immediate 

vicinity of the interface, a reliable improved measurement method was developed for 

the circular wind wave channel setup. Two independent camera systems were used to 

observe the flow field beneath the interface and the liquid surface. Compared with the 

previous works reported by other researchers (Jahne & Wierzimok (1990), and Law & 

Khoo (2002)), this measurement method has a higher spatial resolution up to 20µm, 

enabling it to reveal the near interface region. Another feature of this measurement 

method is that the interface position can be precisely determined by an local adaptive 

image processing technique developed. Based on the improved measurement method 

presented in this work, quantification of the vertical velocity with respect to the 

fluctuating interface and evaluation of the associated velocity gradient in the vicinity 

of the interface were carried out. The critical parameter β was obtained under vastly 

different and distinct flow conditions. These flow conditions included turbulence 
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induced by wind shear from above, turbulence generated and diffused to the free 

surface from beneath the interface, and turbulence generated under a combination of 

contributing conditions from above and beneath the gas-liquid interface 

simultaneously. All of them can be regarded as simplifications of real life complex 

turbulence generation methods. 

Mass transfer experiments were also carried out to provide the scalar transfer 

velocity information. In this work, the mass transfer velocity was determined by 

measuring the evasion rate and the absorption rate of dissolved oxygen. These two 

rates were employed as a self-consistent check and were used to demonstrate that the 

correlation relationship obtained is independent of the direction of scalar transport. 

Results from the mass transfer experiments suggest that the relationship between the 

interfacial hydrodynamic parameters and the mass transfer velocity can be expressed 

in the following relationship: 

20.0
)(

5.0
5.0 =Sc

K

rms

L

νβ
.                                           (7-1) 

In industrial applications, falling film setups are widely used and mass or heat 

transfer phenomena are most important processes in such setups. Numerical 

simulations and experimental works were also carried out for this kind of flow 

type—falling film—in the present work. 

An inclined plate falling film setup was designed for the experimental work. The 

setup is highly compact and suitable for falling film experiments. Several flow 

conditions under different inclined angles and flow rates were tested. The surface 

velocity variations and the surface divergence were analyzed and correlated with the 
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mass transfer velocity. This is perhaps the first time that an attempt is made to 

correlate the selected parameter β with the mass transfer velocity in such conditions. 

Most of the prior works tried to correlate the mass transfer velocity with some 

characteristic flow parameters such as Reynolds number or wave velocity or others; 

all with varying degree of universality. The present (preliminary) results from the 

falling film experiments, which generally fit rather well with the correlation 

expression of (7-1) obtained from non-falling film experimental setups, give us hope 

on the generality of the proposed mass transfer model based on β .  

For the numerical simulation of falling film, Volume of Fraction (VOF) method 

was adopted to track the wavy surface, and a User Defined Function (UDF) was 

added in the FLUENT software to provide a forcing disturbance boundary conditions. 

A User Defined Scalar (UDS) function was added to perform the mass transfer 

simulation. Several vertical types of falling film flow conditions under various 

Reynolds numbers with different forcing disturbance frequencies were analyzed. The 

wave shapes, velocity distribution profiles and concentration profiles were discussed. 

The selected parameter β was deduced from the vertical velocity profile, and its 

relationship with the mass transfer velocity was explored again. The simulation results 

show reasonable concurrence with the correlation relationship of (7-1).  

Finally, Figure 7.1 shows the various experimental results from Chapter 3 (based 

on co-current and counter-current shear flow at the gas-water interface), Law & Khoo 

(2002) (based on deeply submerged jet and wind induced shear flow at the gas-water 

interface), McKenna & McGillis (2004) (based on oscillating grid-stirred turbulence 
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beneath the free surface), Tamburrino & Gulliver (2002) (based on moving-bed flume 

in open channel flow), the numerical simulations of McCready et al. (1986) (based on 

a simple liquid flow beneath a mobile interface next to gaseous medium), and the 

present numerical simulation and experimental results based on falling thin film 

arrangement for comparison. Generally, these data depict similar trend and same order 

of magnitude. This observation suggests that the selected key parameter β (the 

gradient of the vertical fluctuating velocity at the interface or surface divergence) 

likely plays an important role in determining the transport process, which is fairly 

independent of the turbulence generation methods. A possible general relationship can 

be presented as: 

0.5

0.5( )
L mean

rms

K Sc C
β ν
− = ~ O(1.0).                                     (7-2) 

The ability of Equation (7-2) to predict mass transfer rates under different conditions 

using a single model based on rmsβ , highlights the significance of β as the primary 

governing hydrodynamic parameter controlling the scalar transport rate. 

It should be noted that the sparingly soluble gases were used as the scalar tracer 

in this study. Under such conditions, the major resistance for transporting lies in the 

liquid phase and the transport is determined predominantly by the liquid side 

hydrodynamics. The situation is completely different for the other gases with large 

solubility such as NH3. For such gases, the major resistance for transporting shifts to 

the gas phase. As a result, the present scalar transfer model may not be applicable 

(However, one may yet define an equivalent β applicable to the gaseous phase and 

perhaps a similar expression to (7-2) is still relevant). In addition, as we have pointed 



Chapter 7 Concluding summary and future work 

Mass transfer across the turbulent gas-liquid interface 92

out earlier, the interfacial scalar transfer velocity is also affected by other factors. In 

addition to the liquid hydrodynamics (characterized by rmsβ ) and the liquid 

properties (characterized by Sc), the liquid surface conditions (such as contamination 

conditions) also have a significant effect on the transfer velocity. How these factors 

contribute to the mass transfer rate and how their effects can be included in the 

transfer model are interesting topics for future work. 

Lastly, the present mass transfer model based on β was generalized from many 

different types of experiments. For wider applications, it may be expedient to relate β 

to the more easily measurable/quantifiable parameter(s) pertaining to each particular 

application. This opens up a wide scope for future work.
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 Figure 2.1: Schematic diagram of the circular water tank (not to scale) 
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Figure 2.2: Schematic diagram of the observing angles and interface detection 

 

 

 

Figure 2.3: Edge detection worked on the near surface region (gray image) 

 

Figure 2.4: Edge detection worked on the near surface region (binary image) 
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Figure 2.5: Measurement of dissolved oxygen concentration 
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Figure 3.1: Typical Variation of Vr-rms with non-dimensional depth 
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Figure 3.2: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above the interface only, Wind speed=3m/s 
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Figure 3.3: Variation of Vr-rms with non-dimensional depth from the interface. 

Turbulence generated from above the interface only, Wind speed=3.5m/s 
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Figure 3.4: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above the interface only, Wind speed=4m/s 
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Figure 3.5: Variation of Vr-rms with non-dimensional depth from the interface. 

Turbulence generated from above the interface only, Wind speed=4.5m/s 
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Figure 3.6: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above the interface only, Wind speed=5m/s 
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Figure 3.7: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above the interface only, Wind speed=5.5m/s 
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Figure 3.8: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above the interface only, Wind speed=6m/s 
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Figure 3.9: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above the interface only, Wind speed=6.5m/s 

 

 



Figures 

Mass transfer across the turbulent gas-liquid interface 115

 

Figure 3.10: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above the interface only, Wind speed=7m/s 
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Figure 3.11: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=3m/s, pump flow rate=6.3ml/s 
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Figure 3.12: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=3.5m/s, pump flow rate=6.3ml/s 
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Figure 3.13: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=4m/s, pump flow rate=6.3ml/s 
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Figure 3.14: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=4.5m/s, pump flow rate=6.3ml/s 
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Figure 3.15: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=5m/s, pump flow rate=6.3ml/s 
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Figure 3.16: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=5.5m/s, pump flow rate=6.3ml/s 
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Figure 3.17: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=6m/s, pump flow rate=6.3ml/s 
 



Figures 

Mass transfer across the turbulent gas-liquid interface 123

 

Figure 3.18: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=6.5m/s, pump flow rate=6.3ml/s 
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Figure 3.19: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=7m/s, pump flow rate=6.3ml/s 
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Figure 3.20: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=3m/s, pump flow rate=6.3ml/s 
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Figure 3.21: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=3.5m/s, pump flow rate=6.3ml/s 
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Figure 3.22: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=4m/s, pump flow rate=6.3ml/s 
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Figure 3.23: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=4.5m/s, pump flow rate=6.3ml/s 
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Figure 3.24: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=5m/s, pump flow rate=6.3ml/s 
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Figure 3.25: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=5.5m/s, pump flow rate=6.3ml/s 
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Figure 3.26: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=6m/s, pump flow rate=6.3ml/s 
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Figure 3.27: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=6.5m/s, pump flow rate=6.3ml/s 
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Figure 3.28: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=7m/s, pump flow rate=6.3ml/s 
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Figure 3.29: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=3.5m/s, pump flow rate=3.2ml/s 
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Figure 3.30: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=4.5m/s, pump flow rate=3.2ml/s 
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Figure 3.31: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=6m/s, pump flow rate=3.2ml/s 
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Figure 3.32: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=6.5m/s, pump flow rate=3.2ml/s 
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Figure 3.33: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=3.5m/s, pump flow rate=3.2ml/s 
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Figure 3.34: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=4.5m/s, pump flow rate=3.2ml/s 
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Figure 3.35: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=6m/s, pump flow rate=3.2ml/s 
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Figure 3.36: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=6.5m/s, pump flow rate=3.2ml/s 
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Figure 3.37: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=3.5m/s, pump flow rate=10.5ml/s 
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Figure 3.38: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=4.5m/s, pump flow rate=10.5ml/s 
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Figure 3.39: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=6m/s, pump flow rate=10.5ml/s 
 



Figures 

Mass transfer across the turbulent gas-liquid interface 145

 

Figure 3.40: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the opposite direction,  

Wind speed=6.5m/s, pump flow rate=10.5ml/s 
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Figure 3.41: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=3m/s, pump flow rate=10.5ml/s 
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Figure 3.42: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=3.5m/s, pump flow rate=10.5ml/s 
 



Figures 

Mass transfer across the turbulent gas-liquid interface 148

 

Figure 3.43: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=4.5m/s, pump flow rate=10.5ml/s 
  

 

 

 

 

 



Figures 

Mass transfer across the turbulent gas-liquid interface 149

Figure 3.44: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=6m/s, pump flow rate=10.5ml/s 
 



Figures 

Mass transfer across the turbulent gas-liquid interface 150

 

 

Figure 3.45: Variation of Vr-rms with non-dimensional depth from the interface. 
Turbulence generated from above and below in the same direction,  

Wind speed=6.5m/s, pump flow rate=10.5ml/s 
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Figure 3.46: Variation of βrms with nominal wind speed for Cases 1-7 (see Table 2.1) 
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 Figure 3.48: Comparison of the mass transfer velocity varying with nominal wind 

speed 
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Figure 3.49: 5.0ScK L
+  versus 5.0)( +

rms
β  for all the tested flow conditions 
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Figure 3.50: 5.0

5.0

)( +

+

rms

L ScK
β

 versus 5.0)( +
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β  for all the tested flow conditions 
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      Figure 3.51: Comparison of various works 
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Figure 4.1: Typical wave shapes: (a) capillary waves; (b) roll waves 

(adopted from Patnaik and Perez-Blanco (1996)) 
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Figure 4.2: Schematic of the falling film setup (not to scale) 
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Figure 4.3: Schematic diagram for the slot part (not to scale) 
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Figure 4.4: Arrangement of the experimental components 

 

  

(a) before introducing dye                   (b) after introducing dye 

Figure 4.5: Water drop with particles before and after introducing dye 
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Figure 5.1: Typical image captured in falling film setup (33mm×33mm) 
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Figure 5.2: Velocity distribution for the case of reedeg5=θ , Q=0.8 L/M 
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Figure 5.3: Velocity distribution for the case of reedeg5=θ , Q= 1.2 L/M 
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Figure 5.4: Velocity distribution for the case of reedeg5=θ , Q= 1.6 L/M 
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Figure 5.5: Velocity distribution for the case of reedeg15=θ , Q= 0.8 L/M  
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Figure 5.6: Velocity distribution for the case of reedeg15=θ , Q= 1.2 L/M 
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Figure 5.7: Velocity distribution for the case of reedeg15=θ , Q= 1.6 L/M 
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Figure 5.8: Variation of mean u/u0 velocity with non-dimensional distance for Case I 
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      Figure 5.9: Variation of mean u/u0 velocity with non-dimensional distance for 

Case II 



Figures 

Mass transfer across the turbulent gas-liquid interface 170

 

      Figure 5.10: Variation of mean u/u0 velocity with non-dimensional distance for 

Case III 
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      Figure 5.11 Variation of mean u/u0 velocity with non-dimensional distance for 

Case IV 
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      Figure 5.12: Variation of mean u/u0 velocity with non-dimensional distance for 

Case V 
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      Figure 5.13: Variation of mean u/u0 velocity with non-dimensional distance for 

Case VI 
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      Figure 5.14: Variation of 1/ 2( )rms time averageβ  with x- direction for Case I 
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      Figure 5.15: Variation of 1/ 2( )rms time averageβ  with x- direction for Case II 
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      Figure 5.16: Variation of 1/ 2( )rms time averageβ  with x- direction for Case III 
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      Figure 5.17: Variation of 1/ 2( )rms time averageβ  with x- direction for Case IV 



Figures 

Mass transfer across the turbulent gas-liquid interface 178

 

      Figure 5.18: Variation of 1/ 2( )rms time averageβ  with x- direction for Case V 
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      Figure 5.19: Variation of 1/ 2( )rms time averageβ  with x- direction for Case VI 
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Figure 5.20: Variation of 1/ 2( )rms time averageβ in both x- and z- direction and 

1/ 2( )rms overall averageβ  
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Figure 5.21: Variation of 1/ 2( )rms overall averageβ  with flow rate Q down the inclined plane at 

angle θ 
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      Figure 5.22: Variation of mean mass transfer velocity with flow rate Q down 

the inclined plane at angle θ 
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           Figure 5.23: Variation of mean mass transfer velocity with 

1/ 2( )rms overall averageβ  
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Figure 5.24: 0.5 0.5/( )L mean rmsK Sc β υ−  vs. 1/ 2( )rmsβ  
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Figure 6.1: Cartesian coordinate system for laminar falling film (two dimensional)  

(adopted from Miller’s thesis (1992)) 
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Figure 6.2: The wave segment in Brauner & Maron (1983) and Maron et al. (1985) 
(adopted from Brauner (1989)) 
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Figure 6.3: Interface reconstruction 
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Figure 6.4: An example for interface position determination. 
The dark region denotes the volume occupied by water 
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Figure 6.5: Wave shape comparison: (a) Kapitza’s shadowgraph; (b) calculated results 
from Gao et al. (2003); (c) simulated results in this work  
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(a) Wave evolution for Case A  

 

(b) Wave evolution for Case B 

 

(c) Wave evolution for Case C 

 

(d) Wave evolution for Case D 

Figure 6.6: Wave evolution with distance 
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(a) Velocity vector at the wave-phase moving coordinate for Case A 

 

(b) Velocity vector at the wave-phase moving coordinate for Case B 

 

(c) Velocity vector at the wave-phase moving coordinate for Case C 

 

(d) Velocity vector at the wave-phase moving coordinate for Case D 

Figure 6.7: Vector plots at the wave-phase moving coordinates  
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(a) Taken points along the wave 

 

(b) Streamwise velocity profiles in the normal direction for Case A  

Figure 6.8: Velocity profiles along the wave for Case A 
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(a) Taken points along the wave 

 

(b) Streamwise velocity profiles in the normal direction for Case B  

Figure 6.9: Velocity profiles along the wave for Case B 
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(a) Taken points along the wave 

  

(b) Streamwise velocity profiles in the normal direction for Case C 
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(c) Streamwise velocity profiles in the normal direction for Case C  

Figure 6.10: Velocity profiles along the wave for Case C 
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(a) Taken points along the wave 

 

(b) Streamwise velocity profiles in the normal direction for Case D  

Figure 6.11: Velocity profiles along the wave for Case D 

 

 



Figures 

Mass transfer across the turbulent gas-liquid interface 197

 

(a) Plot regions in Alekseenko et al. (1985) 

 

(b) Streamwise velocity profiles in the normal direction for Case C 

Figure 6.12: Velocity profile comparison  
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(a) Two trains of wave for Case A 

 

(b) Two trains of wave for Case B 

 

(c) Two trains of wave for Case C 

 

(d) Two trains of wave for Case D 

Figure 6.13: Two successive trains of wave 
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Figure 6.14: Comparison of Nuw with Nosoko et al.’s empirical relationship 
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Figure 6.15: Comparison of Nhp with Nosoko et al.’s empirical relationship 
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(a) Instantaneous concentration profile for Case A 

 

(b) Instantaneous concentration profile for Case B  

 

(c) Instantaneous concentration profile for Case C 

 

(d) Instantaneous concentration profile for Case D 

Figure 6.16: Instantaneous concentration profiles along the wave 
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Figure 6.17: Instantaneous bulk concentration variation with non-dimensional 

distance for Case A 
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Figure 6.18: Instantaneous bulk concentration variation with non-dimensional 

distance for Case B 
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Figure 6.19: Instantaneous bulk concentration variation with non-dimensional 

distance for Case C 
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Figure 6.20: Instantaneous bulk concentration variation with non-dimensional 

distance for Case D 
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Figure 6.21: Instantaneous mass transfer velocity variation with distance for Case A 
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Figure 6.22: Instantaneous mass transfer velocity variation with distance for Case B 
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Figure 6.23: Instantaneous mass transfer velocity variation with distance for Case C 
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Figure 6.24: Instantaneous mass transfer velocity variation with distance for Case D 
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Figure 6.25: Variation of 1/ 2( )rms time averageβ with distance for Case A 
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Figure 6.26: Variation of 1/ 2( )rms time averageβ with distance for Case B 
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Figure 6.27: Variation of 1/ 2( )rms time averageβ with distance for Case C 
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Figure 6.28: Variation of 1/ 2( )rms time averageβ with distance for Case D 
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Figure 6.29: Variation of 1/ 2( )rms meanβ  with time 
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Figure 6.30: Variation of meanLK −  with time 
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Figure 6.31: Variation of [ ]0.50.5 / ( )L mean rms meanK Sc β ν−  with time 
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Figure 7.1: Comparison of various works 
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