
 

 

 

 

 

 

 

Experimental analysis of operating parameters                 
impacting the productivity of a thermal water treatment 
system with a water oil emulsion as working liquid 

 

 

Master’s thesis 
 
Submitted in Fulfilment of the Degree 
 

Master of Science in Engineering (MSc) 

 

 

 

University of Applied Sciences Vorarlberg 

Energy Technology and Energy Economics 

 

 

 

Submitted to  
Eder Elias, MSc 
 
 
Handed in by 
Kernbichler Elias, BSc 
 
Dornbirn, August 2020 
 



- II - 

 

Abstract 

Experimental analysis of operating parameters impacting the productivity of a thermal water 

treatment system with a water oil emulsion as working liquid 

The humidification dehumidification (HDH) cycle is a process for thermal water treatment. 

Many studies were carried out investigating operation of an HDH cycle with water and sea-

water as working liquid. Currently research into other areas of application is limited. Ex-

changing the working liquid in the humidifier from seawater to a water oil emulsion and 

investigating its behavioural changes is the basis for the expansion into applications such 

as bilge water treatment. This master’s thesis covers analysis of the behaviour of an HDH 

cycle operated with a water oil emulsion. The main elements are (1) proof of concept for 

operation of the HDH cycle with a water oil emulsion, (2) comparison of measurements and 

thermodynamic calculations, (3) investigation of the impact of operating parameters and (4) 

optical analysis of the bubbly flow in water and oil.  

Operation of the HDH cycle using water oil emulsion was shown to be feasible with a small 

change to the setup previously used for investigations with seawater as working liquid. To 

keep the emulsion from separating into its individual parts, constant movement of the work-

ing liquid needs to be ensured. For this a magnetic stirrer was introduced into the bubble 

column humidifier (BCH) used. In a batch process an oil concentration of >97 % was 

reached without visible traces of oil in the produced condensate.  

Comparison of the measured and thermodynamically evaluated productivity shows that 

measured productivity is higher. The proposed explanation for this is supersaturation of air 

at the BCH exit. Further investigation into this phenomenon is needed to confirm this hy-

pothesis.  

Influential parameters investigated are (1) liquid temperature, (2) superficial air velocity and 

(3) sieve plate orifice diameter. Increase of liquid temperature results in an exponential in-

crease in productivity. At superficial air velocities up to 3 cm/s productivity increases with 

superficial air velocity. For superficial air velocities higher than 3 cm/s productivity plateaus. 

At low superficial air velocity, an increase of sieve plate orifice diameter results in increasing 

productivity. Further increase of the sieve plate orifice diameter inverses this phenomenon.  

Bubbly flow in water and oil is influenced by the different viscosities of the liquids. Water 

creates small bubbles of similar size at low superficial air velocities. At superficial air veloc-

ities >2 cm/s turbulences start to increase and finely dispersed bubbles are present in the 

water. Bubbly flow in oil creates larger bubbles at all superficial air velocities. The airflow 

transitions to plug flow at velocities of 3 cm/s and above. 

Result from this master’s thesis can be used for as a basis to broaden the understanding of 

the HDH cycle and find new areas of applications. 
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Kurzreferat 

Experimentelle Analyse des Einflusses von Betriebsparametern auf die Produktivität eines 

thermischen Wasseraufbereitungsprozess betrieben mit einer Wasser Öl Emulsion 

Der humidification dehumidification (HDH) Prozess ist ein Verfahren zur thermischen Was-

seraufbereitung. Es wurden bereits eine Vielzahl Studien durchgeführt, die den Betrieb ei-

nes HDH-Zyklus mit Wasser und Meerwasser untersuchten. Gegenwärtig ist die Forschung 

für andere Anwendungsbereiche begrenzt. Der Einsatz einer Wasser Öl Emulsion als Flüs-

sigkeit im Befeuchter und die Untersuchung des sich ergebenden Verhaltens ist die Grund-

lage für eine potenzielle Ausweitung des Anwendungsbereichs (z.B. Bilgenwasseraufberei-

tung). Diese Masterarbeit befasst sich mit der Verhaltensanalyse eines HDH-Zyklus, wel-

cher mit einer Wasser Öl Emulsion betrieben wird. Die Hauptelemente sind (1) Machbar-

keitsstudie für den Betrieb des HDH-Zyklus mit einer Wasser Öl Emulsion, (2) der Vergleich 

von Messungen und thermodynamischen Berechnungen, (3) die Untersuchung des Be-

triebsparametereinflusses und (4) die optische Analyse der Blasenströmung in Wasser und 

Öl. 

Der Betrieb des HDH-Zyklus mit einer Wasser Öl Emulsion erwies sich mit einer kleinen 

Änderung des zuvor für Untersuchungen mit Meerwasser verwendeten Aufbaus als mög-

lich. Damit keine Separation der Phasen in der Emulsion entsteht muss diese ständig in 

Bewegung gehalten werden. Dazu wurde ein Magnetrührer in den verwendeten Blasensäu-

lenbefeuchter (BCH) eingebracht. In einem Batch Verfahren wurde eine Ölkonzentration 

von >97 % erreicht, ohne dass im produzierten Kondensat sichtbare Ölspuren vorhanden 

waren. 

Ein Vergleich der gemessenen und thermodynamisch berechneten Produktivität zeigt, dass 

die gemessene Produktivität höher ist. Als Erklärung dafür wird eine Übersättigung der Luft 

am Ausgang des BCH vorgeschlagen. Um diese Hypothese zu bestätigen, sind weitere 

Untersuchungen erforderlich. 

Der Einfluss folgender Parameter wurde untersucht: (1) Flüssigkeitstemperatur, (2) Luftge-

schwindigkeit und (3) Lochdurchmesser im Sparger. Die Erhöhung der Flüssigkeitstempe-

ratur führt zu einer exponentiellen Steigerung der Produktivität. Bei Luftgeschwindigkeiten 

bis zu 3 cm/s steigt die Produktivität mit der Luftgeschwindigkeit. Anschließend erreicht die 

Produktivität ein Plateau. Bei niedrigen Luftgeschwindigkeiten führt eine Vergrößerung des 

Lochdurchmessers zu einer Produktivitätssteigerung. Eine weitere Vergrößerung des Loch-

durchmesser kehrt dieses Phänomen um. 

Die Blasenströmung in Wasser und Öl wird durch die unterschiedlichen Viskositäten der 

Flüssigkeiten beeinflusst. Wasser erzeugt kleine Blasen ähnlicher Größe bei niedrigen Luft-

geschwindigkeiten. Bei Luftgeschwindigkeiten >2 cm/s beginnen Turbulenzen zuzunehmen 

und im Wasser sind fein verteilte Blasen sichtbar. Die Blasenströmung in Öl weist bei allen 

Luftgeschwindigkeiten größere Blasen auf. Bei Geschwindigkeiten von 3 cm/s und mehr 

geht der Luftstrom in eine Pfropfenströmung über. 

Das Ergebnis dieser Masterarbeit kann als Grundlage verwendet werden, um das Verständ-

nis des HDH-Zyklus zu erweitern und neue Anwendungsbereiche zu finden. 
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1. Introduction 

The environmental footprint of humanity is constantly increasing. Basically no place on this 

planet is unaffected by pollution. A severely affected part of this are seas and oceans. Most 

common types of pollution for these habitats are agricultural waste, sewage, wastewater, 

oil and radioactive substances. With over 1 million tons that enter the oceans yearly [1], oil 

has one of the leading roles in pollution. While tanker spills are responsible for around 10 

% [2], a much larger contributor is the marine industry. Discharges of ships account for over 

30 % of oil entering the oceans [2]. Bilge water is one of the main components of these 

discharges [3]. It is water which accumulates in the bilge (lowest part) of a ship containing 

mainly water and oil. While official regulations limit oil content in discharges they seem to 

be largely ignored [3]. This can be partly attributed to technical issues for water treatment 

onboard of ships. There are different technical solutions such as reverse osmosis, multi 

effect distillation or multi-stage flash distillation to separate the oil from the water. However, 

these are mainly suitable for large scale applications [4]. An efficient small scale system for 

separation of water from other components is needed to match the requirements of the 

shipping industry. 

With the humidification dehumidification (HDH) cycle a small scale system is currently being 

investigated for desalination of seawater [5]. It has been proven in various studies to be an 

efficient small scale water treatment system [6]. The main benefits of this system are (1) the 

easy setup, (2) excellent heat and mass transfer and (3) a lack of moving parts [7]. Com-

pared to other water treatment systems, it can be operated more efficient at small scales 

[4]. The HDH cycle is a promising candidate for water treatment in remote areas and areas 

close to the sea where alternatives are needed [8]. Some of the features that lead to its 

feasibility as a small scale water treatment system in remote areas also make it interesting 

for operation on ships. Low technical demand and scalability are crucial factors. Further-

more it has been proven by a preliminary study that the treatment of bilge water is possible 

in such a system [7].  

Research performed in this master’s thesis shall lead to a better understanding of the be-

haviour of the HDH cycle for bilge water treatment. An HDH cycle using a bubble column 

humidifier (BCH) is used for all measurements carried out. As bilge water is inconsistent in 

its makeup [3] and hard to get hold of, it is represented by a water oil emulsion. Main oper-

ating parameters influencing the HDH cycle are varied and resulting condensate production 

is measured. The goal of this is to gain basic understandings of the performance of the HDH 

cycle operated with water oil emulsion as working liquid. 
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2. Literature 

2.1 Global water demand 

One of the major global challenges that influences the quality of life is the access to clean 

drinking water and sanitation [9]. In Figure 1 the effects of inadequate access to water and 

sanitation is compared with droughts, floods, earthquakes and epidemics and conflicts. 

 

Figure 1: Impact of water related topics, earthquakes and epidemics and conflicts on people and 
economy [9]. 

 

While the number of people affected and the economic damage caused by inadequate ac-

cess to water and sanitation is unknown, it is clearly shown that it has the highest number 

of fatalities. Even though no data on people affected is available, estimations conclude, that 

there are over 2 billion people that experience water stress [10]. The term water stress is 

defined by the European Environment Agency as a period of time in which amount available 

water is lower than the demand for water [11]. These people are unequally distributed over 

the world, with 22 countries that are under serious water stress (over 70 %) [9]. An overview 

of the water stress level experienced around the globe is given in Figure 2.  
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Figure 2: Water stress per country [9]. 

 

Another circumstance, that adds to this is that the quality of water is often poor in regions 

that experience a high level of water stress. Nevertheless, even in developed countries, the 

water quality is seen as a challenge. In 2015 it was estimated, that around 29 % of the 

global population did not have access to safely managed drinking water services. Regions 

like Sub-Saharan Africa have an even higher fraction of the population without access to 

clean drinking water. Estimations for Sub-Saharan Africa are at 76 % [12]. When comparing 

rural areas to urban areas, the access to managed drinking water services is much better 

in urban areas. This effect can be seen in all countries. The proposed reasons for this is the 

general lack of infrastructure and the poor economic situation of rural areas [9]. Untreated 

groundwater and seawater is often used as a substitute for clean water in these areas [13]. 

Treatment of locally available water resources is a way to tackle the challenge to provide 

access to safe drinking water. This poses a challenge to the commonly used technologies 

such as reverse osmosis, multi-stage flash evaporation and multi-effect distillation. All of 

these systems are well equipped to operate in a large scale, but become less economic in 

small scale applications [4]. The HDH cycle described in Chapter 2.3 is a promising alterna-

tive to the established technologies [5]. It is already studied for desalination purposes and 

could possibly be used for the treatment of other differently contaminated water e.g. the 

treatment of oily water mixtures such as bilge water [7]. 

2.2 Bilge Water 

The marine shipping industry has a large impact on the environment. Especially water and 

sea life is affected by it. A part of the observed impact is attributed to operational discharges 

and with these the release of oil. This oil is found in the ship partly in the form of bilge water. 

Bilge water is a mixture of water, oil and other substances that accumulate in the bilge of 

the ship as seen in Figure 3. Even though there are regulations on the oil content in these 

discharges, it is often found that these requirements are not met. The bilge water is often 

left untreated before discharge [3,14]. The amount of oil from bilge water discharges entering 

marine environment is estimated at 1.880 tons yearly [3].  
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Bilge water naturally accumulates in the bilge, as ships are a closed system and the water 

and other components are collected at the lowest part of it. Although bilge water is incon-

sistent in its makeup, it mostly contains two components: (1) oil and other waste from the 

engine and (2) water which condensates in the hull or enters the ship from outside. The 

main contributors and location of bilge water in a sea vessel are indicated in Figure 3.  

 

Figure 3: Location of bilge water as found in a sea vessel and the main contributors to its makeup. 

 

Oil in bilge water is mainly present as an emulsion as there are lot of surfactants present in 

it. It is therefore hard to separate the oil from the water. A frequently used technique is 

separation using gravitational measures. This ensure that the light oil is floating on top of 

the heavier water. However, gravitational separation is not sufficient to meet the criteria for 

maximum oil content in discharges, therefore further separation needs to be carried out [15]. 

Current limits for oil in discharges from ships is set by the International Maritime Organiza-

tion and allows maximum 15 ppm oil [16]. The separation processes proposed by literature 

to meet this criteria are filtration, centrifugal separation and coagulation. Further processes 

like membrane distillation, ultrafiltration or electrocoagulation were proposed but only a lim-

ited number of studies were carried out [14]. As a new process for the extraction of the water 

from bilge water, the humidification dehumidification (HDH) cycle – further described in 

Chapter 2.3 – is proposed. The HDH cycle is mainly in use for purification of seawater. 

Furthermore, it has been shown in preliminary studies that the HDH cycle could be a feasi-

ble process for other working liquids, one of which is bilge water [7]. 
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2.3 HDH cycle 

In the natural water cycle water evaporates from the sea, accumulates in clouds and then 

rains down. This process can easily be adapted into a technical process. This process then 

recreates the natural water cycle for purpose of water treatment. A technical process com-

bining all these elements in one process step is the solar still. The solar still uses solar 

energy to evaporate water which is subsequently condensed and collected. To have all 

process steps in one system is the major drawback of the solar still. It makes the individual 

process steps hard to control and latent heat of condensation is lost to the environment. 

With the separation of the humidification and dehumidification into individual process steps, 

the humidification dehumidification (HDH) cycle eliminates these issues. The main improve-

ment achieved by the HDH cycle is that latent heat of condensation from the dehumidifier 

can be reused to preheat the water in the humidifier [6]. 

The potential for industrialization of HDH cycles is well accepted throughout literature. The 

main aspects are the (1) easy setup, (2) potential for the use with renewable energy, (3) 

low maintenance effort and (4) the lack of moving parts. These features lead to low initial 

and running costs [7,17–19]. However, to design a HDH cycle which can be used for industrial 

applications more research is needed [7]. 

HDH technology can be built in an industrial manner, however, lack of fundamental research 
of the humidification of air in bubble columns complicates appropriate design of components. 
[7] 

The HDH cycle allows optimization of individual components and system productivity. Fig-

ure 4 shows a simplified setup an HDH cycle. In the humidifier water is heated. An air stream 

is dispersed into fine bubbles and humidified by direct contact diffusion with heated water. 

Subsequently in the dehumidifier the moist air is cooled, water vapor is condensed and 

condensate is collected. To distinguish the different forms of HDH cycles more easily, they 

are classified using three categories: (1) form of energy, (2) cycle configuration and (3) type 

of heating [20].  

The form of energy describes which energy source is used to heat the liquid or air in the 

humidifier while cycle configuration divides the HDH cycles depending on the use of either 

open or closed air and liquid flows. The type of heating differentiates between the heating 

of liquid in the humidifier and heating of the air entering the humidifier. Use of this categori-

zation shows that the HDH cycle depicted in Figure 4 is a water heated open air open water 

cycle which is used in this master’s thesis. 
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Figure 4: Simplified HDH cycle setup. 

 

Performance of the HDH cycle is often defined as the rate of condensate production and 

will be done so in this master’s thesis. When operating an HDH cycle, there are several 

parameters that influence the performance of the system. The operational parameters 

shown to have the most influence on performance are (1) liquid temperature in the humidi-

fier (2) air mass flow rate and (3) liquid height. Increasing liquid temperature is linked to a 

strong increase in productivity [5,17]. Air mass flow rate is mostly linked to an increase in 

productivity. However, results in literature are inconclusive for influence of air mass flow 

rate due to the different HDH cycle designs used in the studies [5,17,18]. The impact of fluid 

height is inconsistent throughout literature and no indication on the influence can be given 

[5,7,17]. 

A main impact on the performance of the HDH cycle derives from the humidifier. Humidifiers 

used in HDH cycles operate by using the same principle of water diffusion as it gets in 

contact with air. The water vapor diffusion is caused by pressure difference between the 

actual water vapor pressure and the saturation water vapor pressure at the gas-liquid inter-

face [20]. Different designs for humidifiers have been evaluated for their performance. The 

most commonly used humidifier designs are the packed bed humidifiers, spray towers and 

the bubble column humidifiers (BCH) [6].  

The HDH cycle used in the experimental setup for this master’s thesis uses a BCH as hu-

midifier. In bubble column humidifiers water diffuses into the rising air bubbles and the rate 

is dependent on variables such as (1) the gas hold-up &, (2) bubble diameter, (3) superficial 

air velocity "as and (4) temperature. The gas holdup is described as a function of the super-

ficial air velocity which is the ratio of volumetric air flow �A!  to the cross-sectional area of the 

humidifier �BCH as seen in Equation (2.1). Both are commonly used parameters for the de-

scription of air flow in a bubble column [20]. 
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 "as =
�A!
�BCH

 (2.1) 

 

Most studies concerning the HDH cycle are carried out with either water or seawater as 

working liquid in the humidifier [5]. Water mixed with bilge water was used in a preliminary 

study to examine the feasibility of the HDH cycle with different working liquids. The change 

in working liquid lead to a productivity drop of ~30 %. Bigger bubble sizes due to increased 

viscosity of the working liquid were proposed as cause of the productivity drop. Larger bub-

bles leads to a lower surface area to volume ratio and which decreases the contact area. 

Humidification of the air inside the bubble is therefore worse [7]. 

 

2.4 Bubble column humidifier (BCH) 

One of the main components influencing the performance of an HDH cycle is the humidifier 

(see Chapter 2.3). In the literature different humidifier designs are proposed for the use in 

HDH cycles. The BCH has proven to be a suitable option as humidifier in recent studies 

even though the humidification process in these is not fully understood [5,21]. 

BCH are cylindrical multiphase reactors consisting of a container in which the working liquid 

is present. At the bottom of the container the air is distributed with a sparger. The use of a 

sparger allows for a consistent and controllable air flow through the working liquid [18,22]. 

Even though the design of a BCH is comparatively simple, their behaviour is given by com-

plex fluid dynamics [23].  

Bubble column reactors are used for a variety of applications, one of which is the use as a 

humidifier. They provide several advantages when compared to other humidifiers: (1) high 

heat and mass transfer rates, (2) resilience against fouling and (3) a low technological de-

mand [18]. Fouling occurs when membranes collect particles or solution in a membrane. It 

leads to a lower flux through membrane based filtration systems. 

Various sparger designs are used in BCHs. They can be designed as (1) porous gas 

sparger, (2) perforated PMMA plate, (3) ring gas sparger, (4) needle gas sparger or (5) 

spider gas sparger. Sparger designs can be categorized into two categories: (1) fine gas 

sparger and (2) coarse gas sparger. The differentiation between the two categories is blurry 

and cannot be clearly defined. Assignment to these categories is based on the bubble flow 

regime and bubble size rather than the sparger design itself [23]. 

In a bubble column three different gas flow regimes can be observed: (1) homogenous flow, 

(2) slug flow and (3) churn turbulent flow with transitional phases between them [18,24]. 

These flow regimes are heavily dependent on the exact humidifier design and influence the 

humidifier performance [5]. The three different regimes in dependence of gas velocity and 

column diameter can be seen in Figure 5. A homogenous flow regime is characterized by 

bubbles of similar size moving upwards. It can be observed until a gas velocity of ~5 cm/s 

is reached. When increasing the gas velocity, the flow regime is dependent on the diameter 

of the bubble column. For small bubble columns up to ~15cm diameter an increased gas 

velocity leads to a slug flow regime which is characterized by bubbles that are stabilised by 
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the bubble column walls. In larger bubble columns a heterogenous flow with bubbles of 

inconsistent size and direction of movement called a churn turbulent regime is observed 

when gas velocity is increased [18,24]. 

 

Figure 5: Characterisation of the gas flow in bubble columns in dependence of the gas velocity and 
column diameter [25] 

 

This characterization of the air flow in bubble columns is widely used in literature. It has to 

be noted that it is an approximation and based on liquids with low viscosity at ambient tem-

perature [26]. A visual representation of the different flow regimes is given in Figure 6. 

 

Figure 6: Visual representation of flow regimes present in bubble columns [26]. 
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The volumetric fraction of gas in the bubble column is called the gas holdup &. The gas 

holdup influences humidification and mass transport in the BCH. While an increase in su-

perficial gas velocity increases the gas holdup, an increase in viscosity of the working liquid 

is shown to decrease it. Furthermore, the influence of temperature and bubble column di-

ameters over 10 cm on the gas holdup are mostly seen as negligible [18]. The gas holdup & 

in the BCH is accounted for using Equation (2.2) which is widely used in literature [27]. 

Equation (2.2) was shown to accurately represent the setup used in this master’s thesis. A 

comparison between the gas holdup calculated using Equation (2.2) as proposed by 

Mashelkar and measured results from Eder [28] for the gas holdup can be seen in Figure 7. 

 

Figure 7: Gas holdup measurements in comparison to proposed gas holdup correlation. 

 

The gas holdup measurements for the comparison in Figure 7 were carried out with the 

setup described in Chapter 3 using water as working liquid. The measured values show a 

good correlation with the Equation (2.2) as proposed by Mashelkar. This indicates the 

suitability of this equation for the calculation of gas holdup in the BCH used in the 

experimental setup for this master’s thesis. 

 & = "as
0.3 / 2 ⋅ "as

 (2.2) 

 

Further correlations for the gas holdup are proposed in literature. Most of these take into 

account that foam formation occurs above the water surface [29]. As the water surface height 

is measured (see Chapter 3) these are not feasible for the experimental setup used. 
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3. Experimental setup 

Applying the introduced categories for HDH cycles from Chapter 2.3, the HDH cycle used 

for the experiments of this master’s thesis are carried out in an electrically powered, open 

air open water, liquid heated HDH cycle. [20]. The configuration is displayed in Figure 2. Its 

mains components are the humidifier (1) which is designed as a cylindrical BCH and the 

dehumidifier (2) which is a closed cross flow heat exchanger. 

 

 

Figure 8: Experimental setup: (1) humidifier (BCH), (2) dehumidifier, (3) flow meter, (4) sparger, 
(5,6,11) temperature sensors, (7) heating coil, (8) temperature and humidity sensor 
(9) cooling water flow, (10) digital scale, (12) liquid height sensor, (13) dosage pump, 
(14) heating cartridges (15) compact system camera and (16) magnetic stirrer. 

 

The air is entering through a flow meter (3) to control the superficial air velocity and enters 

the humidifier via the sparger which encloses a perforated PMMA plate (4). The air stream 

is flowing through the BCH (1). First it flows through the working liquid in which it is humid-

ified and heated. At the BCH outlet air temperature is measured by a temperature sensor 

(6). After the heating coil (7), a temperature and humidity sensor (8) is passed before en-

tering the dehumidifier (2). In the dehumidifier the air is cooled by a water flow. Subse-

quently the temperature is measured at the dehumidifier exit using a temperature sensor 

(11).  

In the humidifier (2) the working liquid is heated using heating cartridges (14) while temper-

ature is measured via a temperature sensor (5). Liquid height in the BCH is measured using 

a floater based liquid height sensor (12). A continuous mixing of the working liquid is en-

sured by the airflow and the magnetic stirrer (16). 

By cooling the air in the dehumidifier, the highest possible humidity ratio drops. Once the 

actual humidity ratio is higher than the maximum possible, water vapor starts condensing. 

The condensate produced by the dehumidification of the air flow is exiting the dehumidifier 
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and flowing into a container. It is collected and continuously measured using a digital scale 

(10). 

The system contains two optional parts: the dosage pump (13) and the compact system 

camera (15). The dosage pump is used when the HDH cycle is operated at continuous 

liquid heights. Liquid height is then kept constant by continuous addition of water. The com-

pact system camera is used for analysis of the bubbly flow. 

3.1 Bubble Column Humidifier  

The BCH used in the HDH cycle is designed as a cylindrical BCH with varying length. As a 

main container, the BCH can either be equipped with one continuous or two vertically 

stacked acrylic glass tubes as main compartment. In Figure 9 the mechanical setup for both 

configurations is shown in an exploded view. 

 

Figure 9: Mechanical setup of the cylindrical BCH with a continuous (left) and two vertically stacked 
(right) acrylic glass tubes. 

 

In the experimental setup used for the measurements a continuous acrylic glass tube with 

an inner diameter of 140 mm and 600 mm length (3) serves as the main compartment if not 

indicated otherwise. This setup is shown on the left side of Figure 9. The acrylic glass tube 

sits on top of a hollow metal cylinder with closed bottom and an inner diameter of 140 mm 

(6). This cylinder is reinforced at the top to provide space for the threads to secure a metal 

flange (4) with screws (8). Between the metal cylinder and the flange is a seal ring (9) which 

presses against the acrylic glass tube. Inside of the metal cylinder sits a sparger (5) with an 

outer diameter of 100 mm. The sparger encloses an exchangeable perforated PMMA plate. 

The sparger design is described in detail in Chapter 3.2. At the side of the metal cylinder a 

bolted connection for inlet of pressured air is located. The pressured air then flows through 
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a metal tube to the sparger which distributes it. On top of the acrylic glass tube sits a metal 

cover which is connected via screws (8) to a flange (2) that presses on a seal ring (9). This 

design ensures an air- and watertight construction of the experimental setup.  

Optionally, the BCH can be equipped with two vertically stacked acrylic glass tubes. The 

length of these tubes can be varied between 100 mm and 600 mm. This setup is shown on 

the right side of Figure 9 and consists of the same base and cover as the setup described 

above. Between the two acrylic glass tubes (10) a metal tube with an inner diameter of 140 

mm (11) is inserted. A thread is located at the side of the metal tube to provide a measure 

of mounting an additional thermal sensor. At the top and bottom the metal tube is reinforced 

to provide space for the threads to secure metal flanges (12) with screws (14). Seal rings 

are located (13) between the flanges and the metal tubes to ensure an air- and watertight 

connection. 

3.2 Sparger design 

Sparger design is one of the main influential parts on the bubble formation and the bubbly 

flow in a BCH (see Chapter 2.4). The sparger used in the experimental setup is 3D printed 

from ABS. It has an outer diameter of 100 mm and sits on top of a screw connection to the 

pressured air. In Figure 10 the mechanical design of the sparger is shown in an exploded 

view. 

 

Figure 10: Mechanical design of the sparger as used in the BCH. 

 

At the bottom of the sparger is a male thread (6) which connects to the metal tube for pres-

sured air. From the male thread upward, the bottom part of the sparger expands conically 

with a reinforced ring on top. The total width of the sparger is 100 mm. The reinforced ring 
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provides space for the threads of the fixing screws (1) for the flange (2). Between the flange 

and the conical bottom part of the sparger sits an exchangeable perforated PMMA plate (3). 

The diameter of the perforated PMMA plate is 79 mm. To ensure an air- and watertight 

connection between the flange, perforated PMMA plate and bottom part of the sparger a 

housing gasket (4) is used. 

In Figure 11 an overview of the different mechanical designs for the perforated PMMA plates 

used in this master’s thesis is given. 

 

Figure 11: Perforated PMMA plates with 1, 2 and 3 mm orifice diameter. 

 

The perforated PMMA plates used in the sparger have a diameter of 79 mm. The difference 

in design of the individual plates comes from different perforation orifice diameters. Based 

on the orifice diameter and number of orifices, the open area ratio (OAR) is indicated in 

Table 1. The OAR is the ratio of orifice area to the full area of the acrylic glass plate including 

orifices. 

#  Orifice diameter (mm) Orifice count OAR (%) 

1 1 19 0.304 

2 2 18 1.154 

3 3 7 1.009 

Table 1: Orifice diameter and count and OAR of used acrylic glass plates for the sparger. 

 

The number in the first column of Table 1 references the position of the perforated PMMA 

plate in Figure 11. 

 

3.3 Dehumidifier 

The dehumidifier used in the experimental setup is designed as a closed cross flow heat 

exchanger. The cooling water flow is guided by copper pipes, while the air is flowing be-

tween aluminium plates. Figure 12 show a 2D and a 3D schematic of air and cooling water 

flow. 
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Figure 12: Schematic of the air and water flow in a cross flow heat exchanger [28]. 

 

In the dehumidifier, the cooling water flow is perpendicular to the airflow. Copper pipes 

guide the cooling water flow provided by the central cooling water system of the Vorarlberg 

University of Applied Sciences. 

 

3.4 Electrical equipment 

In the HDH cycle described in Chapter 3 several sensors and other electrical equipment are 

used. The instruments used, including measurement range and accuracy, are listed in Table 

2. The instrument number in the first column indicates the position of the instrument in Fig-

ure 8.  

Two types of PT 1000 thermal sensors are used to measure the working liquid and air tem-

perature. The liquid height is measured using a magnetostrictive level which is floating atop 

of the working liquid. Foam formation does therefore not influence the measured liquid 

height. Volumetric airflow is set using a flow meter and condensate amount is continuously 

monitored by a digital scale. 
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# Parameter Instrument Measurement 

Range 

Measurement  

Accuracy 

5, 6, 11 Temperature PT1000 thermal 

sensor 

0–100 (°C) ± 0.3 + 0.005·1 (°C) 

8 Temperature PT1000 thermal 

sensor 

0–180 (°C) ± 0.1 + 0.0017·1 (°C) 

8 Relative 

humidity 

Capacitive  

polymer sensor 

0 – 100 (%) ± 1 + 0.007·$ (%) 

12 Liquid height Magnetostrictive 

level 

0–500 (mm) ± 0.5 (mm) 

3 Volumetric air 

flow rate 

Flow meter 0–10 (m3/h) ± 0.1 (m³/h) 

10 Condensate 

amount 

Digital scale 0–3100 (g) ± 0.2 (g) 

Table 2: Sensors and other electrical equipment used in the experimental setup. 
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4. Measurement methods 

4.1 Measurement procedure 

All measurements carried out in this master’s thesis follow the procedure as described be-

low. It is indicated if the procedure varies for a measurement. The BCH is operated using a 

single acrylic glass tube. Liquid height in the BCH is continuously measured and water is 

refilled to maintain a stable liquid height and oil content in the emulsion. 

 Water oil emulsion is prepared as follows: 

o Water is mixed with 2g of emulsifier (sodium dodecylbenzenesulfonate) per 

litre of emulsion 

o Oil is added 

o 5 ml of defoaming agent (Rimagents-L) per litre of emulsion is added  

 Perforated PMMA plate with desired orifice diameter size is installed into the sparger 

 Acrylic glass tube is installed 

 System is powered  

 Cooling water line and air line are opened 

 Desired superficial air velocity is set 

 Heating coil temperature is set to 100 °C 

 BCH is filled from top with the water oil emulsion 

 Magnetic stirrer is set to 1000rpm 

 Working liquid temperature is set 

 Desired liquid height is set 

 Measurement is carried out as soon as BCH exit temperature varies < 0,5K over a 

period of 1h 

 Measurement ends after 1h with stable temperature 

All parameters that are continuously monitored are saved in intervals of 30 seconds. The 

analysis and graphic evaluation are done in Python [30]. 

The parameters sieve plate orifice diameter, superficial air velocity and liquid temperature 

in the sparger will be evaluated for their influences and are varied as listed in Table 3.  

Parameter Range Variation steps Benchmark 

Acrylic glass plate orifice diameter 1 – 3 mm 1 mm 2 mm 

Superficial air velocity 0.5 cm/s, 1 – 5 cm/s 1 cm/s 2 cm/s 

Liquid temperature 40 – 80 °C 10 °C 70 °C 

Table 3: Parameter variation, variation steps and benchmark level. 

 

Variation of the liquid temperature is carried out while the orifice diameter and superficial 

air velocity are set at benchmark parameters. Results of this are analysed in Chapter 6.1. 

Superficial air velocity is measured at benchmark setting for liquid temperature with all three 

acrylic glass plate orifice diameters of 1, 2 and 3 mm. Measurements for the orifice diameter 

are therefore combined with superficial air velocity measurements. Results of the superficial 
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air velocity measurements are analysed in Chapter 6.2 while results for the acrylic glass 

plate variation are analysed in Chapter 6.3. 

 

4.2 Emulsion makeup 

As bilge water is inconsistent in its makeup (see Chapter 2.2), it is represented by a water 

oil emulsion containing 25 % mineral oil. The water oil emulsion is created using 2g of so-

dium dodecylbenzenesulfonate per litre of emulsion as an emulsifying agent to ensure a 

consistent mixing quality. Figure 13 shows a comparison the water oil mixture (1) without 

additives, (2) with emulsifying agent and (3) with emulsifying agent and defoaming agent.  

 

Figure 13: Water and oil from left to right: without additives, with emulsifier and with emulsifier and 
defoamer. 

 

The oil is floating on top of the water when no emulsifying agent is used. With the emulsify-

ing agent, an oil in water and a water in oil emulsion is formed. Latter is floating on top, as 

the oil is present as the continuous phase resulting in a lighter emulsion compared to the 

water forming the continuous phase in the oil in water emulsion. These two phases of emul-

sion are continuously mixed by a magnetic stirrer to ensure that a homogenous working 

liquid is present in the humidifier. 

The bubbly flow through the working liquid in the BCH was seen to induce heavy foam 

formation. This can be seen in an attenuated form in the middle sample in Figure 13. Due 

to the risk of carrying out emulsion in form of bubbles, a defoaming agent was introduced 

into the mixture. Rimagents-L is a defoaming agent commonly used in the food industry and 

was chosen. A strong reduction in foam formation was observed and no foam is present in 

the right sample seen in Figure 13. The exact makeup of the emulsion is described in Table 

4. When a measurement is performed with a different emulsion makeup, it is stated in its 

description. 
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Ingredient Name Quantity 

Tap water - 3 l 

Mineral oil PFWO35P20 1 l 

Emulsifying agent Sodium dodecylbenzenesulfonate 2 g/l 

Defoaming agent Rimagents-L 5 ml/l 

Table 4: Ingredients and quantity of the emulsion used as working liquid. 

 

Fluid level of the working liquid in the BCH is kept constant by refilling the bubble column 

with tap water using a pump. this ensures a consistent oil content in the emulsion used as 

working liquid. A consistent fluid level is needed to ensure that all measurements done are 

consistent over the measurement period. 

  



- 19 - 

 

5. Proof of concept 

Feasibility of a water oil emulsion as working liquid in the HDH cycle as described in Chapter 

3 needs to be evaluated before the proposed measurements from Table 3 are carried out. 

For this, the behaviour of the HDH cycle is evaluated at benchmark parameters with a lower 

liquid temperature. As second step, the temperature profile in the working liquid is compared 

between seawater and water oil emulsion. The top and bottom temperatures in the working 

liquid are measured while the HDH cycle is operated with identical settings and setup. Fi-

nally, the HDH cycle, especially the BCH, is evaluated for the accumulation of oil in the 

emulsion. For this the HDH cycle is operated as a batch process and the dosage pump is 

turned off. The goal of this measurement is to find the theoretical maximum oil concentration 

that can be achieved with the HDH cycle. Subsequent to these measurements, the achieved 

condensate production is investigated. Productivity is compared between measured and 

calculated values. 

5.1 Preliminary measurement 

To evaluate the feasibility of the HDH cycle operated with a water oil emulsion, an initial 

measurement with the HDH cycle and water oil emulsion as working liquid is carried out. 

This measurement is used to evaluate the experimental setup described in Chapter 3 and 

the measurement procedure in Chapter 4 at parametric settings as seen in Table 5. 

Parameter Setting / Quantity 

Orifice diameter 2 mm 

Superficial air velocity 2 cm/s 

Liquid temperature 50 °C 

Tap water 3 l 

Mineral oil 1 l 

Emulsifying agent 2 g/l 

Defoaming agent 5 ml/l 

Table 5: Parameter settings and emulsion makeup for the proof of concept. 

 

Orifice diameter and superficial air velocity as used in the proof of concept are identical to 

the benchmark parameters. Liquid temperature is set to 50 °C. A lower liquid temperature 

was chosen to ensure safe operation while using the previously untested working liquid. It 

is assumed that a measurement at these parameters is sufficient to check the feasibility of 

the HDH cycle for the parameter range defined in Table 3.  

A major issue that was encountered during this measurement was phase separation in the 

BCH. Water in oil and oil in water emulsion were not mixed below the sparger. This phase 

separation can be seen in Figure 14. 
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Figure 14: Phase separation of emulsion in the BCH. 

 

The perforated PMMA plate in the sparger is located at the same height as the top of the 

bottom metal cylinder of the BCH (see Chapter 3.1). This means that the bubbly flow in the 

BCH starts from this point and does not contribute to mixing of working liquid below the 

sparger. From this results a separation of oil in water emulsion seen as clear liquid and a 

mixture of water in oil and oil in water emulsion seen as opaque liquid in Figure 14. To 

counteract phase separation in the BCH, a magnetic stirrer is installed inside the metal 

bottom part of the BCH. Additional liquid movement induced by the magnetic stirrer coun-

teracts phase separation. In Figure 15 temperature data are depicted in dependence on 

time with and without operation of a magnetic stirrer. 1amb is the ambient temperature, 1E is 
the emulsion or liquid temperature, 1DH,e is the dehumidifier exit temperature and 1345,6 is 

the BCH exit temperature. The black vertical line indicates the time at which the magnetic 

stirrer was activated.  
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Figure 15: Preliminary measurement with magnetic stirrer activated at 1.4h. 

 

In the beginning of the measurement the dehumidifier exit temperature drops and remains 

stable over the course of the remaining measurement. BCH exit temperature increases in 

the beginning of the measurement and reaches the defined steady state in the last hour of 

the measurement. Ambient temperature remains stable during the time of measurement. 

Without the magnetic stirrer, the liquid temperature is fluctuating and consistently over the 

set value of 50 °C. It is assumed, that the phase separation in the BCH acts as a barrier for 

heat transfer via convection. A boundary layer for heat transfer by convection is formed. As 

the bottom side liquid is not in motion, convective heat transfer from the bottom to the top 

is very low compared to the case of a well mixed fluid. This leads to an inconsistency of 

temperatures at the thermal sensors for heating and recording. Inconsistent movement of 

the working liquid then leads to a temporary overheating of the working liquid in the BCH. 

After the activation of the magnetic stirrer, liquid temperature drops to slightly below set 

value and remains stable. The previously observed phase separation disappears. 

5.2 Temperature profile in the BCH – comparison of seawater and 

emulsion 

A number of studies investigating operation of an HDH cycle with a BCH using seawater as 

working liquid were already carried out. The influence of changing the working liquid to an 

emulsion is unknown. Its influence on the temperature in the working liquid needs to be 

evaluated to better understand the behaviour of the HDH cycle. The experimental setup is 

shown in Figure 16.  
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Figure 16: Experimental setup for measurement of temperature profile in the BCH. 

 

For the measurement of liquid top temperature, the experimental setup was operated with 

two vertically stacked acrylic glass tubes as described in Chapter 3.1. In the metal tube 

between the two acrylic glass tubes a temperature sensor (17) was installed. This temper-

ature sensor measures the liquid temperature below surface. 

In Table 6 a comparison of temperatures in the HDH cycle when operated with (1) seawater 

and (2) water oil emulsion as working liquid is given. In this table 1amb is the ambient tem-
perature, 1E is the working liquid temperature at temperature sensor (5), 1E,top is the working 

liquid temperature at temperature sensor (17), 1BCH,e is the BCH exit temperature and *BCH,e 
is humidity ratio at the BCH exit. For the calculation of humidity ratio, the air at the BCH exit 

is assumed to be saturated. Both measurements were carried out with a liquid temperature 

of 50 °C and a superficial air velocity of 1 cm/s. Other parameter settings and emulsion 

makeup are at benchmark level as described in Chapter 4. 

Parameter Unit Seawater Water oil emulsion Δ (%)  

1amb  °C 21.9 21.8 0.5 

1E  °C 49.5 49.7 0.4 
1E,top  °C 49.0 49.2 0.4 
1BCH,e  °C 42.6 41.5 2.5 

*BCH,e  gW/kgA  56.4 52.8 6.4 
1E ; 1E,top  K  0.5 0.5 0.0 
1E,top ; 1BCH,e  K  6.4 7.7 20.3 

Table 6: Temperatures and temperature differences for seawater and water oil emulsion as work-
ing liquid 

 

The difference in ambient temperature between the measurements is 0.1 K. This is consid-

ered negligible for the future analysis. 
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In both measurements the working liquid temperature is slightly below the set temperature 

of 50 °C. This is consistent with previous measurements carried out by Eder and Preißinger 

using the same experimental setup [5]. Differences between the two measurements are 

negligible for (1) working liquid temperature, (2) working liquid top temperature and (3) dif-

ference between working liquid and working liquid top temperature. Following this, it can be 

assumed, that the heat transfer in working liquid shows no significant difference when op-

erated with seawater or a water oil emulsion as described in Chapter 4. This could only be 

achieved when operating the HDH cycle with magnetic stirrer (see Chapter 5.1). 

A difference in BCH exit temperature of 1.1K was observed. The measurement operating 

with water oil emulsion as working liquid results in a lower temperature. Following this, the 

difference between working liquid top temperature and BCH exit temperature shows a dif-

ference of 1.3K. Using Equation (5.3) and the well renowned Antoine equation for water 
(5.4) where 1BCH,e is temperature at the BCH exit, �atm is atmospheric pressure, �sat is the 

saturation pressure of water, $ is relative humidity and * is the humidity ratio of air it can 

be shown that the lower BCH exit temperature in water oil emulsion measurement leads to 

a 6.4 % lower humidity ratio at the BCH exit. This difference will increase as higher liquid 

temperatures are set due to an exponential increase in humidity ratio with air stream tem-

perature. Assuming that (1) the same dehumidifier exit temperature is given, (2) air at the 

dehumidifier exit is saturated and (3) air at the BCH exit is saturated, a lower BCH temper-

ature leads to a decrease in condensate production. This is shown by Equations (5.5) and 

(5.6) where 'A is mass flow of air , "as is superficial air velocity, �BCH is the inner radius of 

the BCH, )A is density of air, � is observation time 'C is mass of produced condensate and 

Δ* is difference in humidity ratio. Air mass 'A flowing through the HDH cycle is set by 

superficial air velocity, radius of the cylindrical BCH, density of air )A and the observation 

time � as seen in Equation (5.5). Multiplication of the air mass 'A with the difference in the 

humidity ratio Δ* between the BCH exit and dehumidifier exit equates to the mass of con-

densate produced 'C using Equation (5.6).  

 * = 0.622 ⋅ $ ⋅ �sat
�>?@ ; $ ⋅ �sat

 (5.3) 

 

 �sat = 10B.CDEFEGH
EDFC.IF

JFF.KJIGLM ⋅ 133 (5.4) 

 

 'A = "as ⋅ �BCHJ ⋅ N ⋅ )A ⋅  � (5.5) 

 

 'C = 'A ⋅ Δ (5.6) 

 

No major difference in liquid temperature was observed. Humidity ratio at the BCH exit is 

assumed to lead to a reduced condensate production. The BCH exit temperature directly 

governs humidity ratio at this point. The measured temperature with water oil emulsion as 

working liquid is 1.1 K lower. It is concluded that heat transfer from emulsion to air is lower 

than from seawater to air. 
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5.3 Oil accumulation when operating the HDH cycle as a batch pro-

cess 

To evaluate the feasibility of the system for (1) the accumulation of oil and (2) the extraction 

of condensate at high oil concentrations, the HDH cycle needs to be operated as a batch 

process. No water is added to the BCH over the course of the measurement. Assuming that 

only water exits the HDH cycle, the oil concentration in the BCH increases over time. This 

assumption needs to be evaluated by analysis of the condensate. Due to (1) a limitation of 

maximum time the HDH cycle can be operated per measurement and (2) temperature fluc-

tuations at the end of the first batch process, this accumulation measurement is split into 

two batch processes. One starting at 50 % oil concentration and one starting at 75 % oil 

concentration. 

5.3.1 Oil accumulation from 50 % oil concentration 

The oil accumulation measurement starting at 50 % oil concentration is operated at the 

emulsion makeup shown in Table 7. Parameters and emulsion ingredients that are not listed 

are kept at benchmark level (see Chapter 4). 

Ingredient Quantity 

Tap water 3 l 

Mineral oil 3 l 

Table 7: Parameter settings and emulsion makeup for the oil accumulation measurement starting 
at 50 % oil concentration. 

 

To increase the speed at which water is carried out of the system in comparison to the 

preliminary measurements, temperature was set to benchmark level of 70 °C. With increas-

ing liquid temperature the BCH exit temperature is assumed to increase as well. This higher 

temperature leads to a higher humidity ratio and therefore to an increased condensate pro-

duction. An increase in condensate production results in a faster oil concentration change. 

Increase in water carried out of the system is given by the increase of humidity ratio of air. 

Maximum humidity ratio of air is determined by Equation (5.3) in which * is the humidity 

ratio of air, �sat is the saturation pressure of water and �atm is atmospheric pressure. The 

saturation pressure is determined by the well renowned Antoine equation given in Equation 

(5.4) in which �sat is the saturation pressure of water and 1 is the air temperature. Using 

these equations, it can be determined that the humidity ratio of air increases exponentially 

with an increase in temperature. 

In Figure 17 the decrease in liquid height and, deducted from this decrease, the increase in 

oil concentration are shown in dependence of time. In this and the following figures, ℎE is 

the liquid height in the BCH and oil concentration is the concentration of oil in emulsion 

present in the BCH. 

In the beginning of the measurement, the system is increasing liquid temperature to the set 

value as seen in Figure 18. In this and the following figures 1amb is the ambient temperature, 
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1E is the emulsion or liquid temperature, 1DH,e is the dehumidifier exit temperature and 1BCH,e 
is the BCH exit temperature.  

 

Figure 17: Liquid height and oil concentration in dependence of time in the oil accumulation meas-
urement starting from 50 % oil concentration. 

 

Figure 18: Temperatures in dependence of time in the oil accumulation measurement starting from 
50 % oil concentration. 
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Over the course of the measurement, ambient temperature is stable and dehumidifier exit 

temperature is fluctuating. Difference in humidity ratio between different dehumidifier exit 

temperatures is negligible compared to the humidity ratio difference between BCH exit and 

dehumidifier exit. It is therefore assumed that the observed fluctuations in dehumidifier exit 

temperature have no significant impact on the result.  

In the beginning of the measurement, when liquid temperature is increasing, no condensate 

is produced, oil concentration remains at 50 % and liquid height is stable. Over the course 

of the measurement, a drop in liquid height and an increase in oil concentration is observed. 

The changes in oil concentration slow down over time. Decrease of oil concentration change 

rate over time could be caused by (1) decreased BCH exit temperature and (2) decrease of 

humidification efficiency in the emulsion. The decreased BCH exit temperature can be seen 

in Figure 18. An oil concentration of ~78 % is reached at the end of the measurement after 

6 hours and 48 minutes. 

Using Equations (5.3) and (5.4) it can be calculated that a lower BCH exit temperature leads 

to a decrease in humidity ratio at the BCH exit. The decreasing BCH exit temperature can 

be explained by (1) the water carried out of the BCH and (2) the heat transfer from working 

liquid to air decreases. As more water is carried out of the BCH, the liquid height decreases. 

With a decrease in liquid height the air in the BCH has to travel a greater distance from the 

heated emulsion surface to the BCH exit and. This increase of unheated distance between 

emulsion surface leads to higher losses over the BCH surface. In Chapter 5.2 a decrease 

in BCH exit temperature with introduction of emulsion as working liquid is described. It is 

assumed that this effect increases with increasing oil concentration in the emulsion. Both 

effects combined lead to the observed decrease in condensate production with increasing 

oil concentration. 

It is assumed that at a certain level of oil concentration, the humidification in the BCH will 

no longer be sufficient to guarantee that air at the BCH exit is saturated. When the air at the 

BCH exit is not saturated, humidity ratio is lower. This can be seen in Equation (5.3). A 

lower humidity ratio at the BCH exit leads to less water being carried out of the BCH result-

ing in a slower increase of oil concentration. 

5.3.2 Oil accumulation from 75 % oil concentration 

The oil accumulation measurement starting at 75 % oil concentration is carried out with 

emulsion makeup as shown in Table 8. Emulsion ingredients which are not listed and pa-

rameter settings are at benchmark level. 

Ingredient Quantity 

Water 1.17 l 

Mineral oil 3.5 l 

Table 8: Emulsion makeup for the oil accumulation measurement starting at 75 % oil concentration. 

 

Starting oil concentration is 75 % with 3.5 litres of oil and 1.17 litres of water. An oil concen-

tration of 75 % was chosen to ensure that the whole accumulation process from 50 % to a 

maximum is covered by the two batch processes.  
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A preliminary measurement has shown that the liquid temperature in the BCH starts to fluc-

tuate in intervals when the oil concentration is too high. These fluctuations can be seen after 

13 h in Figure 19. 

 

Figure 19: Temperatures in dependence of time for an oil accumulation measurement. 

 

To counteract the fluctuations in liquid temperature, the measurement setup was changed. 

Two vertically stacked cylinders were used as seen in Figure 9. The lower cylinder had a 

length of 100 mm and the upper cylinder had a length of 200 mm. In the metal tube between 

the cylinders the temperature sensor (17) is installed and used for liquid temperature regu-

lation. The resulting experimental setup is shown in Figure 20. 
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Figure 20: Experimental setup with adapted placement of the thermal sensor for liquid temperature 
regulation (17). 

 

With this setup, the thermal sensor for liquid temperature regulation is located at a position 

further away from the heating cartridges. Temperature in the BCH decreases due to losses 

over the BCH surface. The increased distance between heating cartridges and thermal sen-

sor for liquid temperature regulation leads to a higher liquid temperature at the bottom of 

the BCH. Figure 21 shows increase of oil concentration in the BCH and decrease in liquid 

height in dependence of time. In Figure 22 the increase in measured liquid temperature is 

visualized. 

 

Figure 21: Liquid height and oil concentration in dependence of time for the oil accumulation meas-
urement starting from 75 % oil concentration. 
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As previously seen in the oil accumulation measurement starting at 50 % oil concentration, 

the liquid is initially heated to the set liquid temperature (see Figure 21). 

 

Figure 22: Temperatures in dependence of time for the oil accumulation measurement starting from 
75 % oil concentration. 

 

The behaviour of temperature, oil concentration and liquid height is comparable to the oil 

accumulation measurement starting at 50 %. In the beginning of the measurement, when 

liquid temperature is increasing, no condensate is produced, oil concentration remains at 

75 % and liquid height is stable. Ambient temperature at dehumidifier exit temperature is 

stable over the course of the measurement. The BCH exit temperature is only slightly de-

creasing over time until the 4.4h mark. Changing the experimental setup from one 600 mm 

acrylic glass tube to two vertically stacked glass tubes decrease the distance between emul-

sion surface and BCH exit. As described in Chapter 5.3.1, greater distances of air travel in 

the BCH lead to higher energy losses over the BCH surface. After 2.2 h liquid temperature 

drops below the set value. The cause of this temperature drop is unknown and needs further 

investigation. Until the 4.4 h mark, the BCH exit temperature is stable and oil concentration 

changes steadily. At the 4.4 h mark BCH exit temperature and oil concentrate change rate 

decrease rapidly. The oil concentration in the BCH at that point is 98 %. It is assumed, that 

the high oil concentration decreases the humidification of air and heat transfer from emul-

sion to air in the BCH. Following this, the condensate production decreases and the oil 

concentration increased only slowly. At the end of the measurement an oil concentration of 

almost 100 % was achieved. After 98 % oil concentration was reached and a change in 

BCH exit temperature was observed, visible traces of oil were present in the condensate. 

At the same time evaporation of liquid at the heating cartridges in the BCH was observed. 

It is assumed that the local temperature at the heating cartridges was sufficient to vaporize 

the oil in the emulsion. 
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5.4 Conclusion 

With the carried out measurements it is indicated to a sufficient degree that the HDH cycle 

as described in Chapter 3 can be used for the operation with water oil emulsion as described 

in Chapter 4.2 as working liquid. The main conclusions drawn from the proof of concept can 

be summarised as following: 

 Emulsion makeup in the sparger needs to be consistent 

o Required for consistent temperature in the working liquid 

 Phase separation of oil in water emulsion below sparger height occurs when no 

movement is induced in the emulsion 

 Liquid temperature in emulsion in the BCH is slightly below set value 

 Liquid temperature profile in emulsion and seawater are comparable when the HDH 

cycle is operated with magnetic stirrer in the BCH 

 BCH exit temperature in emulsion is slightly lower 

 Accumulation of oil is only temperature dependent when appropriate mixing and a 

sufficiently high temperature is ensured 

 Accumulating to an oil concentration >97 % is possible 

Accounting for these conclusions, the measurements for operating parameters described 

in Chapter 4 can be carried out. 
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5.5 Condensate production and decrease in volume 

To evaluate the feasibility of achieved condensate production and volume reduction of 

emulsion in the BCH when operated as a batch process, measured results are compared 

to theoretical values. These theoretical values are evaluated via a thermodynamic model. 

For the emulsion volume reduction in the BCH, the difference in liquid height measured by 

the height sensor (18) is used as a basis. The gas holdup & in the BCH must not be ac-

counted for. Accurate measurement of liquid surface height with activated airflow is not 

possible. The airflow causes fluctuations in liquid height seen in Figure 23. These outweigh 

the liquid height change. Liquid height measurement is therefore carried out without airflow 

to ensure correct readings. It is assumed that only water is carried out of the BCH. Following 

this, water amount carried out of the system 'W is calculated by the volume reduction Δ� 

in the BCH using Equations (5.7) and (5.8). In these Equations )W is the water density, Δℎ 

is the change in liquid height in the BCH and �BCH is the radius of the cylindrical BCH. 

 Δ� = �BCHJ ⋅ N ⋅ Δℎ (5.7) 

 

 'W = Δ�  ⋅ )W (5.8) 

 

 

The difference in weight between the produced condensate and volume reduction is as-

sumed to be lost via the air exiting the dehumidifier. This will be validated by the proposed 

measurements and calculations. At the BCH and dehumidifier exit, air is assumed to be 
saturated. Air temperature 1BCH,i and relative humidity $BCH,i were measured at 21 °C re-

spectively 18 % for the air at the BCH inlet by a dew point measurement in the pressurized 

air line. Together with the superficial air velocity these values are used for the thermody-

namic model of the process. 

Using Equation (5.4) the saturation pressure of water �sat at the position of the individual 

temperature sensors is evaluated using the temperature. Knowing the saturation pressure 

and relative humidity $, humidity ratio of air * is determined using Equation (5.3) where 

�atm is the atmospheric pressure. Equations (2.2), (5.7) and (5.8) are used to determine 

volume reduction in the BCH and decrease in height utilizing the calculated mass of water. 

To calculate the condensate production. Equation (5.6) is applied with the difference in hu-

midity ratio between the BCH exit and the dehumidifier exit to determine condensate pro-

duction. 

The comparison of results of a measurement give an indication about the feasibility of the 

assumptions: (1) that the air at BCH exit and dehumidifier exit is saturated (2) only water is 

carried out of the BCH and (3) all water carried out of the system is either measured with 

the digital scale or in the air exiting the dehumidifier. Following calculations are based on 

measurements at following settings: 

 60 °C liquid temperature 

 2 cm/s superficial air velocity 
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 3 mm sieve plate orifice diameter 

 4 l top water as working liquid 

A comparison between measured and calculated condensate production is conducted. Fur-

thermore, the difference of measured and calculated decrease of volume in the BCH is 

evaluated. The temperature at the BCH exit, dehumidifier exit and emulsion in dependence 

of time are shown in Figure 23. These temperatures are averaged over a time period � of 

1h as indicated by the vertical lines. 

 

Figure 23: Temperatures in dependence of time at benchmark parameters. 

 

Figure 24 shows the condensate production in dependence of time. The vertical lines indi-

cate the time period � of 1 h in which the condensate production is linearly regressed. Time 

period of 1 h used for regression are indicated by the two vertical lines. 
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Figure 24: Condensate production in dependence of time at benchmark parameters. 

 

In Table 9 the input parameters for the in process measurement are listed. The numbering 

indicates the position of the instrument in the process schematics used to determine the 

parameter value. 

Input parameter Unit # in Figure 8 Value 

"as cm/s  3 2 

Δℎ m  12 0.011 

'C  kg  10 0.159 

Table 9: Input parameters for the in process measurement at benchmark parameters.  

 

The determined output parameters from the in process measurement are given in Table 10. 

Where applicable, the equation used to calculate the value from the input parameters is 

given. Produced amount of condensate is given by Figure 24. 

Output parameter Unit Equation Value 

Δ�  m3  (5.7)  169.3 ∙ 10-6 

'W  g  (5.8)  169.3 

'C  g  - 158.6 

Table 10: Output parameters for in process measurement at benchmark parameters.  

 

Input parameters needed for the thermodynamic model are given in Table 11. The number-

ing indicates the position of the instrument in the process schematics used to determine the 

parameter value. Temperatures are given in Figure 23. 
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Input parameter Unit # in Figure 8 Value 
1BCH,i  °C  - 21 
1BCH,e  °C  6 55.2 
1DH,e  °C 11 16.3 

Table 11: Input parameters for the thermodynamic model at benchmark parameters. 

 

The determined output parameters of the thermodynamic model are given in Table 12. 

Where applicable, the equation used to calculate the value from the input parameters is 

given. 

Output parameter Unit Equation Value 

Δ�  m3  (5.8)  158.2 ∙ 10-6 

'W  g  (5.6)  149.5 

'C  g  (5.6)  137.8 
1requ  °C (5.3) (5.4) (5.6) 57.5 

Table 12: Output parameters for the thermodynamic model at benchmark parameters. 

 

Difference in both the condensate production and the decrease in emulsion volume in the 

BCH is seen. Following interpretation is linked to the results given in Table 10 for the meas-

ured values and Table 12 for the calculated values. 

The calculated condensate production is 13.5 % lower than the measurement. As seen in 

Equations (5.4), (5.3) and (5.6), the main influence for the condensate production is the 

humidity ratio at the BCH exit and the dehumidifier exit. It can be assumed that the air in 

the BCH is saturated right above the water surface. Air temperature at this point is unknown. 

By rearranging Equations (5.3), (5.4) and (5.6) and assuming that air above liquid surface 
is saturated, required temperature 1requ above liquid surface is calculated to be 57.5 °C. 

This temperature is achievable as it is below measured liquid temperature 1E of 58.8 °C 

which is indicated in Figure 23. Due to energy loss via the BCH surface, the temperature 

drops to the measured 55.2 °C shown in Figure 23. In the beginning of the experiment, the 

water wets the inner surface of the BCH. As soon as the surface is covered, the water is 

carried out of the BCH as water vapor and aerosol which would mean that the air at the 

BCH exit is supersaturated. This would increase the calculated value of condensate pro-
duction. By rearranging Equations (5.3), (5.4) and (5.6) required BCH exit temperature 1requ 
to achieve measured condensate production is calculated. Comparing this value to the 

measured emulsion temperature 1E of 58.8 °C shows that the required BCH exit tempera-

ture could be achieved above liquid surface. Further investigations into the behaviour of the 

air in the BCH are needed to confirm this interpretation (see Chapter 8). 
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6. Parameter variation 

Evaluation of the HDH cycle performance is essential to gather an understanding of its 

behaviour. The performance is defined as the amount of condensate produced in one hour. 

For the evaluation, the HDH cycle is operated at varying parameter setting. Variation of 

parameters and benchmark level are described in Table 3. The experimental setup is de-

scribed in Chapter 3. A continuous acrylic glass tube of 600 mm length is used in the BCH.  

The analysis in this chapter is carried out with following assumptions: 

 18 % relative humidity at BCH inlet 

 21 °C air temperature at BCH inlet 

 Air exiting the BCH is saturated 

 Air exiting the dehumidifier is saturated 

 Condensate carried out of the HDH cycle contains only water 

These assumptions have been validated through preliminary measurements. Relative hu-

midity and temperature at BCH inlet were evaluated by a dewpoint measurement. Variations 

to the assumptions are considered negligible.  

6.1 Influence of liquid temperature 

Liquid temperature in the BCH directly influences the BCH exit temperature. As described 

in Chapter 2.3, the BCH exit temperature is one of the main factors for changes in conden-

sate production. Liquid temperature is varied between 40 and 80 °C. Variation steps are 

described in Table 1. Productivity is defined as the condensate production over the course 

of one hour. All measurements are carried out with experimental setup as described in 

Chapter 3. Parameter settings and emulsion makeup are at benchmark parameters as de-

scribed in Table 3 respectively Table 4. Table 13 shows measurement results of tempera-

tures and condensate production at varying liquid temperature 1set. 

 

1set (°C) 'C (g)  1amb (°C) 1E (°C) 1BCH,e (°C) 1DH,e (°C) 1P ; 1BCH,e (°C) 

40 38.3 23.1 39.2 34.7 16.3 4.5 

50 77.1 23.2 49.2 43.7 16.1 5.5 

60 139.9 22.1 59.4 53.1 15.9 6.3 

70 253.7 22.4 69.4 62.5 16.3 6.9 

80 422.2 22.1 78.5 71.2 16.2 8.7 

Table 13: Influence of liquid temperature on condensate production – temperatures. 

 

Ambient temperature shows a variation of 1.02 K. Influence on condensate production is 

negligible. 

In Figure 25 condensate production, extrapolation of condensate production 'C,fitted and 

maximum condensate production 'C,max is shown. Error bars indicate inaccuracies of the 
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temperature sensor. Using Equations (5.3), (5.4) and (5.6) maximum condensate produc-
tion is determined. Temperatures used for this calculation are: (1) air at the BCH exit 1BCH,e 
is assumed to be at liquid temperature (2) air at the dehumidifier outlet is assumed at the 
lowest measured temperature 1BCH,e of preliminary measurements. These equations show 

that the resulting maximum obtainable condensate production is exponentially increasing 

with temperature. The same behaviour is expected to be true for measured condensate 

production. 

 

Figure 25: Condensate production and maximum condensate production in dependence of emul-
sion temperature between 40 and 80 °C. 

 

Condensate production is below the maximum obtainable condensate. As seen in Table 13 

BCH exit temperature is consistently lower than emulsion temperature. Equations (5.3), 

(5.4) and (5.6) show that lower BCH exit temperature results in lower condensate produc-

tion. 

Extrapolation of the measurements with 40 to 70 °C using a polynomial fit of third order is 
shown as 'C,fitted in Figure 25. Condensate production at 80 °C matches this fit. This shows 

that condensate production increases exponentially with increase in emulsion temperature. 

The observations match expected behaviour and previous investigations of the HDH cycle 

using seawater [5]. Condensate production using water oil emulsion is consistently lower at 

all temperatures. This is in line with the analysis of temperature profile in the BCH in Chapter 

5.2. Lower BCH exit temperature when operated with water oil emulsion leads to a lower 

humidity ratio. Less condensate is produced as a result.  

Increasing liquid temperature leads to an increase in temperature difference between emul-

sion temperature and BCH exit temperature. The emulsion temperature and BCH exit tem-

perature and the temperature difference are shown in Figure 26. 
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Figure 26: Emulsion and BCH exit temperature and temperature difference as a function of emul-
sion temperature. 

 

Temperature difference between emulsion and BCH exit increases with rising temperature. 

An increase in emulsion temperature leads to a higher temperature difference between the 

BCH and its ambient. Losses via the BCH surface increase with increasing temperature 

difference. This leads to a stronger cooling of the air in the BCH resulting in the observed 

increase in temperature difference. 
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6.2 Influence of superficial air velocity 

Superficial air velocity is analysed between 0.5 cm/s and 4 cm/s. Sparger acrylic glass plate 

perforations and liquid temperature are at benchmark parameter. Condensate production 

increases linearly with increase in superficial air velocity if humidity ratio at the humidifier 

outlet stays constant. For better comparability it is normalized to 1 cm/s. 

In Figure 27 normalized condensate production 'C/"as and maximum normalized conden-
sate production 'C,max/"as as a function of superficial air velocity "as are shown. Error bars 

indicate inaccuracies of the flow meter. 

 

Figure 27: Normalized condensate production and maximum condensate production at superficial 
air velocities between 0.5 cm/s and 4 cm/s. 

 

Maximum condensate production is defined as the condensate production reached when 

BCH exit temperature equals the set liquid temperature of 70 °C. Dehumidifier exit temper-

ature is assumed to reach the minimum measured value of 15.6 °C (see Table 14). It is 

indicated as the black line in Figure 27. By using Equation (5.6) with Δ* defined as the 

difference between humidity ratio at set liquid temperature and minimum dehumidifier exit 

temperature, maximum condensate production is calculated to be 175.1 g/(cm/s). Humidity 

ratios are determined using Equations (5.3) and (5.4). 

In Figure 27 normalized condensate production 'C/"as, theoretical condensate production  
'C,theo/"as, calculated condensate production '4,S>TS/">U and maximum normalized con-

densate production 'C,max/"as as a function of superficial air velocity "as are shown. Error 

bars indicate inaccuracies of the flow meter. 
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Figure 28: Normalized condensate production, theoretical condensate production, calculated con-
densate production and maximum condensate production at superficial air velocities 
between 0.5 cm/s and 4 cm/s. 

 

For calculation of theoretical condensate production 'C,theo dehumidifier exit temperature 

1DH,e is assumed to reach 15.6 °C while BCH exit temperature is assumed to reach 64.7 °C. 

The used temperatures are the minimum dehumidifier exit temperature respectively the 

maximum BCH exit temperature reached (see Table 14). Theoretical condensate produc-

tion is determined using Equation (5.6) where 'C is amount of condensate produced, 'A is 

air mass flow rate and Δ* is difference of humidity ratio in combination with Equation (6.9) 
where 'C is measured condensate production, *BCH,e,max is maximum humidity ratio at the 

BCH exit, *BCH,e.is humidity ratio at the BCH exit, *DH,e,min is minimum humidity ratio at 

dehumidifier exit, *DH,e is humidity ratio at the dehumidifier exit. Humidity ratios are deter-

mined using Equations (5.3) and (5.4) where $ is relative humidity, �atm is atmospheric 

pressure, �sat is saturation pressure of water and 1 is temperature. 

 'C,theo = 'C / V*BCH,e,max ;*BCH,e /*DH,e,min ;*DH,eW ⋅ 'A (6.9) 

 

Calculated condensate production is defined as condensate production based on humidity 

ratio difference between BCH exit and dehumidifier exit at a given air mass flow rate 'A. It 

is determined using Equation (5.6) with Δ* defined as the difference between humidity ratio 

at BCH exit temperature and dehumidifier exit temperature. Humidity ratios are determined 

using Equations (5.3) and (5.4). 

Table 14, Table 15 and Table 16 show relevant temperatures, humidity ratios, condensate 

production, theoretical condensate production and calculated condensate production. 
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"as (cm/s) 1amb (°C) 1E (°C) 1BCH,e (°C) 1DH,e (°C) 

0.5 22.9 69.3 56.6 17.6 

1 23.1 69.4 59.9 17.2 

2 21.2 69.5 62.7 15.8 

3 21.8 69.5 64.3 16.0 

4 22.1 69.4 64.7 15.6 

Table 14: Influence of superficial air velocity on condensate production - temperatures. 

 

"as (cm/s) *BCH,e (gW/kgA) *DH,e (gW/kgA) *BCH,e ;*DH,e (gW/kgA) 

0.5 92.60 92.60 112.31 

1 112.80 112.80 137.79 

2 125.85 125.85 165.20 

3 132.03 132.03 182.87 

4 132.18 132.18 187.78 

Table 15: Influence of superficial air velocity on condensate production – humidity ratios and hu-
midity ratio difference. 

 

"as (cm/s) 'C/"as (g/[cm/s]) 'C,theo/"as (g/[cm/s]) 'C,calc/"as (g/[cm/s]) 

0.5 92.6 142.8 74.7 

1 112.8 146.0 91.6 

2 125.9 140.9 109.9 

3 132.0 135.3 121.6 

4 132.2 132.2 124.9 

Table 16: Influence of superficial air velocity on condensate production – measured, calculated and 
theoretical condensate production. 

 

Liquid temperature 1E as seen in Table 14 is consistent throughout the measurements. Dif-

ference between maximum and minimum measured value is 0.2 °C. This difference is con-

sidered negligible and can be attributed to small inconsistencies in the experimental setup 

between individual measurements.  

A strong increase in normalized condensate production can be seen between 0.5 cm/s and 

3 cm/s. Productivity plateaus at superficial air velocities of 3 and 4 cm/s. It can therefore be 

assumed that further increase in superficial air velocity will not have an impact on produc-

tivity as long as the bubbly flow regime does not change. Normalized theoretical condensate 

production is increasing between superficial air velocity of 0.5 cm/s and 1 cm/s. With in-

creasing superficial air velocity, normalized theoretical condensate production decreases. 

Overall, the normalized theoretical condensate production shows less variation between 

maximum and minimum values than the normalized condensate production. This can be 

seen in Figure 29. This indicates a strong influence of BCH exit and dehumidifier exit tem-

peratures on condensate production. 

It is inferred that the change in theoretical condensate production seen in Table 14 is caused 

by changes in the bubbly flow regime. A change from homogenous to heterogenous or plug 

flow regime occurs when operating the BCH at a superficial air velocity above 1 cm/s. If a 
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plug flow regime is present, the increase in bubble size could lead to less humidification of 

air. Following this, humidity ratio and ultimately theoretical condensate production would 

drop. To evaluate this hypothesis, further analysis of the flow regime using a water oil emul-

sion need to be carried out. 

In Figure 29 BCH exit temperature, dehumidifier exit temperature and normalized conden-

sate production as seen in Table 14 are shown. Error bars indicate inaccuracies of the flow 

meter and temperature sensor. 

 

Figure 29: BCH exit temperature, dehumidifier exit temperature and normalized condensate pro-
duction as a function of superficial air velocity. 

 

Increasing superficial air velocity correlates with an increase in BCH exit temperature. At 

the same time dehumidifier exit temperature decreases with increasing superficial air ve-

locity. Using Equations (5.3), (5.4), (5.5), and (5.6) with Δ* as humidity ratio difference be-

tween BCH exit and dehumidifier exit it is shown that the condensate production is directly 

depending on BCH exit and dehumidifier exit temperatures. With increasing temperature 

difference the humidity ratio difference increases. Following this, the condensate production 

increases. A comparison between the resulting condensate production from calculation and 

measurement is shown in Figure 30 and Table 16. 

In Figure 30 normalized condensate production and normalized calculated condensate pro-

duction in dependence of superficial air velocity are shown. Error bars indicate measure-

ment inaccuracies of the flow meter. 
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Figure 30: Normalized condensate production and normalized theoretical condensate production 
as a function of superficial air velocity. 

 

Normalized condensate production and normalized calculated condensate production are 

increasing with an increase in superficial air velocity as seen in Table 16. Calculated con-

densate production is in all measurement points lower than the measured condensate pro-

duction. Analysing Equations (5.3), (5.4) and (5.6) two influential factors can be identified: 

(1) relative humidity at the dehumidifier exit and (2) relative humidity at the BCH exit. A 

lower humidity at the dehumidifier exit would lead to an increase in condensate production. 

By the functional principle of the dehumidifier this can be ruled out. In the dehumidifier, 

condensed water vapor is removed from the air stream. The lowest achievable relative hu-

midity is therefore the state of saturation. Supersaturation of air at the BCH exit is the likely 

explanation for this observed discrepancy. This is further described in Chapter 5.5. Addi-

tionally, the difference between condensate production and calculated condensate produc-

tion decreased with increasing superficial velocity. Condensate production approaches cal-

culated superficial air velocity but does not reach the same level. This indicates that the 

proposed supersaturation of air at the BCH exit decreases with either (1) increasing super-

ficial air velocity and/or (2) increasing BCH exit temperature. Further evidence is needed to 

draw conclusions on these influential parameters. 

6.3 Influence of sieve plate orifice diameter 

Perforated PMMA plates used for the analysis are described in Chapter 3.2. The main dif-

ference between the plates are orifice diameter and open area ratio (OAR). The OAR is the 

ratio of orifice area to the cross sectional area of the acrylic glass plate including the orifices. 

Three different orifice diameters are being used. These are described in Table 1. Plate 
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design changes the bubbly flow in the BCH. Influence of the bubbly flow regime on produc-

tivity can therefore be indicated. Productivity is defined as the normalized condensate pro-

duction over the course of one hour. The BCH is operated with a 600 mm continuous acrylic 

glass tube shown in Figure 9. Measurements are carried out at benchmark parameters and 

emulsion makeup described in Table 3 and Table 4. Superficial air velocity is varied be-

tween 0.5 and 4 cm/s.  

Figure 31 shows the normalized condensate production 'C/"as in dependence of superficial 

air velocity "as at 1 mm, 2 mm and 3 mm orifice diameters. Error bars indicate inaccuracies 

of the flow meter. 

 

Figure 31: Condensate production as a function of superficial air velocity with 1, 2 and 3 mm perfo-
rated PMMA plate orifice diameter. 

 

Measured temperatures and normalized condensate production for 1, 2 and 3 mm orifice 

diameter at varying superficial air velocity are shown in Table 17. 

Measurements with an orifice diameter of 1 mm show that normalized condensate produc-

tion constantly increases with an increase in superficial air velocity between 0.5 and 2 cm/s. 

Measurements at 3 and 4 cm/s resulted in strong foam formation. Due to potential damage 

to the measurement setup, these were not carried out. BCH exit temperature increases with 

increasing superficial air velocity leading to increased condensate production as described 

in Chapter 6.1. 

Results for measurements carried out with 2 mm orifice diameter are described in Chapter 

6.1. 
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Orifice diameter (mm) "as  1BCH,e  1DH,e  'C/"as  
1 0.5 56.1 17.5 90.8 

 1 58.8 16.8 106.0 

 2 62.8 16.6 130.6 

2 0.5 56.6 17.6 92.6 

 1 59.9 17.2 112.8 

 2 62.7 15.8 125.9 

 3 64.3 16.0 132.0 

 4 64.7 15.6 132.2 

3 0.5 57.4 16.7 101.8 

 1 60.0 16.6 116.0 

 2 61.7 16.3 123.9 

 3 63.4 15.6 126.7 

 4 63.0 15.9 119.9 

Table 17: Temperatures and normalized condensate production at varying orifice diameter and su-
perficial air velocity. 

 

Using the 3 mm orifice diameter, normalized condensate production increases with increas-

ing superficial air velocity until 3 cm/s. Further increase to 4 cm/s results in a drop of nor-

malized condensate production. BCH exit temperature increases with increasing superficial 

air velocity between 0.5 and 3 cm/s. This leads to increased condensate production as 

described in Chapter 6.1. Measurements at 4 cm/s show a slight decrease in BCH exit 

temperature of 0.43K compared to 3 cm/s as seen in Table 17. A comparison of the tem-

peratures, humidity ratios and normalized condensate productions at 2, 3 and 4 cm/s is 

given in Table 18. 

Parameter Unit "as 2 cm/s "as 3 cm/s "as 4 cm/s 
1BCH,e   °C 61.7 63.4 63.0 
1DH,e   °C 16.3 15.6 15.9 
*BCH,e  (gW/kgA) 167.29 184.56 180.04 
*DH,e  (gW/kgA) 11.47 11.03 11.20 

'C/"as  (g/[cm/s]) 123.9 126.7 119.9 
'C,calc/"as  (g/[cm/s]) 159.7 177.2 172.6 

Table 18: Comparison of measurements at superficial air velocity 2, 3 and 4 cm/s using 3 mm ori-
fice diameter. 

 

BCH exit temperature 1BCH,e drops lightly when increasing superficial air velocity from 3 to 

4 cm/s while still above temperatures from the measurement at 2 cm/s. Dehumidifier exit 
temperature 1DH,e shows the same behaviour inversed. Lowest temperature is observed at 

3 cm/s and highest temperature is observed at 2 cm/s. Based on measured temperatures, 
the humidity ratios *BCH,e and *DH,e are calculated using Equations (5.3) and (5.4). Humidity 

ratio is solely dependent of temperature. Therefore BCH exit and dehumidifier exit humidity 

ratio change in the same manner as the respective temperatures. Utilising humidity ratio at 
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BCH exit and dehumidifier exit, calculated normalized humidity ratio 'C,calc/"as is deter-

mined using Equation (5.6). A comparison between normalized condensate production and 

normalized calculated condensate production as seen in Table 18 is shown in Figure 32. 

 

Figure 32: Comparison of normalized condensate production and normalized calculated conden-
sate production between 2 and 4 cm/s with 3 mm orifice. 

 

Comparing 2 and 4 cm/s normalized condensate production decreases while calculated 

condensate production increases. This shows that a discrepancy between thermodynamic 

model and assumptions and measurement results are given. It is assumed, that the under-

lying assumptions described in Chapter 6 are not correct for the measurement at 4 cm/s 

and 3 mm orifice diameter. Bubbly flow in the BCH can occur in different regimes as de-

scribed in Chapter 3.1. A change in bubbly flow regime alters humidification in the BCH. It 

is assumed that a flow regime change occurs between 3 and 4 cm/s. Due to higher viscosity 

of used water oil emulsion compared to water a change to a slug flow regime could occur. 

This is indicated by optical analysis of bubbly flow in water and oil in Chapter 7. Due to lower 

ratio between bubble surface to bubble volume in plug flow, humidification of air is lower 

compared to homogenous flow regimes. This would lead to less water being carried out of 

the system as condensate. Normalized condensate production is at 4 cm/s still above cal-

culated condensate production. This indicates that although a lower humidification due to 

flow regime change is assumed, supersaturation is still possible even if air stream is not 

saturated at the liquid surface. (see Chapter 6.1). Further insights into the change of bubbly 

flow in the BCH are needed to verify this theory. 

At superficial air velocities of 0.5 and 1 cm/s orifice diameter normalized condensate pro-

duction increases with increasing orifice diameter. Orifice diameter of 3 mm has a 12 % 

respectively 9 % higher productivity compared to 1 mm (see Table 17). This effect reverses 
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at a superficial air velocity of 2 cm/s where 1 mm orifice diameter has a 5 % higher produc-

tivity than 3 mm. It is unknown if this trend continues due to a lack of results for 1 mm orifice 

diameter. Orifice diameter of 2 mm shows a higher productivity compared to 3 mm when 

operated at 2, 3 and 4 cm/s. This trend is increasing with increasing superficial air velocity.  

Operation with 3 mm orifice diameter shows highest consistency of productivity. Difference 

between maximum and minimum normalized condensate production is 24 %. With 43 % 

the 2 mm orifice diameter results in higher variation of productivity. It is assumed that the 

bubbly flow regime produced by 3 mm orifice diameter consists of larger bubbles. At lower 

superficial gas velocity this could lead to more turbulences leading to a better humidification 

of air. As previously described, it is assumed that further increase of superficial air velocity 

with 3 mm orifice diameter leads to a plug flow regime and ultimately to a drop in productiv-

ity. Following explanation is proposed for smaller orifice diameters: Small orifice diameters 

lead to more finely dispersed bubbles. These are assumed to create less turbulences. This 

lack of turbulence in the bubbly flow would lead to lower humidification of air at lower su-

perficial air velocities. At the same time, the fine dispersion of bubbles in the emulsion leads 

to a better humidification when turbulences occur. This can be seen by the constant in-

crease of productivity between 0.5 and 3 cm/s using 2 mm orifice diameter. Following this 

reasoning it is assumed that the use of 1 mm orifice diameter leads to a further increase in 

productivity compared to 2 mm. Further experiments are necessary to get a more certain 

understanding of the underlying phenomena. 
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7. Optical analysis of bubbly flow in water and water oil emulsion 

Bubbly flow in a BCH occurs in three different patterns: (1) homogenous flow, (2) churn 

turbulent flow and (3) slug flow. In Chapter 3.1 these are described in detail. The flow pat-

terns influence humidification in the BCH. Formation of larger bubbles leads to a lower sur-

face area to volume ratio. This results in less interface area at which contact diffusion of 

water occurs.  

For the optical analysis both water and oil are investigated. Water oil emulsion could not be 

investigated due to its opaque nature. Superficial air velocity is varied between 0.5 and 4 

cm/s as described in Table 3 while the BCH and working liquid are at room temperature. In 

Figure 33 an overview of the photographs can be seen. Top row shows water and bottom 

row emulsion photographs. Superficial air velocity is increased from left to right starting at 

0.5 cm/s followed by 1 cm/s and afterwards increasing in intervals of 1 cm/s. 

 

Figure 33: Bubbly flow in the BCH at superficial velocities between 0.5 (left) and 4 cm/s (right) with 
water (top) and oil (bottom) as working liquid. 

 

At superficial air velocities, water creates small, clearly distinguishable bubbles at superficial 

air velocities of 0.5 and 1 cm/s. Bubble sizes vary only slightly. At 2 cm/s bubble size starts 

to vary in size. Further increase of superficial air velocity results in further variation of bubble 

size and creation of microbubbles. Bubbly flow at 3 and 4 cm/s both show this behaviour.  

Oil has a higher viscosity compared to water. At superficial air velocities of 0.5 to 2 cm/s 

clearly distinguishable bubbles can be seen. Increase of superficial air velocities increases 

bubble size. Further increase of superficial air velocity to 3 cm/s leads to formation of bub-

bles with varying diameters. However, all of the formed bubbles are at least of the same 

size as with 2 cm/s. At 4 cm/s bubble clusters form and churn turbulent flow start to form. 

Overall, oil forms larger bubbles compared to water. Especially at superficial air velocities 

>1 cm/s this is clearly visible in Figure 33. Bubble size is increasing and plug flow start to 

form at velocities above 3 cm/s. These differences can be attributed to the higher viscosity 

of oil. Viscosity of the emulsion used for the analysis in Chapters 5, 5.5 and 6 is unknown. 

It can be assumed that emulsion viscosity is between water and oil viscosity. Changes in 

the bubbly flow observed when operated with oil will therefore be existing in attenuated 

form. This influence can clearly be seen in Chapter 6.3.  
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8. Critical review and outlook 

Analysis of measurements carried out in Chapters 5 and 6 create a basis for the under-

standing of the HDH cycle using water oil emulsion as working liquid. Following shall give 

a comprehensive overview and critically review of certain aspects of these. Furthermore, 

recommendations on how to broaden understanding of the HDH cycle operated with water 

oil emulsion are given. 

Proof of concept measurements carried out in Chapter 5 show that an HDH cycle using a 

BCH as humidifier is a suitable process for accumulation of oil. A magnetic stirrer needs to 

be introduced into the system to prevent the emulsion from separating in the BCH. Change 

of working liquid to a water oil emulsion negatively influenced the condensate production. 

Nevertheless, it was possible to achieve an oil concentration of >97 % without visible traces 

of oil. While the condensate was checked manually for traces of oil, it cannot be ruled out 

that oil is carried out of the system. While this is true for all measurements, it is assumed, 

that at higher oil concentration the risk of oil in condensate increases. It is proposed to 

conduct future experiments where the produced condensate is analysed at different oil con-

centrations in the humidifier. For this, oil accumulation measurements as described in Chap-

ter 5.3 need to be reproduced. Samples of the condensate shall be taken during the accu-

mulation process and investigated via gas chromatography. Using this technique, a reliable 

statement on oil in condensate can be given. 

Influences of the parameters (1) superficial air velocity (2) acrylic glass plate orifice diameter 

and (3) liquid temperature were investigated in Chapter 6. Condensate production was 

shown to increase exponentially with increasing temperature. This matches the expected 

behaviour predicted by thermodynamic equations. Increase in superficial air velocity until 3 

cm/s correlates to an increase in normalized condensate production. Further increase of 

superficial air velocity results does not increase normalized condensate production. The 

same behaviour was previously noticed when operating the HDH cycle with seawater. In-

creasing orifice diameter has a positive impact on condensate production until 1 cm/s. Fur-

ther increasing the superficial air velocity leads to a reversal of the effect. Changes in the 

flow regime were proposed as an explanation for this change in impact on condensate pro-

duction. Larger bubbles at bigger orifice diameters could lead to a decrease in humidifica-

tion due to lower surface to area ratio of bubbles. This conclusion was drawn from the optical 

analysis of the bubbly flow in the BCH. As the water oil emulsion is opaque, water and oil 

were investigated separately. The proposed changes could therefore not directly be ob-

served but only inferred. Further investigation into changes of bubbly flow regime at using 

working liquids with varying viscosities could help to better understand the observed 

changes in productivity. Measurements should be carried out with orifice diameters of 1 to 

3 mm. Additionally, the viscosity of used mineral oil and water oil emulsion shall be meas-

ured at temperatures of 40 to 80 °C. Combining the measurements of flow regime and vis-

cosity, a better understanding of the flow regimes present in the emulsion can be gathered. 

Condensate production in all measurements is higher than the calculated condensate pro-

duction using thermodynamic equations. This is shown in Chapter 6 and further analysed 

in Chapter 5.5. The underlying assumption for the calculation is that air at the BCH exit and 

dehumidifier exit is saturated. Working principle of the dehumidifier ensures that air at the 
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exit is always saturated. Assumption of saturated air at the BCH is therefore questioned. 

Supersaturation of air is proposed as explanation for the observed behaviour. Air in the 

BCH is assumed to reach surface liquid temperature and to be saturated at this point. Be-

tween liquid surface and BCH exit, the air flow is cooling. It is assumed, that humidity ratio 

above liquid surface equals BCH exit humidity ratio. However, water vapor is condensed 

from the air stream. It is proposed that water droplets are carried with the air stream, which 

is forming an aerosol. This infers that air at the BCH exit is supersaturated and aerosol is 

carried out of the BCH. To validate the theory, additional to the existing sensors two more 

sensors need to be introduced into the setup shown green in Figure 34: a temperature 

sensor directly above liquid level in the BCH (18) and a combined thermal and humidity 

sensor after the heating coil (17).  

A droplet separator can be introduced to the air at the dehumidifier exit after the temperature 

sensor (6) in Figure 34 to check for remaining aerosol in the air leaving the system. 

 

Figure 34: Positioning of introduced thermal sensor (18) and combined thermal and humidity sen-
sor (9) used for proposed measurements in Chapter 7. 

 

The combined temperature and humidity sensor after the heating coil is introduced to use 

the measured values for the calculated condensate production and volume reduction in the 

BCH. At the three points (6), (17) and (18) the humidity ratio is assumed to stay constant. 

Humidity ratio of the airflow passing the three sensors is calculated using equation (5.3) 

and the measured relative humidity of the combined thermal and humidity sensor (17). Sat-

uration pressures at the combined thermal and humidity sensor (17) and thermal sensors 

(6) and (18) are calculated using equation (5.4) where 1 is the measured temperature at 

the combined temperature and humidity sensor (17). Relative humidity at the thermal sen-

sors (7) and (18) is then determined using the calculated humidity ratio applying equation 

(5.3). These measurements can validate the assumption that air directly above water level 

is saturated, while the air at the BCH exit is assumed to be supersaturated.  



- 50 - 

 

The findings of this master’s thesis and proposed measurements will be used in the FWF 

subsidized research project. They will help to better understand humidification of air in the 

BCH and can also be used as a basis to broaden the application spectrum of the HDH cycle.  
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Appendix 

Figure 33: Bubbly flow in the BCH at superficial velocities between 0.5 (left) and 4 cm/s 

(right) with water (top) and oil (bottom) as working liquid. 
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Measurements carried during the course of this master’s thesis: 

 

Proof of concept 

Preliminary measurement 

 

Temperature profile in the BCH 

 

Oil accumulation 

 

Condensate production and decrease in volume 

 

Parameter variation 

Liquid temperature 

 

 

Date 

(dd.mm.yyyy) 

Liquid temperature 

(°C) 

Superficial air velocity 

(cm/s) 

Sieve plate orifice  

diameter (mm) 

07.05.2020 50 1 2 

Date 

(dd.mm.yyyy) 

Liquid temperature 

(°C) 

Superficial air velocity 

(cm/s) 

Sieve plate orifice  

diameter (mm) 

27.02.2020 50 1 2 

08.05.2020 50 1 2 

Date 

(dd.mm.yyyy) 

Liquid temperature 

(°C) 

Superficial air velocity 

(cm/s) 

Sieve plate orifice  

diameter (mm) 

15.05.2020 70 2 2 

09.06.2020 70 2 2 

10.07.2020 70 2 2 

Date 

(dd.mm.yyyy) 

Liquid temperature 

(°C) 

Superficial air velocity 

(cm/s) 

Sieve plate orifice  

diameter (mm) 

29.07.2020 60 2 1 

Date 

(dd.mm.yyyy) 

Liquid temperature 

(°C) 

Superficial air velocity 

(cm/s) 

Sieve plate orifice  

diameter (mm) 

23.06.2020 40 2 2 

23.06.2020 50 2 2 

23.06.2020 60 2 2 

26.06.2020 70 2 2 

03.07.2020 80 2 2 
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Superficial air velocity 

 

Sieve plate orifice diameter 

 

 

  

Date 

(dd.mm.yyyy) 

Liquid temperature 

(°C) 

Superficial air velocity 

(cm/s) 

Sieve plate orifice  

diameter (mm) 

12.06.2020 70 0.5 2 

12.06.2020 70 1 2 

10.06.2020 70 2 2 

10.06.2020 70 3 2 

10.06.2020 70 4 2 

Date 

(dd.mm.yyyy) 

Liquid temperature 

(°C) 

Superficial air velocity 

(cm/s) 

Sieve plate orifice  

diameter (mm) 

15.06.2020 70 0.5 1 

15.06.2020 70 1 1 

15.06.2020 70 2 1 

12.06.2020 70 0.5 2 

12.06.2020 70 1 2 

10.06.2020 70 2 2 

10.06.2020 70 3 2 

10.06.2020 70 4 2 

17.06.2020 70 0.5 3 

17.06.2020 70 1 3 

17.06.2020 70 2 3 

19.06.2020 70 3 3 

19.06.2020 70 4 3 
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