
IN DEGREE PROJECT ENVIRONMENTAL ENGINEERING,
SECOND CYCLE, 30 CREDITS

,  STOCKHOLM SWEDEN 2017

Possibility of enhancing algae 
drying by integrating infrasound

YINGZI SANG

KTH ROYAL INSTITUTE OF TECHNOLOGY
SCHOOL OF ARCHITECTURE AND THE BUILT ENVIRONMENT



TRITA TRITA-IM-EX 2017:05

www.kth.se



Yingzi Sang 

Master of Science Thesis 
STOCKHOLM /YYYY/ 

POSSIBILITY OF ENHANCING ALGAE DRYING BY 

INTEGRATING INFRASOUND 
 
 
 

PRESENTED AT 

INDUSTRIAL  ECOLOGY 
ROYAL INSTITUTE OF TECHNOLOGY 

Supervisor: 

Mats Olsson 
Fredrik Gröndahl 
Johan Ahling 
 
Examiner: 

Fredrik Gröndahl 

 



 

TRITA-IM-EX 2017:05 

Industrial Ecology, 
Royal Institute of Technology 

www.ima.kth.se 



I 
 

Abstract 
With the aim of designing an infrasound-integrated technology which can enhance the 
algae drying performance, this thesis provided the theoretical possibility of using 
infrasound as an algae dehydration technology. To test the relation between algae drying 
speed and other three parameters namely sound frequency, sound pressure and sample 
mass, four major experimental groups including initial experiments and core 
experiments with fifteen sub-experimental groups are designed. Results of the 
experiments shows expected accordance with the theoretical inferences of infrasound 
being an algae drying technology. Experiment steps and specifications are presented as 
the research methodology. A real system with the drying capacity of 2 ton fresh algae 
per day are designed based on the experimental calculations and results. Several 
revisions including air circulation and infrasound resonance are made when scaling up 
the research from experimental level up to industrial level. Other specifications of the 
real system design follow the experiment results with regard of the research consistency. 
Freeze drying technology is selected for the comparative cost analysis including 
manufacturing costs and energy consumptions. Results shows infrasound-integrated 
technology has a relatively low energy consumption whereas it costs more 
manufacturing costs than freeze drying technology. 
Research assumptions, limitations and recommendations for this research are described 
in this article. From the author’s perspective, this paper can be used as an initiation and 
instruction for larger scale researches in regard of infrasound-integrated algae 
dehydration/drying. 
 
Keywords: Algae storage and preservation; Infrasound; Drying method; Sustainable 
technology 
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1. Introduction 
This chapter will introduce the background knowledge of the research, starting with the aims 
and objectives of the thesis, following by the description of current algal applications together 
with the necessity of algae dehydration, ending up with the information related to infrasound 
as a solution towards algae drying. 

1.1 Aims and objectives 
Algae contains large amounts of water, this means the traditional algae drying process is time 
consuming and it requires a lot of air. The aim of this thesis is to develop a method which can 
enhance the performance of algae drying by integrating infrasound in regard of the time 
efficiency and energy efficiency.  
Previous researches successfully proved that infrasound can effectively increase the soot 
cleaning efficiency (Infrafone, 2017). However, no one has ever tested whether infrasound can 
be useful or not in the algae drying industry. Hence, the research hypothesis was set as: the 
speed of algae drying can be increased by exposing the process by infrasound. In order to 
achieve the aim and prove the hypothesis to be true, following objectives are identified- Study 
what is published about the soot cleaning enhanced by infrasound and find the theoretical 
possibility of increasing algae drying speed by infrasound. 
- Design and build a new experimental system with the capacity of testing the relation between 
drying efficiency and other parameters.  
- Testing the relationship between the speed of algae drying and other parameters (sample mass, 
sound frequency and sound pressure) based on the results from the designed experiments. 
- Analyze the possibility of creating a new algae drying system for the Sea-farm project. 
- Carry out a cost analysis of the entire drying system to estimate the feasibility of the method 
when scaling it up from experimental level to industrial level. 

1.2 Algae as a promising bio-resource  
To face the environmental challenges posed by traditional fossil fuels, to solve the problem of 
global warming, and to catch up with the trend of worldwide sustainable development, more 
and more companies and government agencies are paying attention towards algae.  
Following sections will give descriptions of three major types of algal applications in the 
current market to identify how algae could be a promising bio-resource. 

1.2.1 Algae as renewable energy  

Algae has the advantages of growing fast, it can double their numbers every few hours and can 
be harvested daily (Cordis, 2016). Several applications have already been in the market when 
considering algae as a renewable energy resource.  
For example, algae can be used as the raw material for power generation through co-firing. 
Besides, it can be used for bio-fuel production. Through the processes of pyrolysis and 
thermochemical liquefaction, algae can be transformed into bio-oil which is an alternative to 
petroleum oil for further power generation (Durak, 2000). Since many species of algae 
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accumulate large amounts of oils (fatty acids), it can also be used for produce bio-diesel 
through the trans-esterification process to deal with the rising prices of fossil fuels (Demirbas, 
2010). In addition, bio-hydrogen can be produced directly by algae via photosynthetic 
organisms under specific conditions (Chisti, 2010). Moreover, algae can also be used for 
generating bio-methane through fermentation. Literature shows that aquatic biomass had the 
highest potential in regard of bio-methane production when compared with wood and 
municipal solid waste (Chynoweth, 2002). 
Practically, there is a growing interest in cultivating seaweed as the feedstock for third 
generation bio-fuels in Europe. The Seafarm pilot cultivation project is being carried out on the 
west coast in Sweden with the major purpose of transforming algae into environmental-friendly 
biogas and bio-fertilizer.  

1.2.2 Algae as solution towards CO2 mitigation 
As it known to all, CO2 is consumed when algae doing photosynthesis. This gives algae the 
property of being carbon-neutral. Consequently, carbon sequestration can be witnessed by 
growing algae and taking advantage of their photosynthetic machinery (Carlsson, 2007). In this 
sense, using algae as carbon-neutral energy could indirectly reduce the CO2 generated from 
fossil fuel incineration since the combustion of traditional fossil fuels has a strong relation 
towards global warming.  
Interestingly, some researchers even put up with the idea of using algae to fix the CO2 released 
from the exhaust gas by the power plant but it has not been used widely in the industry (Sayre, 
2010). 

1.2.3 Other applications 
Other applications such as food production is also a major use of algae. Nowadays, this type of 
application covers the production domain of animal feed, aqua-cultural feed and bio-fertilizer 
(Jhingran, 1987). Besides, dried biomass generated from algae could also be used in the form 
of tablets for human health. According to the literature, 41,570 tons of Spirulina was produced 
in China in the year of 2004, holding a market value approximately 16.6 million US$ (Habib, 
2008). 
In addition, algae can be applied to waste water treatment as phytoremediation. It has the 
function of removing nutrients, organic pollutants and heavy metals in the municipal waste 
water treatment systems (Oilgae, 2009). 
Last but not the least, algae as an industry can provide different kinds of job from research to 
engineering, from construction to farming and from marketing to financial services. Figures 
shows that the Algal Biomass Organization projects have the potential for creating 220,000 jobs 
in this sector by the year of 2020 (Rosenthal, 2012). 

1.3 Necessity of algae drying and its limitations 
Section 1.2 presented the major algal applications in the current market. Among all of these 
applications, only a small proportion of them use original harvested algae directly for 
production. Most of them treat harvested algae from raw material into final products at different 
stages. For example, a pretreatment stage with the aim of removing surface water on fresh algae 
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is usually set before the final drying stage.  
Algae drying, or in a broader sense, algae dehydration is often an essential part of the whole 
treatment process (Chen, 2014). It is economically attractive since it can reduce the total volume 
of the biomass and can further reduce the downstream treatment cost with the increased solid 
concentration (Chen, 2015). The moisture content can be decreased to 12-15% after the drying 
stage (Show, 2015). With this level of moisture content, a higher stability and a better end use 
for the fresh algae can be obtained. 
Meanwhile, the drying stage poses the major economic constraints for commercialization of 
the above mentioned applications. Up to 70-75% of the processing cost happens at the algae 
drying stage (Cao, 2014). Even though algae has been widely accepted as a promising bio-
resource, applications such as bio-fuel production have not been largely developed into an 
industrial scale since the performance of the current drying methods is not satisfying enough.  
Taking solar heat drying for instance, drying algae with direct solar radiation can lead to the 
disintegration of algal chlorophyll since the sunlight are not controllable. By adding external 
glass panels or tubes, solar water heating system was designed to solve the problem of 
overheating (Show, 2015). However, the installation cost of this method is very high. Besides, 
both of the above mentioned two solar drying processes are highly weather dependent. Hence, 
the drying result is not highly reliable especially in countries like Sweden with a long snowy 
winter.  
Methods such as spray drying and vacuum shelf drying are facing the problem of high running 
costs. Moreover, literature indicate that some of the current sludge drying methods such as flash 
drying and toroidal drying are developed from waste water treatment techniques (Show, 2012). 
It is not recommended to use them for producing human food since the quality of final product 
cannot be ensured. 
As a consequence, there is a growing demand of a more reliable algae drying method with 
higher energy efficiency, better product quality and more considerable costs.  
 

1.4 Infrasound as an emerging solution 
Infrasound refers to low-frequency sound with the frequency less than 20 Hz (hertz). Human 
hearing system is not sensitive enough for hearing infrasound. However, our body is able to 
sense infrasound with the growth of its sound pressure together with its sound intensities. 
Even though there is no one using infrasound as an algae drying technology, it is still worth to 
mention that infrasound has been successfully applied into the soot cleaning industry by the 
Swedish company Infrafone. With headquarters in Stockholm, Infrafone is the oldest company 
in the field of soot cleaning using infrasound with a history more than three decades. According 
to the white paper of the company, Infrafone has successfully installed infrasound cleaning 
equipment on 65 bio-fuel and waste-to-energy boilers, 11 coal-fired boilers and 900 
cruise/cargo ships (Fernandez, 2013). 
From a soot cleaning perspective, the most distinguished advantage of infrasound is the high 
degree of turbulence it generates in the flue gas stream. Figure 1.1 and figure 1.2 compare the 
differences between laminar flow and turbulent flow in the soot cleaning process. The round 
grey area in the middle refers to the surface of tube bundle, the black points represents the soot 
material and the white lines simulates the air flow respectively. 
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Figure.1.1 Laminar flue gas model in soot cleaning (Fernandez, 2013) 

Figure.1.1 shows the laminar flue gas (flow without infrasound) model in soot cleaning industry. 
Due to the viscous boundary layer effects, the flue gas velocity together with the degree of 
turbulence are relatively low at the surface area of the tube bundles. As a consequence, massive 
soot accumulated at the surface area of the tube. To effectively remove these attached soot 
deposits, infrasound was applied into this industry. Section 2.2 will describe how infrasound 
could increase the soot cleaning efficiency.  

Figure.1.2 Turbulent flue gas model in soot cleaning (Fernandez, 2013) 

By comparison, Figure 1.2 shows the turbulent flue gas (flow with infrasound) model. It is 
apparent to see there is not any large soot deposits attached on the tube surface. The reason 
behind this better cleaning outcome lies in the turbulence provided by the infrasound. Since a 
sound wave with low frequency can provide high particle displacements (this will be 
mathematically analyzed in the next chapter), the degree of turbulence which it can provide 
also increases due to the oscillation with large particle displacement.  
Beside the capacity of creating high degree of turbulence, infrasound has more advantages from 
the soot cleaning perspective. For example, infrasound with low frequency (f) has a long 
wavelength (λ) in accordance with the formula: 

λ = c / f 

The speed of sound (c) at room temperature is around 340 m/s. Hence a sound wave with the 
frequency of 16 Hz has a wavelength approximately 21.25 m whereas a sound wave of 300 Hz 
will only have a wavelength of 1.13 m. The large wavelength will further result in an omni-
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directional property which means the sound wave can spread in all directions inside the 
equipment. In addition, sound absorption of the surface materials will get lower when the 
frequency of the sound decreases. This property will lead to a lower and more stable differential 
pressure when compared to traditional steam soot blowing (Ellebro, 2016).  

The above-mentioned application of infrasound together with its advantages is the original 
inspiration of doing this research. Theoretically, there are some similarities between infrasound 
soot cleaning and infrasound algae drying. For example, the forming of soot accumulations 
around the tube bundle and the forming of water steam layer around the algae sample can be 
explained by the boundary layer theory (see details in chapter 2.2). Both of the cleaning and 
drying efficiency can be increased by the turbulence generated by infrasound. In order to test 
the theories to be true, the research hypothesis was established as: it is possible to use infrasound 
for enhancing the algae drying process. Next chapter will describe infrasound-integrated 
technology as the research methodology in detail.  

2. Methodology 

Literature review is always an essential part of the research methodology. Besides, theoretical 
inference of the relation between particle displacement and sound frequency, description of the 
boundary layer theory and specifications of the drying system are also provided in detail in this 
chapter. 
To obtain a clearer understanding of the experimental results, the design of initial experiments 
together with the design of core experiments are described in this chapter as the research 
methodology. Steps of doing the cost analysis are presented from experimental perspective and 
industrial perspective respectively. Methods of designing the new system for the Seafarm 
project are also presented. 

2.1 Particle displacement and sound frequency 
Particle displacement is the measurement of distance of the movement of a particle from its 
equilibrium position in a medium as it transmits a sound wave (Gardner, 2001). In the soot 
cleaning industry, a large particle displacement will create large turbulence which can further 
effect the cleaning performance. This section will prove the relation between particle 
displacement (X) and sound wave frequency (f) from a mathematical perspective. 
An ideal one-dimension sound wave can be written as: 

Φ(t) = Xmax · Sin (2πft + θo)  

In which Xmax refers to the maximum amplitude of particle displacement, θo means the initial 
phase shift of the sound wave and 2πf represents the angular frequency. 
According to the mathematical expression of the particle movement velocity (U), it is the 
derivative of Φ(t) : 

U(t) = Φ'(t) = 2πf · Xmax · Cos (2πft + θo)
 

 
The ideal expression of the particle movement velocity of the sound wave is: 

U(t) = Umax · Cos (2πft + θo) 
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Hence the equation is draw as: 

Umax · Cos (2πft + θo) = 2πf · Xmax · Cos (2πft + θo)
 

In which Umax is denoted to the maximum of particle velocity within one circle of the movement. 
After eliminating the same term Cos (2πft + θo) at both sides of the equation. The final 
expression of the relation between particle displacement and sound wave frequency can be 
concluded as: 

Xmax = Umax / 2πf 

From the equation above, it can be concluded that the maximum of particle displacement is 
inversely proportional to the sound wave frequency when the maximum of particle velocity is 
constant. In short, when the objective is to increase the particle displacement during the process, 
reduce the sound wave frequency is an effective alternative. 
 
Another way to address the relation between particle displacement and sound frequency can be 
described from an energy perspective.  
Taking two infrasound waves with different frequencies (f1 and f2 respectively) for instance. 
They can be written as: 

Φ1(t) = X1max · Sin (2πf1t + θ1) 

Φ2(t) = X2max · Sin (2πf2t + θ2) 

The particle velocity of the infrasound waves can be written as: 

U1(t) = Φ'1(t) = 2πf1 · X1max · Cos (2πf1t + θ1)
 

U2(t) = Φ'2(t) = 2πf2 · X2max · Cos (2πf2t + θ2)
 

Taking one particle for analysis. Ideally, at the point of the minimum particle displacement, all 
of the input electrical power should be transformed into its kinetic power due to the energy 
conservation law. The kinetic power of the particle (EΦ) could be written as: 

EΦ = mUmax
2 / 2 

Where m refers to the mass of the single particle and Umax refers to the maximum of the particle 
velocity. 
If the output power of the infrasound generator is kept to be constant, the maximum of the 
particle kinetic power should be the same no matter what the sound frequency is: 

EΦ1(t) = EΦ2(t) 

As a consequence: 

m1U1max
2 / 2 = m2U2max

2 / 2 

Since the ideal particle in these two cases have the same mass: 

m1 = m2 

The maximum of the particle velocity should also be the same: 
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U1max = U2max 

Hence: 

2πf1 · X1max = 2πf2 · X2max 

f1 / f2=X2max / X1max 

From the equation above, it can also be concluded that the maximum of particle displacement 
is inversely proportional to the sound wave frequency when the maximum of particle velocity 
is constant. 

2.2 Boundary layer theory 
In fluid dynamics, boundary layer refers to the layer of fluid in the immediate vicinity of a 
bounding surface where the effects of viscosity are significant. This phenomenon can be 
explained by the Reynolds number, which refers to the ratio of inertial forces to viscous forces 
within a fluid model. When met a laminar flow, the viscous force is usually higher than the 
inertial force (a low Reynolds number). A low Reynolds number will further lead to a decrease 
in velocity almost down to zero in the area close to the boundary layer. On the contrary, the 
viscous force is lower than the inertial force when met a turbulent flow. The high Reynolds 
number could effectively prevent the decrease of the velocity near the boundary layer around 
the surface area (Kline, 1967). Hence, this theory could be significant in both of the soot 
cleaning and algae dehydration. 
As described in section 1.4, the laminar flow model (Figure 1.1) explains the phenomenon of 
the soot accumulation at the surface area of the tube. In this case a higher turbulence can 
effectively increase the particle velocity near the surface area and can further enhance the 
cleaning performance.  
To a certain extent, the boundary layer theory together with the turbulent theory could also be 
used in algae dehydration model. Figure 2.1 briefly shows the dehydration model of algae 
sample with a laminar air flow upon the boundary layer. The boundary layer in this figure refers 
to the water steam layer around the algae sample.  

Figure 2.1 Algae dehydration model and water boundary layer 

When met the air flow with certain temperature and velocity (v1), the evaporation speed of the 
water near the surface of algae start to increase. However, due to the boundary layer around the 
algae, the velocity of the air flow decrease down to v2 which is much lower than v1. As a 
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consequence, the dehydration speed is limited at the surface area. In other words, the boundary 
layer “blocked” the water from evaporating out of the algae sample.  
The formation of the water steam boundary layer is the result of the competition between two 
forces namely inertial force and viscous force.  

 
 
 
 
 
 
 
 

Figure 2.2 Formation of the water boundary layer 

As it shown in figure 2.2, when the viscous force is more significant than the inertial force 
(force provided by the laminar air flow), the water particle cannot be “dragged” out from the 
surface area. Hence, those particles stay around the algae and finally formulate the water 
boundary layer. However, if the laminar flow could be changed into the turbulent flow, the 
inertial force can be increased. Since the turbulence provide forces from all directions, the sum 
total force along the inertial direction of the water boundary layer increases. As a consequence, 
the water boundary layer effect could be mitigated to a certain extent. 
As an analogy, when comparing figure 2.1 above with figure 1.1 in soot cleaning, there are 
some similarities. The water particles could be considered as the soot particles around the tube. 
Hence, to dry the algae sample can be treated as to prevent the algae sample from being 
“polluted” by water particles. Moreover, the soot accumulations around the surface area of the 
tube can be regarded as the water boundary layer upon the algae sample which can decrease the 
overall “cleaning” performance. 
In order to change the flow pattern from laminar towards turbulent, infrasound is introduced as 
an alternative which can provide a larger turbulence. This turbulence can further “broke” the 
water boundary layer upon the surface of algae sample and finally increase the overall 
dehydration efficiency.  

2.3 Drying system and its specifications 
Since no one has ever done this type of research before, a new drying system should be 
equipped in order to fulfill the research objectives. By using the infrasound generator invented 
by Mats Olsson, the drying system was designed and equipped at the workshop in Spånga, 
Stockholm. 
Figure 2.3 shows the overall picture of the drying system. This system consists of six different 
sections, namely drying section, sound box, infrasound generator, hot air flow generator, 
supplementary section and measurement section. Functions and specifications of the above 
mentioned sections will be described in detail in the following paragraphs. 
 
 
 

Inertial force 

Viscous force 

Water boundary layer 
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Figure 2.3 Overall picture of the drying system 

2.3.1 Drying sections 

Figure 2.4 Drying tube 
The cylindrical drying tube is set on the very top of the whole drying system with the height of 
21.5 cm and the diameter of 9 cm. The first function of this metal tube is to amplify the particle 
velocity through the hole at the bottom with the size of 63.6 cm2. The second function is to hold 
the drying cage inside the tube within an acceptable oscillation range.  

Infrasound generator 

Supplementary section 

Drying section 

Algae container 

Hot Air generator 

Sound box 

Measurement section 
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Figure 2.5 Drying cage 

To prevent the algae sample from leaving out of the drying tube, a drying cage was set. The 
cuboid drying cage fits in the drying tube with the height of 12.7 cm and the bottom size of 
38.5cm2 (with a 7 cm diameter). The total volume of the drying cage is 488.95 cm3. The drying 
cage has a mesh network surface property which can ensure the hot air flow pass by the algae 
sample. The top cover of the drying cage can be opened from the outside. When doing the 
experiment, algae sample could be fed into the cage through the top cover. The metal hook at 
the top of the drying cage aims at fixing the cage onto the drying tube in order to prevent the 
drastic oscillation when met a large turbulent hot air flow. In addition, the weight of the drying 
cage is 82.4g 

2.3.2 Sound box 

Figure 2.6 Sound box 

The cubic wooden sound box has the same length, width and height as 40 cm. The volume of 
the sound box is 0.064m3. A round hole with the diameter of 9.5 cm is set on the top surface of 
the box for connecting the drying tube. Two round holes with the same diameters as 28 cm is 
set both on the left and right surface for integrating the infrasound generators. Another round 
hole with the diameter of 5.8 cm is on the front surface to fix the hot air flow generator. 
According to the measurement, the stabilized working temperature of the drying box is around 
57.3°C. 
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2.3.3 Infrasound generator 

Figure 2.7 Infrasound generator 

Two same infrasound generators are equipped on the both sides of the drying system. The 
maximum output power of each infrasound generator is 120 W (240 W for two). The infrasound 
generator has the diameter of 0.28 m. This value is the same with the diameter of the holes on 
the both sides of the sound box. 

2.3.4 Hot air flow generator 

Figure 2.8 Hot air flow generator 

For the current research, a hair dryer with the maximum power of 1200 W is selected as the hot 
air flow generator. Two stalls of air flow can be selected for algae drying. One with the output 
temperature of 60 °C and another one with 90 °C. Since the available algae drying methods in 
the markets use an air temperature from 55 °C to 65 °C (Show, 2013), the stall with 60°C was 
selected for this case. Consequently, the output power at this stall is not at the maximum. 
Observed from an external power measurement device, the output power of the hair dryer at 
this stall is 666 W. The diameter of the hot air flow generator is 5.8 cm which create the sectional 
area as 33.6 cm2.  
Neglecting the heat loss through of the dryer, the air flow velocity can be calculated as follows: 
Set the measurement interval as 1 second, all of the input power is transformed into the kinetic 
power and heat power of the air: 

Mv2 / 2+ΔT · Cp · M = 666 · 1 

In which M refers to the mass of the output air, ΔT refers to the change in the temperature, v 
refers to the air flow velocity and Cp refers to the specific heat value of the air.   
The input temperature of air is the room temperature 21°C and the output temperature is 60°C. 
Hence the ΔT is 39°C. The specific value of air at the room temperature is 1005 J/Kg.  
The mass of the output air can be calculated by the air density (ρ) plus the volume. Hence, the 
equation above can be written as: 
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ρ1 · v3 · s·1/2+39 · 1005 · ρ2 · v · s· 1 = 666 

In which s refers to the sectional area: 0.00336m2. The air density at the temperature of 20 °C 
(ρ2) is 1.205 kg/m3 and the air density at the temperature of 60°C(ρ1) is 1.067 kg/m3.  
Consequently, the equation can be written as: 

0.00179v3 + 158.7v = 666 

Hence, the air flow velocity in this case is: 
v = 4.18 m/s 

Consequently, the air flow rate in this case is: 

4.18 · 0.00336 · 1=0.014 m3/s 

2.3.5 Supplementary section 
Two devices constitute the supplementary section. One is the amplifier and the other one is the 
function generator.  

Figure 2.9 Amplifier 

The function of the amplifier is to change the maximum of the amplitude of the infrasound 
wave. Even though the function generator is also able to change the amplitude, however, a 
slightly turn of the knob on the function generator can lead to a huge change of the amplitude 
of the infrasound wave. To prevent the system error and to protect the equipment, the amplifier 
is selected for changing the amplitude in this case since the variation in amplitude is more 
smooth than that of the function generator when turning the knob on the equipment. Hence, the 
volume of the amplitude on the monitor is kept at the minimum value throughout the whole 
experiments. 

Figure 2.10 Function generator 

By varying the parameters on the function generator, it is able to obtain infrasound waves with 
different frequencies from 0 Hz to 20 Hz. There are some other functions on this equipment, 
for example: it can provide different wave patterns including pulse wave and triangular wave. 
However, only Sine waves are considered in the current research. 
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2.3.6 Measurement section 
The measurement section consists of four devices. With the functions of measuring working 
temperature, time, sample mass and particle displacements respectively. 

Figure 2.11 Electronic thermometer 

An electronic thermometer is used for measuring the working temperature of the drying system 
with the sensing thread stick onto the wall of the drying tube. The working temperature can be 
seen on the monitor outside of the drying tube. 

Figure 2.12 Countdown timer 
An electronic countdown timer is selected as the time measurement. The meansurement 
accuracy is 1 second. Two measurement intervals are used in different tests. One as 5 minutes 
and the other one as 1 minute. 

Figure 2.13 Electronic scale 
Since the measuring of the algae sample mass needs to be done accurately. An electronic scale 
with the accuracy of 0.1 g is selected as the sample mass measurement. This scale has the 
measure capacity from 0-300 g.  
A straw is used to measure the amplitude of the infrasound wave (A). Initially, a hole which the 
straw can insert was dig into the wooden sound box. When turn off the infrasound generator, 
the first measurement was taken to record the length of the straw remain out of the sound box 
(L1). The next measurement was taken when the infrasound generator was under working 
condition. The second measurement also provided how much is the length of the straw remain 
out of the sound box (L2). Throughout the vibration of the infrasound generator, the straw could 
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be pushed out from the hole to a certain location. The difference between L1 and L2 could be 
regarded as the maximum of the amplitude of the infrasound wave: 

A = L2 - L1 

Since the drying system have two infrasound generators, the maximum particle displacement 
(Xmax) in the sound box is: 

Xmax = 2A = 2(L2 - L1) 

2.4 Initial experiments design 
Before stepping into the core tests with different parameters, the initial experiments are 
designed for three reasons. The first reason is to get the basic understanding of how the system 
works. The second one is to test the performance of the infrasound drying system. The last but 
the most important one is to provide guidelines for further experimental setups.  
Parameters such as algae sample mass, infrasound frequency and infrasound amplitude are 
selected randomly in the initial experiments. However, the initial experiments are still an 
essential part of the research in regard of the experimental methodology. 
Three experiments are done within the initial experiments. The first experiment is to test the 
water content of the algae sample. The second experiment is to use the drying system to record 
the algae drying speed with hot air flow only. The third experiment is to test the difference in 
algae drying performance when adding 16 Hz infrasound into the process. Descriptions and 
specifications of the three experiments are presented in the following paragraphs in detail. 

2.4.1 Experiment 1: Algae sample water content testing 
Since the aim of this test is to figure out the water content of the algae sample, the drying 
efficiency should be maximized in order to increase time efficiency and to provide a better 
drying outcome. Hence, the infrasound frequency was selected as 14 Hz. The infrasound 
amplitude at the maximum output power at this frequency of each infrasound generator is 6.9 
mm, which means the particle displacement in the sound box is 13.8 mm. The rest of other 
experimental specifications are listed in the table below. 

Specifications Value Unit 
Stabilized working temperature 57.3 °C 

Algae sample mass 42.7 g 
Particle displacement in sound box 13.8 mm 

Hot air flow rate 0.014 m3/s 
Sound frequency 14 Hz 

Time interval for each measurement 5 min 
Power of the infrasound generator 120 W 

Power of the hot air flow 666 W 
Table 2.1 Specifications of the water content testing 

Experiment steps 
Step.1 Turn on the hot air flow generator for preheating the sound box. Observe the increasing                   
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temperature till it reaches the stabilized value.   
Step.2 Turn on the infrasound generator, switch the sound frequency to 14 Hz and switch the 
output power to the maximum by turning the knob on the amplifier. 
Step.3 Squeeze the fresh algae sample till the water stop dripping down from the surface of the 
algae sample. 
Step.4 Feed the pre-treated algae sample into the drying cage and measure the sum total weight 
of the algae sample and the drying cage. Adjust the figure demonstrated on the monitor to 125.1 
g (82.4 g as the drying cage and 42.7 g as the algae sample). 
Step.5 Set the countdown time measurement interval as 5 min on the electronic timer and fix 
the hook on the drying cage inside the drying tube. 
Step.6 Start the timer and record the measurement of the total mass of the drying cage together 
with the algae sample inside. 
Step.7 Repeat step.6 till the weight of the drying cage and the algae sample inside reach a 
relatively stable value. This value is the approximate dry mass of the algae sample (mdry). 
Step.8 Clean the drying system and repeat the experiment from step.2 to step.7 three times. 
Taking the average value as the final result. The average value of the three experiments should 
be more reliable and more calibrated in regard of the experimental errors. 
Step.9 Based on the results from step.8, calculate the moisture basis (relative) water content 
(Mc) of the algae sample: 

Mc = mwater / mdry 

mwater = 42.7 - mdry 

2.4.2 Experiment 2: Test the algae drying speed without infrasound 
Since there is no sound generation in this case, the particle displacement in the sound box 
together with the sound frequency is zero. The experimental specifications are listed in the table 
below. 

Specification Value Unit 
Stabilized working temperature 57.3 °C 

Algae sample mass 42.7 g 
Particle displacement in sound box 0 mm 

Hot air flow rate 0.014 m3/s 
Sound frequency 0 Hz 

Time interval for each measurement 5 min 
Power of the infrasound generator 0 W 

Power of the hot air flow 666 W 
Table 2.2 Specifications of the drying test without infrasound 

Experiment steps 
Step.1 Turn on the hot air flow generator for preheating the sound box. Observe the increasing                   
temperature till it reaches the stabilized value: 57.3 °C 
Step.2 Squeeze the fresh algae sample till the water stop dripping down from the surface of the 
algae sample. 
Step.3 Feed the pre-treated algae sample into the drying cage and measure the sum total mass 
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of the algae sample and the drying cage. Adjust the figure demonstrated on monitor to 125.1 g. 
Step.4 Set the countdown measurement interval as 5 min on the electronic timer and fix the 
hook on the drying cage inside the drying tube. 
Step.5 Start the timer and record the measurement of the weight of the drying cage together 
with the algae sample inside. 
Step.6 Repeat step.5 till the mass of the drying cage and the algae sample inside reaches a 
relative stable value. 
Step.7 Clean the drying system and repeat the experiment from step.2 to step.6 three times.  
Step.8 based on the results from step.7, calculate the average drying speed (Vd) of each 
measurement interval: 

Vd = (mn+1 - mn) / 5 

n = 0,1,2,3... 
In which mn refers to the sum total weight of the drying cage and algae sample inside at the time 
of n time intervals.  
Step.9 Calculate the dry basis water content (Wcn) of each time interval: 

Wc n = mwater n / mdry 

mwater n = mn - mdry - 82.4 

2.4.3 Experiment 3: Test the algae drying speed with 16 Hz infrasound 
In the initial experiments, 16 Hz was selected as the infrasound frequency. At the maximum of 
the output power, the recorded amplitude of each infrasound generator is 6 mm which means 
the total particle displacement is 12 mm. This frequency (16 Hz) was chosen as the benchmark 
for the rest experiments in the research. Since 16 Hz is at the medium of all the tested 
frequencies (from 13 Hz to 19 Hz), using 16 Hz as the benchmark can make the results of the 
analysis more comparable. Experimental specifications are listed in the table below. 

Specification Value Unit 
Stabilized working temperature 57.3 °C 

Algae sample mass 42.7 g 
Particle displacement in sound box 12 mm 

Hot air flow rate 0.014 m3/s 
Sound frequency 16 Hz 

Time interval for each measurement 5 min 
Power of the infrasound generator 120 W 

Power of the hot air flow 666 W 
Table 2.3 Specifications of the drying test with infrasound 

Experiment steps 
Step.1 Turn on the hot air flow generator for preheating the sound box. Observe the increasing                   
temperature till it reaches the stabilized value: 57.3°C.   
Step.2 Turn on the infrasound generator, switch the sound frequency to 16 Hz and switch the 
output power to the maximum by turning the knob on the amplifier. 
Step.3 Squeeze the fresh algae sample till the water stop dripping down from the surface of the 
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algae sample. 
Step.4 Feed the pre-treated algae sample into the drying cage and measure the sum total mass 
of the algae sample and the drying cage. Adjust the demonstrated figure to 125.1 g. 
Step.5 Set the countdown measurement interval as 5 min on the electronic timer and fix the 
hook on the drying cage inside the drying tube. 
Step.6 Start the timer and record the measurement of the weight of the drying cage together 
with the algae sample inside. 
Step.7 Repeat step.6 till the weight of the drying cage and the algae sample inside reach a 
relative stable value. 
Step.8 Clean the drying system and repeat the experiment from step.2 to step.7 three times.  
Step.9 based on the results from step.8, calculate the average drying speed (Vd) of each 
measurement interval: 

Vd = (mn+1 - mn) / 5 

n = 0,1,2,3... 
Step.10 Calculate the dry basis water content (Wcn) of each time interval: 

Wc n = mwater n / mdry 

mwater n = mn - mdry - 82.4 

2.5 Core experiments setup 
Based on the experiences and results of the initial experiments, the core experiments are divided 
into two main groups with different sample mass. The first group is drying with 42.7 g algae 
sample when the second group drying with 21.3 g which is 50% of the initial sample volume. 
The aim of setting these two groups is to test the relation between algae drying speed and 
different sample mass. Measurement interval for experimental group is different in these two 
cases since the average drying speed in the 21.3 g tests is much faster than that in 42.7 g tests. 
This means a measurement interval as 5 minutes cannot provide a clear picture of the correlation 
between algae drying speed and other parameters in this case. Hence, for the 21.3 g drying test, 
a time interval as 1 minute was set. 
Two sub-types of experiments are identified under each experimental group: drying with 
different sound frequencies and drying with different sound pressures. It is important to mention 
that only one variable will exist in each type of the core experiments, which means other 
parameters will be constant throughout the whole tests. 

2.5.1 Algae drying with different sound frequencies 
In order to test the relation between algae drying speed and different sound frequencies, seven 
tests with frequencies from 13 Hz to 19 Hz are designed. The only variable in this series of tests 
is the infrasound frequency with the pre-determined algae sample volume. Values of constant 
variables in the 42.7 g and 21.3 g drying test are listed below. 
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Table 2.4 Specifications of the 42.7g drying test with different sound frequencies 
        
 
 
 
 
 
 
 

Table 2.5 Specifications of the 21.3g drying test with different sound frequencies 

Experiment steps 
Step.1 Turn on the hot air flow generator for preheating the sound box. Observe the increasing 
temperature till it reaches the stabilized value: 57.3°C.   
Step.2 Turn on the infrasound generator, switch the sound frequency (from 13 Hz to 19 Hz for 
each test) and switch the output power to the maximum by turning the knob on the amplifier. 
Step.3 Squeeze the fresh algae sample till the water stop dripping down from the surface of the 
algae sample. 
Step.4 Feed the pre-treated algae sample into the drying cage and measure the sum total weight 
of the algae sample and the drying cage. Adjust the demonstrated figure to 125.1g or 103.7g 
(depends on which experimental group it belongs to). 
Step.5 Set the measurement time interval (5 min for 42.7g test and 1 min for 21.3g test) on the 
electronic timer and fix the hook on the drying cage inside the drying tube. 
Step.6 Start the timer and record the mass of the drying cage together with the algae sample. 
Step.7 Repeat step.6 till the weight of the drying cage and the algae sample inside reaches a 
relative stable value. 
Step.8 Clean the drying system and repeat the experiment from step.2 to step.7 three times.  
Step.9 Based on the results from step.8, calculate the average drying speed (Vd) of each 
measurement interval: 

Vd = (mn+1 - mn) / tinterval 

n = 0,1,2,3... 
Step.10 Calculate the dry basis water content (Wcn) of each time interval: 

Wc n = mwater n / mdry 

mwater n = mn - mdry - 82.4 

Specification Value Unit 
Stabilized working temperature 57.3 °C 

Algae sample weight 42.7 g 
Hot air flow rate 0.014 m3/s 

Time interval for each measurement 5 min 
Power of the infrasound generator 120 W 

Power of the hot air flow 666 W 

Specification Value Unit 
Stabilized working temperature 57.3 °C 

Algae sample weight 21.3 g 
Hot air flow rate 0.014 m3/s 

Time interval for each measurement 1 min 
Power of the infrasound generator 120 W 

Power of the hot air flow 666 W 
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2.5.2 Algae drying with different sound pressures 
In order to test the relation between algae drying speed and different sound pressures, three 
tests with the particle displacements as 10 mm, 12 mm and 14 mm are designed. With the 
infrasound frequency constant, higher sound pressure will result in a larger observable particle 
displacement. For the 42.7g drying test, the sound frequency was selected as 14 Hz. For the 
21.3g drying test, the frequency is set as 13 Hz (reasons of the frequency selection will be 
described in detail in the discussion part of this article). Values of the constant variables in the 
42.7 g and 21.3 g tests are shown in the table below. 

 
 
 
 
 
 
 
 
 

Table 2.6 Specifications of the 42.7g drying test with different sound pressures 

Specification Value Unit 
Stabilized working temperature 57.3 °C 

Algae sample weight 21.3 g 
Hot air flow rate 0.014 m3/s 
Sound frequency 13 Hz 

Time interval for each measurement 1 min 
Power of the infrasound generator 120 W 

Power of the hot air flow 666 W 
Table 2.7 Specifications of the 21.3 g drying test with different sound pressures 

Experiment steps 
Step.1 Turn on the hot air flow generator for preheating the sound box. Observe the increasing                   
temperature till it reaches the stabilized value: 57.3°C.   
Step.2 Turn on the infrasound generator, switch the sound frequency to 14 Hz and 13 Hz for the 
42.7 g and 21.3 g tests respectively. Switch the output power to the maximum by turning the 
knob on the amplifier. 
Step.3 Squeeze the fresh algae sample till the water stop dripping down from the surface of the 
algae sample. 
Step.4 Feed the pre-treated algae sample into the drying cage and measure the sum total weight 
of the algae sample and the drying cage. Adjust the demonstrated figure to 125.1 g or 103.7g. 
Step.5 Set the countdown measurement interval (5 min for 42.7 g test and 1 min for 21.3 g test) 
on the electronic timer and fix the hook on the drying cage inside the drying tube. 
Step.6 Start the timer and record the total mass of the drying section (tube and sample). 
Step.7 Repeat step.6 till the weight of the drying cage and the algae sample inside reaches a 
relative stable value. 

Specification Value Unit 
Stabilized working temperature 57.3 °C 

Algae sample weight 42.7 g 
Hot air flow rate 0.014 m3/s 
Sound frequency 14 Hz 

Time interval for each measurement 5 min 
Power of the infrasound generator 120 W 

Power of the hot air flow 666 W 



20 
 

Step.8 Clean the drying system and repeat the experiment from step.2 to step.7 three times.  
Step.9 Use the results to calculate the average drying speed (Vd) of each measurement interval: 

Vd = (mn+1 - mn) / tinterval 

n = 0,1,2,3... 

2.6 Cost Analysis 
The cost analysis in this research consists of two aspects, namely energy consumption and 
manufacturing costs. Freeze drying technology is selected for the comparative analysis with 
infrasound-integrated technology in regard of the energy consumption. Specifications of the 
freeze dryer are taken from the webpages of some advanced industrial equipment. 
For the manufacturing costs analysis, costs of nine parts in the real system are estimated. Table 
2.8 shows the name of the nine sections. In this research, some of the data was found on the 
literature. Other data which are not on the available literature was recorded according to the 
interview with Mats Olsson (PI, Mats). 

Name of the section 
Resonance tube of the infrasound generator 

Rotary drum with motor 
Dust collector 

Pulsar of the infrasound generator 
30kW hot air generator 

Hot air condenser 
Drying chamber 

Compressor as pretreatment stage 
Freeze drying equipment 

Table 2.8 Nine sections of the drying system 

2.7 New system design 
Based on the results of the experiment, a new system is designed for the Seafarm project on the 
west coast of Sweden.  
Specifications such as infrasound frequency, hot air flow rate, ratio of the drying chamber and 
optimum algae drying speed are use the same value in the core experiments. Other 
specifications such as the power, shape, and energy efficiency of the air flow generator are more 
or less optimized within the system boundary.  
In chapter 3.8 and 4.7, the new system design will be described in a sketch including all of the 
sections and specifications. In chapter 4.7, selections of the sections together with the 
calculation of the specifications will be discussed in detail from environmental perspective and 
economic perspective. 
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3. Results 
This chapter is divided into four sections. The first section is about initial experiments. Results 
of water content testing, initial test without and with randomly selected 16 Hz infrasound test 
are presented. The second section is related to the core experiments. Results of testing with 
different sound frequencies, different sound pressures and different sample mass are provided. 
The third section is the description of the new system design for the Seafarm project and the 
last section is the presentation of the cost analysis including the manufacturing cost together 
with the energy cost.  
In this chapter, seven frequencies from 13 Hz to 19 Hz are represented by seven colors on the 
rainbow in order to distinguish one from another other. For example, the bench mark frequency 
16 Hz is represented by the color of green. 

3.1 Initial experiment  

3.1.1 Algae sample water content testing 

Sample mass (g) Time (min) 
42.7 0 
31.9 5 
22.8 10 
15.2 15 
10.1 20 
6.9 25 
5.4 30 
4.4 35 
3.9 40 
3.6 45 
3.4 50 

Table 3.1 Sample weight and time in algae water content testing 

Based on the results in table 3.1, the water content (dry basis) of the algae sample can be 
calculated as: 

mwater / mdry = (125.1 - 85.8) / (85.8 - 82.4) = 11.56 

Figure 3.1 below shows the visualized experimental results of the algae sample water content 
testing. The color orange refers to 14 Hz as the sound frequency according to the rule mentioned 
in section 2.4. 



22 
 

 

Figure 3.1 Relation between sample weight and time in the water content testing 

3.1.2 Testing the algae drying speed without infrasound 

Time (min) Sample mass (g) Average drying speed (g/s) Water content (dry basis) 
0 42.7 null 11.56 
5 38.2 0.0150 10.24 
10 34.3 0.0130 9.09 
15 30.5 0.0127 7.97 
20 27.2 0.0110 7.00 
25 23.9 0.0110 6.03 
30 20.9 0.0100 5.15 
35 18 0.0097 4.29 
40 15.5 0.0083 3.56 
45 13.5 0.0067 2.97 
50 11.8 0.0057 2.48 
55 10.7 0.0037 2.15 
60 9.6 0.0037 1.82 
65 8.7 0.0030 1.56 
70 8.2 0.0017 1.41 
75 7.9 0.0010 1.32 

Table 3.2 Relation between three parameters and time in drying tests without infrasound 
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Table 3.2 shows the relation between time and other three parameters in the drying tests without 
infrasound. These parameters including sample mass, average drying speed and relative water 
content. The experiment duration is 75 minutes. 
In the drying test without infrasound, the total decrease in sample mass is 34.8 g, the overall 
drying speed is 0.00733 g/s. The initial relative (dry basis) water content is 11.56 and the 
relative water content after drying is 1.32.  
Figure 3.2 shows the visualized relation between sample mass and time in the test without 
infrasound. Figure 3.3 shows the visualized relation between drying speed and time in this test. 
Figure 3.4 shows the visualized relation between relative water content and time in the test. 

Figure 3.2 Relation between sample mass and time in the test without infrasound 

Figure 3.3 Relation between drying speed and time in the test without infrasound 
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Figure 3.4 Relation between relative water content and time in the test without infrasound 

3.1.3 Testing the algae drying speed with infrasound 

  Table 3.3 Relation between three parameters and time in drying tests with 16 Hz infrasound 

Table 3.3 shows the relation between time and other three parameters in the drying tests with 
16 Hz infrasound. These parameters including sample mass, average drying speed and relative 
water content. The experiment duration is 50 minutes. 
In the drying test with 16 Hz infrasound, the total decrease in sample mass is 38.5 g, the overall 
drying speed is 0.0128 g/s. The initial relative (dry basis) water content is 11.56 and the relative 
water content after drying is 0.24.  
 
 
 

Time (min) Sample mass (g) Average drying speed (g/s) Water content (dry basis) 
0 42.7 null 11.56 
5 30.8 0.0397 8.06 

10 21.4 0.0313 5.29 
15 16 0.0180 3.71 
20 11.1 0.0163 2.26 
25 8.7 0.0080 1.56 
30 7.5 0.0040 1.21 
35 6.4 0.0037 0.88 

40 5.4 0.0033 0.59 
45 4.6 0.0027 0.35 
50 4.2 0.0013 0.24 
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Figure 3.5 shows the visualized relation between sample mass and time in the test with 16 Hz 
infrasound. Figure 3.6 shows the visualized relation between drying speed and time in this test. 
Figure 3.7 shows the visualized relation between relative water content and time in the test. 

Figure 3.5 Relation between sample mass and time in the test with 16 Hz infrasound 

Figure 3.6 Relation between drying speed and time in the test with 16 Hz infrasound 
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Figure 3.7 Relation between sample mass and time in the test with 16 Hz infrasound 

3.2 Core experiments 

Sound frequency (Hz) Particle displacement (mm) 
13 7.38 
14 6.86 
15 6.40 
16 6.00 
17 5.65 
18 5.33 
19 5.05 

Table 3.4 Relation between sound frequency and particle displacement 
Table 3.4 shows the recorded relation between sound frequency and particle displacement in 
the core tests. The lowest frequency has the largest particle displacement 7.38 mm whereas the 
highest frequency has the smallest particle displacement 5.05 mm. From this table it can be 
proved that the theoretical inference (inverse proportional relation) is reasonable.  
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3.2.1 Testing with different frequency (from 13 Hz to 19 Hz), 42.7 g 
sample mass 

Table 3.5 Relation between sample mass (g) and time in the 42.7 g test at seven frequencies 

 

 

 

 

 

  
Table 3.6 Average drying speed for seven frequencies in the 42.7 g test 

Table 3.7 Relation between relative water content and time in the 42.7 g test at seven frequencies 

       Frequency (Hz) 
Time (min) 

13 14 15 16 17 18 19 

0 42.7 42.7 42.7 42.7 42.7 42.7 42.7 
5 32.2 31.9 31.4 30.8 30.5 30.2 29.8 
10 23.6 22.8 22.5 21.4 20.8 20.1 19.6 
15 17 15.2 15.4 16 15.9 16.2 16.6 
20 12.2 10.1 10.5 11.1 11.3 11.5 12.2 
25 9.4 6.9 7.4 8.7 9 9.2 9.6 
30 7.8 5.4 6.5 7.5 7.9 8.1 8.6 
35 6.6 4.4 5.4 6.4 6.8 7 7.7 
40 5.5 3.9 4.6 5.4 5.8 6 6.6 
45 4.6 3.6 4 4.7 5.2 5.5 6 
50 3.8 3.4 3.7 4.2 4.7 5 5.4 

Frequency (Hz) Average drying speed (g/s) 
13 0.0130 
14 0.0131 
15 0.0130 
16 0.0128 
17 0.0127 
18 0.0126 
19 0.0124 

       Frequency (Hz) 
Time (min) 

13 14 15 16 17 18 19 

0 11.56 11.56 11.56 11.56 11.56 11.56 11.56 
5 8.47 8.38 8.24 8.06 7.97 7.88 7.76 
10 5.94 5.71 5.62 5.29 5.12 4.91 4.76 
15 5 3.47 3.53 3.71 3.68 3.76 3.88 
20 2.59 1.97 2.09 2.26 2.32 2.38 2.59 
25 1.76 1.03 1.18 1.56 1.65 1.71 1.82 
30 1.29 0.59 0.91 1.21 1.32 1.38 1.53 
35 0.94 0.29 0.59 0.88 1 1.06 1.26 
40 0.62 0.15 0.35 0.59 0.71 0.76 0.94 
45 0.35 0.06 0.18 0.38 0.53 0.62 0.76 
50 0.12 0 0.09 0.24 0.38 0.47 0.59 
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Table 3.5 indicates that in the 42.7 g test, infrasound with 14 Hz has the best drying performance. 
The total decrease in sample mass is 39.3 g in this test. Table 3.6 presents that testing with 14 
Hz infrasound has the highest average drying speed of 0.0131 g/s. Table 3.7 shows that by using 
14 Hz as the sound frequency, the relative water content can be decreased to zero at 50 min.  

Figure 3.8 Relative water content of each measurement interval at seven frequencies in the 42.7 g test 

3.2.2 Testing with different frequency (from 13 Hz to 19 Hz), 21.3 g 
sample mass 

Table 3.8 Relation between sample mass (g) and time in the 21.3 g test at seven frequencies 

        Frequency(Hz) 
Time (min) 

13 14 15 16 17 18 19 

0 21.3 21.3 21.3 21.3 21.3 21.3 21.3 
1 18.1 18.2 18.2 18.3 18.2 18.6 18.9 
2 14.9 14.9 15.1 15.2 15.3 15.8 16.2 
3 12.3 12.4 12.6 12.7 12.9 13.7 14.2 
4 9.7 9.8 10 10.4 10.9 11.7 12.1 
5 6.9 7.2 7.5 8.5 9 9.8 10 
6 5.5 5.8 6 6.9 7.3 8 8.5 
7 4.5 4.8 4.9 5.8 6.2 6.8 7.1 
8 3.7 4.2 4.3 4.8 5.2 5.6 6.1 
9 3.2 3.6 3.8 4.1 4.5 4.7 5.4 
10 2.8 3.1 3.4 3.6 4 4.2 4.8 
11 2.5 2.8 3.1 3.3 3.6 3.8 4.4 
12 2.2 2.5 2.8 3 3.4 3.5 4 
13 2 2.3 2.5 2.7 3.1 3.3 3.7 
14 1.8 2.2 2.3 2.5 2.8 3 3.4 
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Frequency (Hz) Average drying speed (g/s) 
13 0.0232 
14 0.0227 
15 0.0226 
16 0.0224 
17 0.0220 
18 0.0218 
19 0.0213 

Table 3.9 Average drying speed for seven frequencies in the 21.3 g test 

Table 3.10 Relation between relative water content and time in the 21.3 g test at seven frequencies 

 

 

 

 

      Frequency (Hz) 
Time (min) 

13 14 15 16 17 18 19 

0 11.56 11.56 11.56 11.56 11.56 11.56 11.56 
1 9.67 9.73 9.73 9.79 9.79 9.96 10.14 
2 7.78 7.78 7.9 7.96 8.02 8.31 8.55 
3 6.25 6.31 6.43 6.49 6.6 7.08 7.37 
4 4.72 4.78 4.89 5.13 5.42 5.9 6.13 
5 3.07 3.24 3.42 4.01 4.3 4.78 4.89 
6 2.24 2.42 2.54 3.07 3.3 3.71 4.01 
7 1.65 1.83 1.89 2.42 2.65 3.01 3.18 
8 1.19 1.47 1.53 1.83 2.06 2.3 2.59 
9 0.88 1.12 1.24 1.42 1.65 1.77 2.18 
10 0.65 0.83 1 1.12 1.36 1.47 1.83 
11 0.47 0.65 0.83 0.94 1.12 1.24 1.59 
12 0.29 0.47 0.65 0.77 1 1.06 1.36 
13 0.18 0.35 0.47 0.59 0.83 0.94 1.18 
14 0.06 0.29 0.35 0.47 0.65 0.77 1.00 
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Figure 3.9 Relative water content of each measurement interval at seven frequencies in the 21.3 g test 

Table 3.8 indicates that in the 21.3 g test, infrasound with 13 Hz has the best drying performance. 
The total decrease in sample mass is 19.3 g in this test. Table 3.9 presents that testing with 13 
Hz infrasound has the highest average drying speed of 0.0232 g/s. Table 3.10 shows that by 
using 13 Hz as the sound frequency, the relative water content can be decreased to 0.06 at 14 
min. 

3.2.3 Test using different sound pressure, 42.7 g sample mass 
 

 

 

 

 

 

 

 

 

Table 3.11 Relation between sample mass and time at three sound pressures in 42.7 g test 

 

            Particle displacement (mm) 
Time (min) 

10 12 14 

0 42.7 42.7 42.7 
5 34.7 33.5 31.9 

10 26.4 24.4 22.8 
15 19 16.9 15.2 
20 12.7 11.4 10.1 
25 10.2 8.1 6.9 
30 9.5 6.5 5.4 
35 7.3 5.4 4.4 
40 6.5 4.8 3.9 
45 6 4.4 3.6 
50 5.6 4 3.4 



31 
 

Maximum particle displacement 
(mm) 

Average drying speed 
(g/s) 

10 0.124 
12 0.129 
14 0.131 

Table 3.12 Average drying speed at three sound pressures in 42.7 g test 

In the 42.7 g test at frequency 14 Hz, the highest sound pressure with the particle displacement 
14 mm provided the best drying performance. The total decrease in sample mass is 39.3 g. And 
the average drying speed is 0.131 g/s. 

3.2.4 Test using different sound pressure, 21.3 g sample mass 
 

 

 

 

 

 

 

 

 

 

 

 

Table 3.13 Relation between sample mass and time at three sound pressures in 21.3 g test 
 
 
 

 
 
 

Table 3.14 Average drying speed at three sound pressures in 42.7 g test 
In the 21.3 g test at frequency 13 Hz, the highest sound pressure with the particle displacement 
14 mm provided the best drying performance. The total decrease in sample mass is 17.9 g. And 
the average drying speed is 0.303 g/s. 
 
 
 

            Particle displacement (mm) 
Time (min) 

10 12 14 

0 21.3 21.3 21.3 
1 19 18.6 18.1 
2 16.7 15.9 14.9 
3 14.6 13.3 12.4 
4 12.5 10.9 9.7 
5 10.5 8.5 7 
6 8.6 6.8 5.6 
7 7.4 5.7 4.7 
8 6.4 4.9 3.9 
9 5.6 4.3 3.4 

10 4.9 3.8 3 
11 4.4 3.3 2.6 
12 4 2.9 2.3 
13 3.7 2.6 2.1 
14 3.4 2.3 1.9 

Maximum particle displacement 
(mm) 

Average drying speed 
(g/s) 

10 0.273 
12 0.292 
14 0.303 
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3.3 New system design 

3.3.1 System boundary 

 
 
 
 
 
 
 
 
   
 

Figure 3.10 Drying system boundary 
 

3.3.2 Sketch of the real system 
Figure 3.10 presents the system boundary for the seafarm project. It can be indicated from the 
figure that algae cultivation and harvesting together with the downstream utilizations are 
eliminated from the system boundary. For this research, only the pretreatment stage and drying 
stage are taken into consideration. 

Figure 3.11 Sketch of the new system design 
Figure 3.11 shows the sketch of the new system. The resonance tube in the figure uses dotted 
lines because the real length/width ratio is not equal to what is presented in this sketch. The 
dotted line around the air condenser is the circulated flow of the hot air. Table 3.15 shows the 
specifications of the new system design. R/E ratio in this table refers to the ratio between the 
Real system and the Experimental system. 

Algae cultivation and harvesting Pretreatment stage (compressing) 

Drying stage Downstream utilization 
System boundary 
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Selections together with calculations of these specifications will be described in the discussion 
chapter. 
 

Specifications Value 
Infrasound frequency 13 Hz 

Drying speed 10 g/s 
Drying duration 72 Hours 

Water to be dried 2717.6 kg 
R/E ratio 1687.5 

Air flow rate  11.8 m3/s 
Drying chamber diameter 0.82 m 

Height of the drying chamber 1.49 m 
Resonance tube length 6.9 m 

Drying capacity 2 ton /day 
Table 3.15 specifications of the new system 

3.4 Cost and analysis 

3.4.1 Manufacturing costs 
System sections Cost (SEK) 

Resonance tube of the infrasound generator 30,000 
Rotary drum with motor 250,000 

Dust collector 200,000 
Pulsar of the infrasound generator 250,000 

30kW hot air generator 60,000 
Hot air condenser 110,000 
Drying chamber 30,000 (Material depended) 

Compressor as pretreatment stage Not found 
Freeze drying equipment 150,000 

Table 3.16 Manufacturing costs of the new system 

Table 3.16 indicates the total manufacturing cost of the infrasound system is around 900,000  
SEK. By comparison, the manufacturing cost for an industrial freeze dryer is 150,000 SEK.  
To obtain the same drying efficiency, three freeze dryers should be used. As a consequence, 
the total manufacturing cost in this case is around 450,000 SEK. 

3.4.2 Energy consumption     
For the freeze drying, the capacity of one advanced industrial freeze dryer is 3.48 g/s. The 
power of the freeze dryer is 67 kW. The energy consumption for drying 2717.6 kg water is 52.4 
GJ. 
For the infrasound integrated drying, the capacity of the drying system is 10 g/s. The energy 
consumption for drying 1 kg water is 2260 J as a constant value. Hence, the theoretical energy 
consumption for drying 2717.6 kg water is 5.86 GJ. Assuming the energy efficiency to be 50%. 
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The total energy consumption for infrasound integrated drying is 11.72 GJ.  
Figure 3.12 presents the visualized energy consumption comparison between freeze drying and 
infrasound integrated drying.  

Figure 3.12 Energy consumption of infrasound technology and freeze drying technology 
 

4. Discussion 
Based on the experimental results, this chapter will focus on the relation between algae drying 
performance and different parameters. Research limitations together with research assumptions 
will be described in each sub-section of this chapter. All of the major possible system errors 
and observational errors are analyzed. Selections and calculations of the specifications of the 
experimental system and the real system will be discussed in detail. Comparative analysis 
including the comparison between drying with/without infrasound, drying with different sound 
frequencies/pressures and drying with different sample mass will be discussed in the visualized 
diagrams. Discussion of the real system design together with the cost analysis will be also be 
made in this chapter. 

4.1 Initial experiments        

According to the literature, the water content of algae harvested at the cultivation site of Sea-
farm project is 78% (Joseph, 2016). By comparison, the tested relative water content of algae 
sample in the current experiments is 11.56 (92 % water content). The reason of this increase in 
water content is that the algae we use for the experiments is frozen sample. A pre-treatment 
stage including algae defreeze and surface water removal is necessary when considering the 
utility of the algae sample. A successful surface water removal should remove as much water 
as possible. Within the algae drying industry, a mechanic compressor is often used in the pre-
treatment stage before the stock being fed into the final drying stage (Show, 2012). This is also 
why the pretreatment stage is included in the system boundary described in section 3.3.1. 
However, in this research there is no such compressor which means the surface water removal 
after defreeze cannot be rather sufficient. A small amount of water still attached on the surface 
of algae sample after the manually squeezing. The existence of this amount of water results in 



35 
 

the increase of relative water content.  
Figures shows that the water content after the pre-treatment stage should be reduced to 50%-
70% (1-2.33 relative water content) in the algae dehydration industry (Show, 2015). Since all 
the energy calculations in this research starts at the point when relative water content reached 
1.0 (70% water content) which is less than the water content (78%) of the harvest algae, the 
differences in water content will not pose any problem for the final experimental results.  
Table 3.1 indicates that the total decrease in sample mass from 45 min to 50 min is only 0.2g 
which means the drying speed is relatively low at that time. Even though there is still a small 
amount of water inside the algae sample, the final calculation uses 3.4 g as the total dry mass 
of the algae sample when considering the time efficiency. 

4.2 Infrasound as a solution  

4.2.1 Discussion about the initial experiments 
Table 3.2 shows that when drying without infrasound, it takes approximately 53 minutes for the 
relative water content dropping down to 2.33. The reason for selecting this figure is that 2.33 
as relative water content is equal to 70% water content which is the industrial requirement for 
pre-treated algae being fed into the final drying stage. As it mentioned in the section 1.3, the 
moisture content should be decreased to 12-15% (relative water content 0.14-0.18) after the 
drying stage (Show, 2015). However, till the end of the drying test without infrasound, the 
relative water content is 1.32 which is far from meeting the requirement of the industrial drying 
expectation. Meanwhile, the drying speed after 70 min is around 0.06 g/min, the mass 
measurement device with an accuracy of 0.1 g could not be sensitive enough for measuring at 
this level. To prevent the increasing possibility of experimental and observational error, the 
drying test without infrasound ended at 75 minute. It is obvious that it would take a considerable 
amount of time for the relative water content decrease from 1.32 to 0.18 with a drying speed at 
that level. In addition, the time efficiency could be extremely low if the test prolonged till the 
algae sample meet the industrial requirements. 
Figure 3.3 shows that the drying speed was kept decreasing from 0.015 g/s to 0.001 g/s during 
the whole test. This might because the algae sample was not dried evenly. When fed the algae 
into the metal drying cage, it naturally piled up from the bottom till a certain height. From a 
macro perspective, when met the hot air flow, algae sample at the bottom area of the drying 
cage could block the hot air from entering the upper part of the sample. Besides, the boundary 
layer theory can explain it from a micro perspective. In section 2.2, it explained how the 
existence of boundary layer could decrease the drying speed with the laminar flow of air.  
Figure 4.1 shows the relation between sample weight and time in drying with 16 Hz/without 
infrasound. Figure 4.2 shows average drying speed in the initial experiments. The above 
mentioned two figures indicates the performance of drying with infrasound (with the frequency 
16 Hz and particle displacement 12 mm) is better than that of drying with hot air only. The 
overall decrease in sample mass for testing with infrasound is 38.5 g when drying without 
infrasound has only 34.8 g. As is shown in figure 4.1, the differentiation in sample mass at 50 
min is 7.6 g which is a considerable weight when considering the initial mass as 42.7 g.  
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The average drying speed of testing with infrasound is 0.0128 g/s whereas the average drying 
speed of the test without infrasound is only 0.0078 g/s. In addition, it takes 75 minutes for the 
drying without infrasound reaching a sample mass at 7.9 g when the test with 16 Hz infrasound 
obtain the same drying outcome within 28 minutes.  

Figure 4.1 Relation between sample weight and time in drying with 16 Hz/without infrasound 

Figure 4.2 Average drying speed of drying with 16 Hz and without infrasound 

Figure 4.3 shows the relation between relative water content and time in the initial experiments.  
According to this figure, it takes 28 minutes for the relative water content dropping down to 
1.32 in the test with infrasound whereas it takes 75 minutes for drying without infrasound 
reaching the same outcome. In other words, the differentiation in time for these two methods 
reaching the same relative water content (1.32) is 47 minutes. In this sense, drying with 
infrasound is much faster than drying without infrasound. From the author’s perspective, the 
differences in drying speed could kept increasing if the experiment duration of the test without 
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infrasound prolonged.  
 

Figure 4.3 Relation between relative water content and time in the initial experiments 

To make the results more comparable and more related to the real application, the interval of 
relative water content decrease could be set in a delimitation from 2.33 to 1.32. Within this 
interval, the drying process without infrasound requires 22 minutes when the drying process 
with infrasound only needs approximately 9 minutes. In other words, the drying speed of 
infrasound integrated process is 2.5 times faster than that of drying without infrasound.  
In addition, there are other ways to interpret these figures for example the total energy 
consumption differentiation can be calculated by the differentiation in time multiplied by the 
equipment power. Section 4.4 will discuss the cost analysis in detail. 
However, the final relative water content after drying with 16 Hz infrasound is 0.24 (19.4 % 
water content) which still cannot meet the industrial requirement of algae drying, even though 
it is more satisfied than the result of drying with hot air flow only. 

4.2.2 Sound frequency as an impact factor 
In the section 2.1, frequency-particle displacement theory was described as: the maximum of 
particle displacement is inversely proportional to the sound wave frequency when the maximum 
of particle velocity is constant. Theoretically, decrease the sound frequency with the constant 
output power can increase the algae drying speed via the larger particle displacement it 
generated.  
In the 21.3 g test, infrasound with the lowest frequency (13 Hz) provided the best drying 
outcome with the final relative water content as 0.18 (15% water content) which successfully 
meets industrial algae drying requirement. Other six frequencies (14 Hz to 19 Hz) ended up 
with the relative water content as 0.29, 0.35, 0.47, 0.65, 0.77 and 1.00 increasingly. None of the 
above mentioned six relative water contents meet the industrial algae drying requirement. It has 
to be mentioned here that in the 21.3 g test, other frequencies can also decrease the relative 
water content down to a satisfied level if the experiment duration time prolonged. However, as 
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the accuracy of the mass measurement device is 0.1 g, drying speed less than 0.01 g/s might 
lead to experimental and observational errors. Since the 13 Hz infrasound can successfully 
remove the water down to a satisfied level, from the author’s perspective, it is not essential to 
present other “less reliable” figures as the results.  
13 Hz infrasound was selected as the most suitable frequency for the 21.3 g tests. The average 
drying speed is 0.023 g/s and the average drying speed from the water content at 1.00 till the 
water content at 0.18 is 0.00593 g/s. This is fastest drying speed among all the tests in this 
research. 13 Hz was also selected for the real system design as the infrasound frequency. 
It is obvious that the 21.3 g tests positively proved a lower sound frequency can provide a better 
algae drying performance. However, this is not sufficient enough to draw the conclusion that a 
lower sound frequency can always provide a higher algae drying efficiency. Result of the 42.7 
g is an example which is not completely in accordance with the theory above. 

Figure 4.4 Zoomed-up figure 3.8 at the time of 50 minutes 

After zooming up figure 3.8 as above, it shows that sound wave with the frequency of 14 Hz 
can provide the best drying outcome which can decrease the relative water content down to 
almost zero. Five sound waves with higher frequencies than 14 Hz in this test follows the 
frequency-particle displacement theory. The relative water content increased with the frequency. 
At minute 45, 15 Hz sound wave successfully decrease the relative water content down to 0.18 
which is the minimum requirement of the algae drying industry. Frequencies from 16 Hz to 19 
Hz ended up with unsatisfied water content at 50 minute. 
The biggest problem happened when decreasing the sound frequency from 14 Hz down to 13 
Hz. According to the frequency-particle displacement theory, the algae drying speed at 13 Hz 
should be higher than that of 14 Hz. However, after three times repeating of the experiment, 
this decrease in average drying speed was confirmed to be true instead of to be an experimental 
error. Since the observed particle displacement at 13 Hz (7.38 mm for one infrasound generator) 
which is higher than that of 14Hz (6.86mm for one infrasound generator), the sound box and 
infrasound generator was proved to be working normally. Consequently, the decrease in drying 
speed could only happen at the drying section. After observing the structure of the drying 
section, the reason why there is a decrease in drying speed became quite obvious: the real 
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particle displacement is not the same with the theoretical particle displacement due to the 
existence of the drying cage. In other words, the drying cage put forward a system error which 
leads to the false observations.  
As it described in the section 2.3.1, a small drying cage was set in the drying tube to prevent 
the algae sample from flying out from the drying tube. However, the height of the cage is only 
0.127 m. If the particle displacement increased to a level higher than 0.127 m. The drying cage 
would “block” the algae sample from oscillating to its maximum displacement. In other words, 
the maximum particle displacement inside the drying cage is 0.127 m.  
Use the formula 

Xmax = umax / 2πf 

When Xmax is 0.127 m and when umax is constant as 11.66 m/s, the lowest frequency should be 
14.61 Hz. This means any frequency lower than 14.61 Hz in this case will not increase the 
particle displacement at the drying tube anymore.  
It was assumed that there is no loss of sound power inside the sound box, however, there are a 
lot of holes on the front, left and right side of the sound box which will decrease the maximum 
air flow rate at the drying tube. This means the acceptable lowest frequency will be even higher 
than 14.61 Hz. 
Another parameter which cannot be ignored is the thickness of the algae sample. Even the 
theoretical maximum particle displacement of the algae sample is 0.127 m, this figure is only 
for ideal algae sample without any thickness. In the 42.7 g test, the sample thickness is around 
0.03 m. And in the 21.3 g test the sample thickness is around 0.015 m which are not ignorable. 
As discussed before, the theoretical value of umax is 11.66 m/s, from the author’s perspective, 
the real value should be around 10.37 m/s. This value was calculated by the sound frequency 
13 Hz with maximum particle displacement 0.127 m. The real system design also follows this 
“sample thickness” theory which means the utility of the drying chamber is not sufficient 
enough. Section 4.3 will discuss the rules of real system design in detail. 
When compare table 3.5 and table 3.8, there is another big difference in the initial drying speeds 
(average drying speed of the first measurement interval). In the 42.7 g drying test, the initial 
drying speed decreases with the increasing frequency while the performance of 21.3 g test on 
the opposite. The author has made several assumptions upon this phenomenon. For example, it 
is assumed that at the initial phase, frequency is more important than the turbulence since the 
water attached on the surface is too much. In other words, “shaking frequency” is more 
important than “shaking amplitude” in the beginning of algae drying.  
However, all of the calculation and analysis in this research starts at the point when the relative 
water content decreased down to less than 2.33. This means those initial speeds are out of the 
system boundary. Hence, more discussions will hopefully be made in the future research in 
regard of this difference. 

4.2.3 Sample mass as an impact factor 

The drying performance of different sample mass at the same frequency are different. Table 3.3 
and table 3.15 indicates that at the frequency of 14 Hz, drying with 21.3 g algae has an average 
drying speed of 0.023 g/s whereas drying with 42.7 g algae has the speed of 0.013 g/s. If this 
difference was zoomed up from experimental level to industrial level, a significant difference 



40 
 

in energy consumption together with time efficiency can be witnessed. In other words, sample 
mass (volume) is an impact factor when considering the practical design of the drying system.  
Since the overall drying performance of 21.3 g test is better than the 42.7g test, all the 
specifications of 21.3g test (13 Hz, 20% sample volume, etc.) are selected as the default 
condition for the real system design. This will be further analyzed at section 4.7. Figure 4.5 
shows the average drying speed in different sample mass groups. 

Figure 4.5 Average drying speed in different sample mass groups 

In general, drying with 21.3 g sample mass has a higher drying speed than drying with 42.7 g 
algae. From the author’s perspective, there are three reasons explaining the difference in drying 
speed. The first one is the existence of the drying cage. As discussed earlier in this article, the 
drying cage set an upper limitation of the particle displacement for the algae sample. Even the 
infrasound frequency decreased from 14 Hz to 13 Hz, the movement of the algae sample cannot 
be increased in the 42.7 g test.  
The second reason is that sample thickness is also an impact factor when considering the drying 
speed. In other words, sample thickness can also decrease the maximum particle displacement. 
0.127 m as the maximum particle displacement inside the drying cage is the theoretical value 
based on the assumption that all the algae sample could be squeezed to an extremely thin layer 
without any thickness. This is definitely not true in the real experiment. However, since the 
turbulent movement inside the drying cage is hard to predict. It is almost impossible to measure 
the specific thickness of the algae layer during the drying process. Another research limitation 
in this case is the lack of frozen algae sample. Due to this limitation, only two sample mass 
groups are tested in the experiment (21.3 g and 42.7 g). Even though the former provided a 
better drying outcome, it is still unsure whether 21.3 g is the best sample mass (volume) or not 
among all of the sample volumes. To obtain a more specific relation between drying speed and 
sample mass, it is recommended to use more different sample mass groups for the tests. 

4.2.4 Sound pressure as an impact factor 
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Sound pressure in this test can be regarded as the observed particle displacement. A decreased 
sound pressure also refers to a decreased output power of the infrasound generator. Table 3.5 
and table 3.8 shows that the best frequency are 14 Hz and 13 Hz for 42.7 g test and 21.3 g test 
respectively. Hence, 14 Hz and 13 Hz are selected for testing the relationship between sound 
pressures and drying outcome.  
Both of the 21.3 g and 42.7 g test shows that the drying efficiency decrease with the increase 
of sound frequency.  
According to table 3.4, table 3.11 and table 3.13, at the maximum output power of 13 Hz, the 
particle displacement is approximately 7.38+7.38=14.76 mm. This is why it has almost the 
same drying outcome with the particle displacement of 14 mm in this test.  
Comparing the result of 12 mm test with the former result of 16 Hz test, there is some difference. 
Since 16 Hz is higher than that of 13 Hz, the “shaking frequency” of 16 Hz is also higher than 
13 Hz. As described before, frequency is an important factor especially during the initial phase 
of surface water removal. Hence, the slight increase in drying speed in 16 Hz is reasonable. 
Similarly, the testing result of the 10 mm particle displacement is slightly different with the 19 
Hz test with 5.05 particle displacement. This can also be explained by the theory above. 
 

Figure 4.6 Average drying speed in the tests of different sound pressures 
Figure 4.6 shows the visualized average drying speed in the tests of different sound pressures 
(particle displacements). It can be seen from the diagram that drying speed increases with the 
particle displacement. It can also be concluded that 21.3 g test has a better drying performance 
(almost 3 times higher in drying speed) with the changing sound pressures. 

4.3 Other potential impact factors 
Two stalls are equipped on the hair dryer, one with the output temperature 60 °C and another 
with 95 °C. According to the literature, feasible drying technologies should avoid the possibility 
of degrading algal quality from the drying process. Since most of the macro-algae cannot 
withstand a temperature above 80 °C (Baidu, 2016), the stall with 95 °C was not considered in 
this research.  
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However, 65 °C might not be the best working temperature. If it is possible to change the 
working temperature using a more advanced hot air flow generator, the relation between the 
drying speed and air temperature can be more specific.  
Another parameter which can affect the drying performance is the air flow rate. However, with 
the same output power, the current hair dryer can only provide a stable air flow with 0.014 m3/s. 
It is also possible to obtain a more specific relation between air flow rate and drying efficiency 
if a more advanced air flow generator with the capacity of changing air flow rate was equipped. 
In addition, the way to design the drying sections, or the selections of the specifications in the 
real system is also important to concern. This will be further discussed in the following 
paragraphs. 

4.4 New system design for the Seafarm project 
Table 3.15 shows the specifications of the new system. This section will discuss the selection 
and calculation of these specifications. 

Figure 4.7 Calculation of the drying speed in the 21.3 g test with 13 Hz sound frequency 

Figure 4.7 presents the calculation of the drying speed in the 21.3 g test with 13 Hz sound 
frequency. Since this test has the best drying performance among all of the tests, results from 
this test are selected as the recommended value for the real system design.  
Two blue lines have the crossover points with vertical line at 0.18 and 1.0 respectively. 0.18 
and 1.0 as relative water content set the industrial requirement for the algae drying, one as the 
input requirement (50% water content), the other one as the output requirement (15% water 
content). As a consequence, calculation of the drying speed in this research does not start from 
the time 0. Instead, it starts at the point when the relative water content drops down to 1.0 in 
every test. In this figure, 8.5 minute is the start point and 13.0 minute is the end of the 
calculation. The decrease in sample mass during this time is 1.6 g. Hence, 0.006 g/s as the 
drying speed was calculated. 
The drying speed of the real system is calculated as follows: 
Literature shows the annually harvested algae at the cultivation site of Seafarm project is 60,000 
kg (Joseph, 2016). 22 % of the fresh algae are dry mass and the rest 78 % are moisture content. 
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This gives the overall dry mass as 13,200 kg. Since the pretreatment stage is included in the 
system boundary, the water content after the pretreatment stage is set as 50% which means the 
wet mass before entering the drying stage is also 13,200 kg. Assuming only 25 % of the 
harvested algae go to the drying stage while the rest 75 % being fed into the bio-methane 
generation and considering the relative water content after the drying stage as 0.18, the overall 
decrease in wet mass at drying stage is 2717.6 kg. Table 3.15 also presents the assumed constant 
drying duration as 72 hours. With this figure, the average drying speed can be calculated as 
0.01 kg/s which is 1687.5 times larger than the experimental drying speed 0.006 g/s.  
Selections of other parameters such as the length and height of the drying chamber follows the 
ratio of the experimental drying section. The length of the resonance tube uses a quarter of the 
wave length (27.6 m) of the 13 Hz infrasound at the room temperature. 
The reasons of using an air condenser is to circulate the air flow and to increase the hot air flow 
efficiency. Since there is no reuse of the hot air flow in the experiments, the energy efficiency 
of the hair dryer could be decreased significantly as the output temperature and volume of air 
is still rather high. Section 4.5.1 will discuss the significance of energy efficiency in detail. 

4.5 Cost analysis 

4.5.1 Energy consumption 
Figure 3.12 compares the energy consumption between freeze drying and infrasound drying 
technology. It indicates freeze drying costs 40.68 GJ more energy when drying the same amount 
of fresh algae in 72 hours.  
However, this figure is the idealized value using 50 % as the energy efficiency of the real system. 
If the energy efficiency is 10 %, the overall energy consumption is 58.6 GJ which is bigger than 
what is cost by the freeze dryer. Hence, one of the major objective in designing the real system 
is to increase the energy efficiency. Using an air condenser can effectively circulate the air and 
further leads to an increased energy efficiency. 
There are more methods to increase the energy efficiency in regard of the real system design. 
For example, by changing the layout property of the algae sample inside the drying chamber 
might be an alternative since simply piling up the fresh algae cannot take full use of the utility 
of the drying chamber. Dividing one drying chamber into two small chambers could also be a 
solution. However, these assumptions need to be tested in real experiments.  

4.5.2 Manufacturing cost 
The estimated manufacturing cost of the real system is around 900,000 SEK excluding the cost 
of the pretreatment equipment. Since the price of the compressor varies from 15,000 SEK to 
300,000 SEK, the selection of the compressor is largely depending on the requirement of the 
clients. However, both of the freeze drying and infrasound-integrated drying could use the same 
compressor as the pretreatment stage. The difference in manufacturing cost can still be 
calculated by the data presented in table 3.16. 
As a result, infrasound integrated system almost doubled the manufacturing costs of freeze 
drying devices. Hence, to give a more comprehensive evaluation of the new system, life cycle 
analysis is recommended to be done.  
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4.6 Assumptions and research limitations 
Beside the assumptions and research limitations mentioned within the chapters above, other 
assumptions and limitations are discussed at this section. 
Since there is no previous research, the availability of literature and data are relatively low. A 
few of assumptions need to be made instead of using the data from the literature. For the 
experiment design, it is assumed that the wave length is long enough to ignore the phase change. 
In other words, it is assumed that the particle movement velocity at the drying tube is assumed 
to be the same as the movement at the infrasound generator even though they are at the different 
phase of one infrasound sine wave. In addition, the average value of three times might not be 
precise enough formulate a final theory. It is recommended to repeat the experiments more 
times before concluding the results. 
For the experiments, it is assumed that the water content is the same in different algae samples 
since the whole research was using the same type of fresh algae harvested from the Seafarm 
project. Experiments testing the relation between sound pressures and drying speed are only 
done once due to the lack of fresh algae. As a consequence, the reliability of those experimental 
results are jeopardized.  
In addition, the measurement of sample mass is not constant. A more reliable and specific 
relation between sample mass and time can be obtained if a real-time mass measurement 
equipment was used.  

5. Conclusions 
This section will make conclusions towards the five objectives proposed in section 1.1 based 
on the observed and calculated results. Several recommendations have already been made 
earlier in this research. The rest of the recommendations for the future research will be given in 
the paragraphs below.  
It was mathematically inferred in this article that particle displacement is inverse proportional 
towards sound frequency. A lower sound frequency can provide a better cleaning/drying 
performance via the high particle displacement/turbulence it generates.  
White papers of the company Infrafone provide sufficient cases of infrasound as an effective 
soot cleaning technology. Using infrasound as a soot cleaning technology is both economically 
and environmentally attractive.  
By adjusting the laminar/turbulent flow model towards algae dehydration model, boundary 
layer theory together with the turbulent theory are successfully used in the algae drying 
simulations. It comes to the analogy that drying algae can be interpreted as cleaning the water 
particles around the algae sample.   
Since no one has done this series of research before, the thesis provided the specifications and 
steps of every experiments in detail in order to increase the repeatability and to provide 
experimental guidelines for future researches. From the author’s perspective, the designed 
experiments need to be refined over and over in the future but they still could be considered as 
valid in regard of testing the relation between algae drying performance and other parameters 
such as sound frequency and sound pressure.  
As for the system error mentioned in section 4.2.2, increase the height of the drying cage within 
a reasonable range is the author’s recommendation towards further research since it can further 
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increase the particle displacement inside the drying section. If possible, the next step for the 
experiments should be scaled up to a certain extent with the drying capacity around 1 g/s which 
is profitable in practical uses. 
Infrasound as a drying technology can effectively increase the drying speed when compared to 
the traditional hot air flow drying. Based on the experimental results, the theoretical inference 
about the relation between particle displacement and sound frequency can be proved to be true.  
Most of the experimental data shows accordance with the “inverse proportional relation”. In 
short, a lower sound frequency can provide a better drying outcome. However, the best 
frequency selection largely depends on the real system design since unlimitedly decreasing the 
sound frequency means unlimitedly increasing the overall size of the system in regard of the 
maximum particle displacement. 
Mass of feedstock is an important parameter to consider when the specification of drying 
chamber is already set. Moreover, the layout of fresh algae sample inside the drying chamber 
is also important to consider. However, no such experiments were done during the research. As 
a recommendation for future research, set the control group with the default algae sample layout 
(simply piling up from the bottom) and set the experimental group with other layout properties 
such as hanging on the top of the drying chamber etc. Results of the experiment also shows that 
drying efficiency increases with the sound pressure (system output power).  
The design of the real drying system is mostly based on the experimental results. The designed 
drying system has the capacity of treating 2 ton fresh algae per day. Even though it is not an 
impressive figure, from the author’s perspective, it is still an acceptable initiation for the future 
research. However,  
Energy efficiency is the most significant parameter to concern when designing the real system. 
It should be increased as much as possible. If the measured energy efficiency of the real system 
is less than 11.2, the infrasound-integrated drying system will lose the competition with freeze 
drying technology in every single aspect. In this research, air condenser was added to circulate 
the air flow.  
In regard of the cost analysis, infrasound integrated drying technology have relatively low 
energy cost (better environmental performance) when compared to freeze drying technology. 
However, the capital cost is almost doubled the manufacturing cost of industrial freeze dryers. 
As a recommendation, finishing the comparative LCA of different algae preservation/storage 
technology can provide more guides and information towards future researches. 
All in all, this pilot research could be regarded as an initiation of new studies in larger scales. 
Even though the commercialization of infrasound-integrated drying technology will face all 
kinds of challenges and restraints, with the theoretical possibility, experimental data and new 
system design provided in this research, it is possible to save the newly emerging technology 
from “drowning” in the giant tide of sustainable development.    
 
 
 
 
 
 
 



46 
 

6. References 
Anders S Carlsson, Jan B van Beilen, Ralf Möller and David Clayton Micro and macro algae: 
Utility for industrial application, 2007. 
Available at: 
http://www.biofuelstp.eu/downloads/epobio_aquatic_report.pdf 
[Accessed 2016-11-11] 
 
Ayhan Demirbas. Importance of algae oil as a source of biodiesel, 2010. 
Available at: 
http://www.sciencedirect.com/science/article/pii/S0196890410002761 
[Accessed 2016-12-09] 
 
Ching-Lung Chen, Jo-Shu Chang and Duu-Jong Lee. Dewatering and Drying Methods for 
Microalgae, 2015. 
Available at: 
http://www.tandfonline.com/doi/abs/10.1080/07373937.2014.997881?src=recsys&journalCo
de=ldrt20 
[Accessed 2016-09-01] 
 
Community research and development information service (CORDIS). EU-funded demo 
plants show potential of algae as sustainable energy source, 2016. 
Available at: 
http://cordis.europa.eu/news/rcn/123956_en.html 
[Accessed 2016-12-21] 
 
David P. Chynoweth, Review of biomethane from marine biomass, 2002. 
Available at: 
http://abe.ufl.edu/chyn/download/Publications_DC/Reports/marinefinal_FT.pdf 
[Accessed 2016-11-12] 
 
Eric Torra i Fernandez and Martin Ellebro. Online soot cleaning using infrasound, 2013. 
Available at: 
https://www.vgb.org/en/pt_08_13e.html 
[Accessed 2016-11-02] 
 
Giacomo Cao. Current Environmental Issues and Challenges, 2014. 
Available at: 
https://books.google.se/books?id=3JPFBAAAQBAJ&pg=PA92&lpg=PA92&dq=7075%25+o
f+the+processing+cost+is+used+on+algae+drying&source=bl&ots=7Vf6Vp42sJ&sig=3ic
TdZ6zQV8fgE7xnTVjdQjFTk&hl=zhCN&sa=X&ved=0ahUKEwjg8uPXqZrQAhWJ1SwKHfe
kAEQQ6AEIGzAA#v=onepage&q=7075%25%20of%20the%20processing%20cost%20is%2
0used%20on%20algae%20drying&f=false 
[Accessed 2016-09-02] 

http://www.biofuelstp.eu/downloads/epobio_aquatic_report.pdf
http://www.sciencedirect.com/science/article/pii/S0196890410002761
https://www.vgb.org/en/pt_08_13e.html


47 
 

 
 
Halil Durak. Thermochemical liquefaction of algae for bio-oil production in super-
criticalacetone/ethanol/isopropanol, 2016. 
Available at:  
http://www.sciencedirect.com/science/article/pii/S0896844615301947 
[Accessed 2016-11-11] 
 
Infrafone AB. The benefits of infrasound as acoustic soot cleaning method, 2017. 
Available at: 
http://www.infrafone.se/en/knowledge-base/the-benefits-of-infrasound-as-acoustic-soot-
cleaning-method/ 
[Accessed 2017-2-28] 
 
Julian W. Gardner, Vijay K, Varadan,Osama O and Awadelkarim. Microsensors. MEMS and 
Smart Devices, 2001. 
Available at: 
https://books.google.se/books?id=ht69jE9ypSwC&pg=PA321&redir_esc=y 
[Accessed 207-03-02] 
 
Kuan-Yeow Show, Duu-Jong Lee & Arun S. Mujumdar. Advances and Challenges on Algae 
Harvesting and Drying, 2015. 
Available at: 
http://www-tandfonline-com.focus.lib.kth.se/doi/abs/10.1080/07373937.2014.948554 
[Accessed 2016-09-01] 
 
Martin Ellebro. Infrasound solution for fouled SCR and the economizer in world’s largest 
Waste-to-Energy boiler, 2016. 
Available at: 
http://vivis.de/phocadownload/2016_wm/2016_wm_247-256_ellebro.pdf 
[Accessed 2016-11-02] 
 
M. Ahsan B. Habib. Mashuda Parvin. A review on culture, production and use of spirulina as 
food for humans and feeds for domestic animals, 2008. 
Available at: 
http://www.gbv.de/dms/sub-hamburg/592424944.pdf 
[Accessed 2016-12-22] 
 
Mary Rosenthal. To the US house of representative agriculture subcommittee on 
conservation, energy and forestry farm bill hearing on energy and forestry, 2012. 
Available at: 
http://maplight.org/files/map_research/201206/US_112_S3240_support_AlgalBiomassOrgani
zation.pdf 
[Accessed 2016-12-09] 

http://www-tandfonline-com.focus.lib.kth.se/doi/abs/10.1080/07373937.2014.948554


48 
 

 
 
Oilgae. Sample report to Algae-based Wastewater Treatment, 2009. 
Available at: 
https://zh.scribd.com/document/27259600/Waste-Water-Treatment-Using-Algae 
[Accessed 2017-03-02] 
 
Richard Sayre. Microalgae, the potential for carbon capture, 2010. 
Available at: 
https://academic.oup.com/bioscience/article/60/9/722/238034/Microalgae-The-Potential-for-
Carbon-Capture 
[Accessed 2016-11-12] 
 
S. J. Kline, W. C. Reynolds, F. A. Schraubt and P. W. Runstadler. The structure of turbulent 
boundary layers, 1967. 
Available at: 
http://chaosbook.org/library/KlineJFM67.pdf 
[Accessed 2017-1-10] 
 
V. G. Jhingran. Introduction to aquaculture, 1987. 
Available at: 
http://www.fao.org/docrep/field/003/ac169e/ac169e00.htm 
[Accessed 2016-12-29] 
 
Yusuf Chisti. Algal biofuels have a clear potential for contributing to environmental, social 
and economic sustainability, 2010. 
Available at: 
http://www.massey.ac.nz/~ychisti/BiofuelsEditorial2010.pdf 
[Accessed 2017-03-02] 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://chaosbook.org/library/KlineJFM67.pdf
http://www.massey.ac.nz/%7Eychisti/BiofuelsEditorial2010.pdf

	组合 1
	封面1
	封面2

	222

