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ABSTRACT

There is a steadily growing awareness for environmental issues caused by the increased 
energy use, mainly in the industrial world. The use of fossil fuels has reached the point where 
it can not be looked at as an endless source. The resources are decreasing at a pace where 
alternative energy sources will be a necessity for this and future generations. Global warming, 
due to increased concentration of greenhouse gases in the atmosphere, has become one of the 
most important issues on the political agenda at all levels. A widespread opinion is that 
energy conservation technologies are needed and a shift towards renewable energy sources is 
required to attain a sustainable development of our society and a progress in the developing 
countries.

This thesis is focusing on two different energy conservation technologies in different 
applications. The open absorption system, a modification of an absorption heat pump is a 
promising technique in moist air processes, recovering the latent heat in the air and decreasing 
the total heat demand. The technology has been tested in two full scale pilot plants at a 
sawmill operating four timber dryers and another unit installed at an indoor swimming pool. 
The technique has had positive outcomes in both operational and energy conservation 
respects. It has been shown that the energy demand was decreased considerably in both 
applications. The investment cost has proved to be relatively high, but optimization of 
operational parameters shows a potential to decrease the initial investment and make the 
technology more competitive.  

Pressurized entrained-flow high temperature black liquor gasification (PEHT-BLG), 
developed by Chemrec AB, is another novel technique presented in this thesis. Black liquor is 
an important by-product in the papermaking process. Chemicals and energy is recovered in 
the conventional recovery boiler where superheated steam is produced to generate electricity 
and process heat. The cooking chemicals are recovered from the smelt in the bottom of the 
boiler in a separate recovery cycle. By introducing PEHT-BLG, a synthesis gas is obtained 
that can be used to generate electricity or be reformed into alternative automotive fuels. A 
demonstration plant, constructed by Chemrec AB, has been running periodically since late 
2005. The plant is located at the Kappa Smurfit mill in conjunction with the Energy 
Technology Centre in Piteå, Sweden. In this thesis CFD models of the quench and counter 
current condenser have been performed and presented. The long term objectives with the CFD 
models are to create a tool that can be an aid in future scale-ups and for optimisation 
purposes. Since PEHT-BLG enhances the flexibility of the black liquor recovery cycle it is a 
promising alternative for future industrial commercialization if the remaining issues can be 
overcome. 

KEYWORDS: Open absorption system, Black liquor gasification, energy conservation, 
indoor swimming pools and timber drying. 
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Chapter 1

INTRODUCTION

1.1 Background 

“Our way of living is based on oil. We take the car to go grocery shopping, the groceries in 
the store are transported by trucks and we fly to attractive vacation spots. The food we buy 
and eat is produced with the use of oil. But what happens the day when there is a scarcity of 
oil? What happens if we’re not prepared in time?”

The above free translation is an excerpt from a Swedish book Olja “Oil”, written by journalist 
Gunnar Lindstedt (2005), which captures the general concerns that are becoming more and 
more common in society today. 

Energy use is an absolute necessity for everyday life. Energy is used in our homes, in industry 
and in the society and it has been one of the most important cornerstone in creating a welfare 
society and increased prosperity that benefit us today, especially in the industrial countries. 
However everything has its downside and during the latest decades the industrial world has 
consumed our natural resources and caused environmental problems at a pace that may be 
causing problems and difficulties for upcoming generations. The society has come to the point 
where reflection on our energy use and changeover to renewable energy resources is one of 
the essential questions on the political agenda.

The drastic increase in oil prizes as a consequence of two oil crises, the first from 1973 to 
19741 and the second from 1978 to 19802, resulted in increasing energy costs for industry, 
which has contributed to additional incentives for substitution of oil based energy and 
stimulated the interest for development of various types of energy conservation technologies. 
The oil crises initially led to transformation to other fossil energy carriers, such as coal and 
natural gas but the negative impact on the environment remains the same and the energy 
sources will eventually be depleted in time.  

The increased concentration of greenhouse gases (GHG) in the atmosphere is today 
considered one of the largest environmental problems, with increasing concerns about the 
long term effects on the climate. According to UN’s Intergovernmental Panel on Climate  

1 The first oil crisis was a consequence of energy rationing preparation.  
2 Due to political revolution in Iran and Saudi-Arabia’s decreased oil production at the same time. 
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Change (IPCC), the average global surface temperature is expected to increase 1.4 to 5.8 C
over the period from 1990 to 2100 (IPCC, 2001). The United Nations Framework Convention 
on Climate Change (UNFCCC) states that the overall objective is to stabilize greenhouse gas 
concentrations in the atmosphere at a level that prevents dangerous anthropogenic interference 
with the climate system. It has resulted in policy instruments such as the Kyoto protocol and 
implementation of emission trading (European Commission, 2003).  

The automotive industry accounts for the largest emissions of GHG. The interest in finding 
alternative renewable automotive fuels is growing rapidly. The European Union’s transport 
sector generates 85% of the total CO2 emissions. The transport sector is steadily increasing 
with 3% annually and the amount of private cars is increasing with roughly 3 million cars per 
year, which emphasize the need for renewable fuels, in order to stabilize the GHG emissions 
to the atmosphere (European Commission, 2001).  

The political awareness of the situation and ambition to steer society towards sustainable 
development are increasing rapidly. According to the European Commission’s white paper, 
the ambition is to double the use of renewable energy sources from the current level of 6% up 
to at least 12% in the year 2010. A significant proportion is predicted to be biomass 
(European Commission, 1997).  Besides economical and environmental benefits from 
increasing renewable energy sources, it will also have a positive impact on the security. Some 
countries are strongly dependent on foreign oil import and the vulnerability of trading 
disputes and political instability would decrease if the dependency on oil import were reduced 
(Van Loo, 2002).  It’s a widespread political conviction or opinion in large part of society 
today that energy conservation technology is needed and a shift towards renewable energy is 
required to have a sustainable development and a bright future for our globe.

1.2 The energy situation in Sweden 

In 2002 an Energy policy bill was presented and approved by the Swedish Parliament. The 
main objective was to create necessary conditions for effective energy use and cost-efficient 
energy supply with low adverse impact on health, environment and climate (Swedish 
Government Energy Bill, 2002). 

In recent decades there has been a dramatic change in Swedish energy supply. In 1970, non-
renewable energy sources, such as nuclear power and fossil fuels, accounted for 
approximately 80% of the total energy supply, while biofuels accounted for less then 10%. In 
2006, the total energy supply amounted to 630 TWh and non-renewable sources were still 
dominant and accounted for roughly 70%, see Figure 1.

However, renewable energy sources were accounted for nearly 29%, where biofuels was the 
largest contributor3, almost 18% or 112 TWh. Compared to 1970, energy supply from 
biofuels has more then doubled and the share is relatively large compared to other European 
countries (Swedish National Energy Agency, 2006). 

3 Includes, bio-fuels, hydro power and wind power.   
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Figure 1. Energy supply in Sweden, 1970-2004, excluding net electricity export. (Swedish National Energy 
Agency, 2006). 

The debate regarding the future of nuclear power in Sweden that culminated in the non-
binding public referendum in 19804, resulted in a decision of the Swedish Parliament to 
gradually phase out nuclear power until the year 2010.  Therefore, changes or adjustments of 
the Swedish energy supply may still be expected in the future. However, the 2010 deadline 
was abandoned with a 1997 government bill, which however gave the government permission 
to revoke the operating license of any nuclear reactor (Swedish Codes of Statutes, 1997). In 
November 1999 the operation of the first nuclear reactor ceased due to this process. 

The industry sector energy use was amounting to 157.4 TWh in 2006, corresponding to 39% 
of the country’s final energy use, see Figure 2. Classified by energy source/carrier, use of 
biofuels and electricity were dominant with 52.6 and 56 TWh respectively. Final energy use 
in industry therefore consisted of 32% of biofuels and 28% of fossil fuels, with the remainder 
consisting of electricity and district heating. Energy-intensive industries, such as pulp and 
paper industry, steel industry and chemical industry, accounts for the bulk of energy use in 
Sweden.5 The pulp and paper industry alone uses nearly 49% of the industrial energy, 
primarily as electricity and from black liquors. 

Although production in Swedish industry has improved significantly the last decades, the total 
energy use has stayed roughly the same, which explains that industrial energy use has 
improved. Figure 2 also shows that the use of oil products has decreased considerably and 
been replaced by use of electricity and biofuels. 

4 “Linje 2” won the referendum, supported by socialdemokraterna and folkpartiet.  
5 These three sectors combined account for close to 2/3 of the total energy use in industry. 
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Figure 2. Final energy use in industrial sector, 1970-2004 (Swedish National Energy Agency, 2006). 

The energy use in transport sector 2006 amounted to 101 TWh6, corresponding to nearly 25% 
of the total energy use. Oil products, such as petrol and diesel fuel accounted for 84% of the 
domestic energy use is the transport sector. Aviation fuel accounted for roughly 10% and 
electricity for 3% of the transport energy use, see Figure 3. The use of renewable fuels such as 
ethanol, RME and biogas accounted for approximately 2% of transport fuel.  

Figure 3. Final energy use in transport sector, 1970-2004 (Swedish National Energy Agency, 2006). 

The relatively high prize on petrol/diesel oil, technical development and introduction of 
environmental taxes7 predicts a smaller difference in prize between oil based fuels and 
renewable fuels (Swedish Code of Statues, 2006). Key findings in research on renewable 
automotive fuels show that no single fuel pathway offers a short term route to high volumes 
of renewable fuels and therefore a wide variety of fuels may be expected on the market  

6 Stored bunker oil for foreign maritime traffic excluded. 
7 Oct 1st 2006 a new tax based on CO2 emissions instead of weight of vehicle was approved be the Swedish 
Parliament. 
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(European Commission, 2006). Regarding liquid fuels produced from biomass, Semelsberger 
et al., (2006) consider dimethyl ether (DME) to have the largest positive impact on society, 
compared to other important fuel candidates, such as methanol, ethanol and Fisher-Tropsch 
diesel.

1.3 Scope of thesis and research objectives 

The scope of this thesis is twofold. In the first part the main objective is to highlight the 
possibility of using the open absorption technique for energy conservation in different 
applications. To evaluate the technique based on pilot plant applications and make a 
comparison to other techniques used on the market today. 

In the second part the main objective is to create CFD models for the quench in a pressurized 
entrained-flow black liquor gasification reactor alongside a CFD model for the downstream 
gas cooling equipment. The model should be based on experimental data and current 
experience and implemented in commercial CFD codes. The future objective is to create a 
modelling tool as aid for future scale-ups of the novel technology. 

Even though the two subjects seem far apart the thesis focuses on two essential parts that can 
be helpful to a sustainable development, energy conservation and use of renewable fuels.

1.4 Thesis overview 

The thesis is divided in six main chapters as can be seen in Figure 4. After the introduction in 
Chapter 1, the two different subjects within this thesis is introduced and discussed in two 
separate chapters. Chapter 2 deals with the open absorption system and Chapter 3 with Black 
Liquor Gasification. It includes a presentation of research carried out in a domestic and 
international perspective together with research presented in the appended papers. The thesis 
is concluded with three chapters dealing with discussion, conclusions, future work and finally 
some references.  

Chapter 1 
Introduction 

Chapter 6 
References 

Chapter 3 

Black Liquor 
Gasification

Paper
I, II, and III 

Paper
 IV and V 

Chapter 2 

The open  
absorption 

system

Chapter 4 
 Concluding 
discussion

Chapter 5 
Future work 

Figure 4. Illustration of the structure of thesis. 
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Chapter 2

THE OPEN ABSORPTION SYSTEM 

Heat pumps, both mechanical and sorption, are widely used in many applications today, both 
domestic, industrial and in commercial buildings (Reay and Macmichael, 1988). The 
technique is useful in applications where energy needs to be recovered at a low temperature. 
Considerable savings have been made by recovery of sensible energy from exhaust air flows 
in ventilation installations, using air recirculation and heat recovery with heat exchangers. 
However, larger savings is achieved if the latent heat of the water vapour in the moist air flow 
is also recovered. Many industrial drying processes use hot air to carry away the evaporated 
water. The hot humid air streams are vented to the atmosphere with large energy losses as a 
consequence. The energy losses as latent heat into the atmosphere that are annually 
discharged within the European Union are roughly estimated to 330-660 TWh (Schneiders et. 
al., 1995). Drying is considered one of the most energy intensive and commonly used unit 
operation in the chemical and process industries. Roughly 10% of the primary use in the 
industrial sector in Europe is used for various drying processes (Abrahamsson, 1997). These 
processes are therefore suitable for heat pump installations for energy conservation. 

The benefits of the absorption heat pumps are higher thermal efficiency at part load, high 
availability due to few moving parts and flexibility for different energy situations8

(Westerlund and Dahl, 1991). The downside is that absorption heat pumps, in most cases have 
a higher investment cost. Advocates for the absorption heat pump technology also argue that 
many refrigerants used in mechanical heat pumps have a negative effect on the environment, 
due to depletion of the ozone layer. Many refrigerants also have global warming effects. Even 
though absorption heat pumps have many advantages, mechanical heat pumps dominate all 
market sectors today (Srikhirin et. al., 2001). Further development to enhance performance 
and reduce cost is needed to increase the use of absorption heat pumps. 

The open absorption system is a modification of a conventional absorption heat pump. The 
difference is that the evaporator is excluded and replaced by an external process that produces 
the working medium, i.e. water vapour. The main components in the open absorption system 
are absorber, generator and condenser, see Figure 5. The moist air is transported to the 
absorber where it is brought into contact with the absorption solution. The moisture is  

8 Thermal primary energy supply can be used in absorption heat pumps which lead to fewer moving parts and 
therefore less maintenance cost. 
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absorbed and the air is dried and recirculated back to the external process. In the generator 
heat is supplied to the diluted solution9. Since the boiling point, compared to pure water is 
higher, separation of the absorbed water occurs by evaporation. The vapour is condensed in 
the condenser releasing heat to the surroundings or some other useful heat sink. The 
concentrated absorption solution is recirculated and brought back to the absorber and the 
condensate is separated from the system after the condenser. To reduce the supplied heat in 
the generator, a heat exchanger is normally installed between absorber and generator in order 
to preheat the diluted absorption solution. 

Absorber External
process 

Generator Condenser

Heat Heat

Water vapor 

Moist air  

Dry air  

Condensate Diluted solution 

Concentrated solution 

Figure 5. Illustration of an open absorption system. 

At Luleå University of Technology, research on the open absorption technique was initiated 
in the eighties. Experimental studies were made in a laboratory scale pilot plant using a cross-
current packed bed absorber (Westerlund and Dahl, 1991). The experimental measurements 
included absorption under adiabatic and non-adiabatic conditions. Research on different 
absorber types was also carried out by Westerlund and Dahl, (1994). The cross-current 
absorber was compared to a counter-current absorber, spray absorber and fluid bed absorber. 
The study concluded that cross-current absorbers were preferred for small scale applications, 
while the fluid bed absorber was best suited for large scale industrial applications. The open 
absorption technique was also applied in two different full scale applications, a sawmill and a 
public indoor swimming pool (Westerlund and Dahl, 1994). Papers I, II and III in this thesis 
focuses on these installations. Eventually CFD modelling was also introduced and resulted in 
a CFD model of a cross current packed bed absorber (Westerlund et al. 1998). The CFD 
models showed good agreement compared to experimental data.  

In the above applications, potassium-acetate and water has been used as absorption solution. 
It originates from German technology of using molten sodium/potassium–acetate for drying 
of fuel for the V2 missiles during World War II10. The literature shows that the conventional 
and most widely used mixtures are H2O/LiBr and NH3/H2O in absorption heat pumps (Fathi 
et. al., 2004). The last decades, research has been directed towards finding new combination 
of fluids offering advantages over the conventional mixtures. Even though many working 
fluids have been proposed in industrial applications water is typically preferred as refrigerant

9 In Papers I and II the generator is replaced by an evaporation plant with three effects to limit the supplied heat. 
10 This is described in popular scientific magazine Illustrerad Vetenskap (in Swedish).  
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since it poses a high latent heat at a wide temperature range (Abrahamson, 1997). A survey of 
fluid pairs investigated by various authors may be found in the study of Marcriss et al., 
(1988). That study reports that some 40 refrigerant compounds and 200 absorbent compounds 
are available.  A study by Srikhirin, (2001), discusses favourable characteristics such as 
avoiding crystallization problems at high salt concentration by using ternary mixtures, e.g. 
adding a second salt such as LiBr-ZnBr2/H2O.

Another open absorption heat pump configuration, employing water-LiBr as the working pair 
was used to dehumidify and reheat air streams for convection drying. The system achieved an 
energy saving of 30% compared to a conventional dryer with air circulation (Lazzarin and 
Longo, 1994). A similar open-cycle configuration was used in a building ventilation system 
with a natural gas burnt generator and showed better performance then conventional 
ventilation systems (Lazzarin et. al., 1992). 

2.1 Absorption physics 

The physical mechanisms in the absorption process involves one soluble component (water 
vapour) being dissolved in the absorption solution. Heat transfer and mass transfer between 
the gas mixture and the absorption solution droplet occur simultaneously. The driving force 
for the heat transfer is the temperature difference and mass transfer occurs due to the 
concentration gradient between the gas closest to the droplets and the bulk flow.

The species transfer rate and the concentration gradient are related, according to Fick’s Law 

w
w wa

CN D
y

(2.1)

When a fluid with species concentration ( ,wC ) in the bulk flows over a surface with species 
concentration ( ) a boundary layer develops and a concentration distribution is formed. 
Since there is no fluid motion at the interface (y=0), the mass transfer occur by diffusion and 
the local mass transfer coefficient can be defined as 

,w sC

0

, ,

w y
m

w s w

D C y
h

C C
(2.2)

The molar flux of species (w), can be expressed as the product of a convective mass transfer 
coefficient and the difference in concentration, since that is the driving force in a mass 
transfer process 

, ,w m w s wN h C C (2.3)

The average value for the mass transfer coefficient for a single droplet is related to the local 
value as 
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1
d

m A
d

h h
A m dA (2.4)

The total molar transfer rate across a droplet surface area can be expressed as 

, ,w m d w s wN h A C C (2.5)

The mass transfer rate is calculated by multiplying molar transfer rate by the molar mass for 
species (w). To determine the mass transfer rate the gas mixture (air and water vapour) is 
assumed to be a perfect gas. The equation of state in combination with Dalton’s law11, gives 
an expression for the molar concentration according to 

,
,

w s s
w s

s

p T
C

R T
   (2.6)

where ( ) is the partial pressure for the water vapour at the droplet surface temperature 
Since equilibrium exists between the gas mixture and liquid surface, the temperature on the 
water vapour is equal to the droplet surface temperature (

,w sp

sT ). The partial pressure ( ) can 
be determined using the definition on relative humidity (RH) according to  

,w sp

,w s s
s

sat s

p T
p T

(2.7)

Where ( satp ) corresponds to the saturation pressure at the surface temperature ( sT ). As 
described earlier, ( s ) corresponds to the relative humidity from the experimentally 
established working line, see Figure 6.

Similarly, the bulk concentration in the gas phase ( ,wC ) can be expressed in terms of relative 
humidity ( ). Combining eq. (2.7) and eq. (2.6) with eq. (2.5) gives an expression for the 
molar transfer rate according to 

sat s sat
w m d s

s

p T p T
N h A

R T R T
(2.8)

The temperature dependence is contracted in the expression for the relative humidity. Since 
the equilibrium line is established as a relation between the relative humidity and solution 
concentration, there will be a unique value for the absorption ability, corresponding to the 
solution concentration.

The working line is a convenient way to describe the conditions of dried air at the absorber 
outlet. For a specific concentration of the absorption solution, a relative humidity on  

11 The sum of species partial pressure in a gas mixture is equal to the total pressure. 

10



The Open Absorption System 

the air from the absorber outlet can be established according to Eq. (2.8), see Figure 6. This is 
a fundamental approach established by Westerlund and is used in both paper II and III.  

50

45

40

35

30

25

20

757065605550

EQUILIBRIUM LINE

WORKING LINE

(% RH)

(% by weight)

 Saddle packings

 Telpac packings

Figure 6. Working line for the cross current absorber. ( Westerlund et .al., 1994). 

Heat and mass transfer occurs simultaneously during the absorption process. When water 
vapour is condensed on the liquid droplets, the latent heat is released and causes an increased 
solution temperature. When the temperature on the droplet exceeds the gas temperature, heat 
transfer will occur due to the temperature gradient. This heat transfer will cause a decreased 
temperature on the droplet and increased difference in partial pressure thus the mass transfer 
between the gas and the droplet will increase.  After sufficient contact time, steady state 
conditions will be established and the enthalpy regarding each multiphase flow to and from 
the absorber will be constant (Westerlund et. al., 1998). The heat and mass transfer resistances 
are assumed to be gas-phase controlled. The resistance on the liquid side is negligible since 
they are small in relation to those in the gas phase (Danckwerts, 1970).

2.2 Summary of appended papers on the open absorption system 

Paper I focuses on the open absorption technique in combination with timber and biofuel 
drying. The paper describes the pilot plant installed at a sawmill in Bygdsiljum, a small 
village just outside the town of Umeå in the northern part of Sweden. Operational experiences 
and difficulties are discussed and finally an economic assessment of the pilot plant based on 
energy savings concludes the paper. 

The sawmill was operating four timber dryers using conventional drying technique.12 Waste 
products, mainly bark was collected and dried in a separate biofuel dryer. When the open 
absorption system was installed, the energy demand for the drying process was reduced, with 
the result that the surplus of biofuel could be sold on the market.  

Figure 7 shows the energy flows for the conventional technique. The specific energy demand 
(i.e. required energy per kg evaporated water) was 5970 kJ/kg evaporated water for the wood 
dryers. The figure shows that 78% is lost by the evacuated air. Sawmill residues were used as 
fuel in the furnace and the total electricity demand was 250 kJ/ kg water.   

12 Ventilation with hot air, 
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Figure 7. Schematic sketch of the energy flows for the conventional system 

With the open absorption system installed the evacuated air flow was dried in the absorber 
and sent back to the dryers. Therefore the evacuation losses were excluded and the heat 
demand in the furnace reduced considerably to 800 kJ/kg evaporated water. To make the 
process even more energy efficient the absorption solution was regenerated using three 
evaporators instead of a single step generator. The energy demand for drying of the surplus 
biofuel resulted in an increased electricity demand compared to the conventional technique. 
The electricity demand for the wood dryers increased from 250 to 520 kJ/kg evaporated 
water, mainly due to additional fans connected to the absorbers and circulation pumps for the 
absorption solution, see Figure 8.
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Figure 8. Energy flows with the open absorption system installed at the sawmill. 
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The Open Absorption System 

Defining a performance coefficient as the ratio between achieved saving of heat and increased 
supply of primary electrical energy gives a result close to 8. This indicates that for every kWh 
electricity supplied to the system, the savings in heat will be 8 kWh compared to a 
conventional drying system. 

Since the installation was the first of its kind initial rebuilding and modification of the original 
concept were made to achieve good operation. When the plant was in operation measurements 
were carried out for more then 10 years. The system was in operation roughly 8000 h/year. 
Including the shutdown period during the summer when the mill was closed indicates a high 
availability of the installation. No major problems causing lengthy shut down periods were 
identified.

The installation resulted in 12,000 tons of biofuel being sold on the market on an annual basis. 
However, the installation also resulted in increased electricity usage of 3.5 GWh per year, 
which indicates the importance of biofuel and electricity pricing. The estimation at the time 
when the plant was in operation indicated a profitable investment with a payback time of 
roughly 3 years, based on the prices at that time. The economics of this installation is highly 
dependent on the price of electricity and biofuel. The future prices are debatable and there are 
vague predictions because it is very difficult to estimate pricing in a long-term perspective. 
However, a higher electricity price in the future will benefit energy conservation technologies. 
Also, as mentioned in chapter 1, there are reasons to believe that the use of biofuel will be 
more common and therefore more attractive on the market. 

Paper II also focuses on the pilot plant installation at the sawmill. Since large air flows were 
used in the open absorption technique the investment cost for the apparatus was high. In this 
paper a parameter study was made to make the process more efficient, decrease the air flow 
and the size of the apparatus and lower the necessary investment. Use of electricity will also 
be reduced when the air flow decrease since required fan power is proportional to the volume 
air flow. Approximately 70% of the investment cost originates from the biofuel dryer and the 
absorbers. Consequently the work was concentrated on the absorption system connected to 
the biofuel drier, not considering the timber dryer installations. Three parameters were 
studied, drying temperature, salt concentration of the absorption solution and degree of 
cooling of the air flow during absorption. Calculations were carried out using mass and 
energy balances for the system presented in Figure 9 (left). A reference case with data 
according to Figure 9 (right), was used for comparison.    

Absorption 
solution 

Biofuel 

Bio fuel 
d

Absorber 

Air heater 

Temperature at dryer inlet 78 C
Temperature at dryer outlet 47 C
Relative humidity at dryer outlet 99% RH 
Relative humidity at absorber outlet 23% RH 
Salt concentration 72.5 wt.% 
Drying capacity 1872 kg water/h
Mass flow biofuel 1925 kg/h 
Heat demand 200 kW 

) Based on  85 wt. % dry substance at dryer outlet

Figure 9. Basis for the energy and mass balance calculations (left). Data for the reference case (right). 
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Figure 10 (left) illustrates the absorption process in a Mollier diagram. The absorption of 
water vapour from the air (1-2) occurs at constant enthalpy, since the packed bed absorber 
works under adiabatic conditions, i.e. neglected heat losses (Westerlund et. al. 1998). The 
temperature in the air is increased in the air heater (2-3), before passing through the biofuel 
bed (3-1) where the temperature of the air decreases in combination with increased humidity 
ratio. The air is saturated with water vapour when it leaves the biofuel dryer and enters the 
absorber.

1

2

3

Temperature 

Humidity 
ratio

Saturation

Constant enthalpy 

Temperature 

Humidity 
ratiox x

Increasing
drying 
temperature 

Figure 10. Pathways  illustrated in a Mollier diagram. The absorption process (left) and different drying 
temperatures (right). 

An increased drying temperature leads to an increased saturation pressure for the water vapor 
and capacity of the air to carry more moisture. Since the relative humidity is dependent on the 
concentration of the absorption solution (Westerlund et al. 1994), the difference in humidity 
ratio is larger which results in a reduced air flow, see Figure 10 (right).

Higher salt concentration in the absorption solution increases the mass transfer from the air to 
the absorption solution, i.e. the required air flow to carry away the water vapor is decreased, 
see Figure 11 (left).

Humidity 
ratio

Temperature Without cooling 

With cooling 

Temperature 

Increased
concentration

x x Humidity 
ratio

Figure 11. Pathways at different salt concentrations (left) and at different cooling rates in the absorber (right). 
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The Open Absorption System 

Cooling of the air flow also gives a greater difference in humidity ratio between the absorber 
inlet and outlet. The heat demand in the air heater will increase since the temperature at the 
absorber outlet will be lower, see Figure 11 (right). 

Figure 12 (left) shows the mean air flow through the process at different drying temperatures. 
The air flow at 140 C at dryer inlet decreases by approximately 31%, compared to the 
reference case with a drying temperature of 78 C and constant drying capacity. When the 
drying temperature is raised, the heat demand increases due to transmission losses and heating 
of the biofuel. At 140 C the required heat is 365 kW compared to 200 kW for the reference 
case.

To the right in Figure 12 the volume flow when the air is cooled 2 C and 5 C from adiabatic 
conditions is shown. 5 C cooling gives a decreased air flow of approximately 50% compared 
to the reference case. The temperature difference for the air heater increases when the air flow 
is cooled, thus the heat demand for the dryer will increase to approximately 1040 kW. The 
condenser heat in the open absorption system could be used for this purpose instead of using 
it for heating of the facilities. The cooling demand in the absorber amounts to approximately 
800 kW at the same time. To attain an efficient process, cooling of the air flow is only an 
alternative if the cooling demand can be utilized. The temperature of the cooling medium is 
limited to roughly 70 C since the outlet temperature from the absorber is 75 C in this case.
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Figure 12. Air flow at different drying temperatures (left) and at different cooling rates (right). The reference 
case is shown in yellow. 

Higher salt concentration will also decrease the air flow according to Figure 13 (left). A salt 
concentration of 85% by weight reduces the air flow by approximately 32% compared to the 
reference case. Increased salt concentration leads to lower energy demand in the air heater. 
Since the temperature difference for the air heater remains almost constant, the heat demand 
will be lower due to the reduced air flow. The heat demand at 85% concentration by weight is 
decreased by approximately 18% to 165 kW, compared to the reference case.
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Figure 13. Air flow at different salt concentrations (left) and for the three parameters combined (right). The 
reference case is shown in yellow. 

Using the largest air flow reduction from the three different cases in combination, i.e. salt 
concentration of 85% by weight, cooling 5 C and a drying temperature of 140 C, gives an 
estimate of the maximum air flow reduction that can be used with these three parameters. 
Figure 13 (right) shows that the air flow is reduced by almost 60% compared to the reference 
case.

This study shows that the open absorption technique for this application can be developed 
further. Studying these three parameters makes it possible to reduce the air flow roughly by 
30-60% and gives incentives to study other operational parameters that can be optimized. The 
benefits of reducing the air flow are twofold. As mentioned earlier the investment cost will be 
lower even though the reduction in size is not proportional. The cost for equipment is, at least 
in a rough estimate, proportional to the surface area whereas the capacity is proportional to 
the volume of the equipment, (Bejan, 1999). Reduced air flows also have a positive impact on 
the electricity use since the power demand on the fans is proportional to the volume air flow. 
However, implementing these operational adjustments will result in other issues that need to 
be considered. Higher drying temperature will for instance give rise to a greater energy 
demand since the transmission losses and energy for biofuel heating will be raised. Higher 
salt concentration may also lead to difficulties with crystallisation, and hence the temperature 
of the absorption solution must be kept at a higher temperature level. The benefits from 
reduced investment cost must therefore be evaluated against other potential drawbacks that 
might arise.  

The reason why the plant was taken out of operation was that the sale of dry sawmill residues 
to a primary buyer ceased.13 The dry residues were not possible to combust effectively but 
needed to be mixed with wet bark. Also, the location of the sawmill resulted in other local 
users of dried biofuel (bark) being difficult to find, and the distance to other possible users 
was too long to make the fuel competitive when transport costs were added. The sawmill 
management had to change strategy and go back to using all the biofuel on site. Therefore the 
energy conserving open absorption system became obsolete. Today’s situation, with steadily 
increasing use of biofuel could provide new incentives for introducing the technique.

13 A pulp and paper plant located close to the sawmill. 
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The Open Absorption System 

Paper III focuses on the pilot plant installed at an indoor swimming pool located outside the 
town of Piteå in the northern part of Sweden. Prior to the installation of the open absorption 
system, conventional ventilation technique, where the evacuated air is replaced with a mixture 
of outdoor air and recirculating air, was used in the facility. Energy was supplied to an air 
heater in the ventilation duct and to the pool water through a water/water heat exchanger. 
Energy was also supplied to preheat the tap water in the facility. The pilot plant was in 
operation for a couple of years, and measurements were carried out of both techniques to 
evaluate the energy savings and compare the systems. When the open absorption system was 
installed the heat from the condenser was used for preheating of pool water and the tap water 
was preheated with the diluted absorption solution from the absorber. 

In the Scandinavian countries mechanical heat pumps are widely used for heat recovery in 
indoor swimming pools. Included in this paper is also a comparison between the mechanical 
heat pump and the open absorption technique for this purpose. In this application part of the 
heat from the condenser is used to preheat the air before the conventional air heater and the 
rest to preheat the pool water. Calculations for comparing the techniques were made on an 
hourly basis for one year. 

The total annual energy demand for the different techniques i.e. heat supply to air heater, pool 
heater, electrical input and heat supply to the hot water production are 611, 528, 484 
MWh/year respectively, see Figure 14. The reduction of the annual energy demand is 
approximately 14% for the mechanical heat pump and about 20% for the open absorption 
system. The largest differences lie in the heat demand for tap water and water to the pool 
heater.

For the conventional ventilation technique and the mechanical heat pump, 161 MWh/year of 
the total energy demand consist of heat to the hot water production. For the absorption system 
it is reduced to 41 MWh/year since the absorption solution is used to preheat the tap water 
before entering the absorber.
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Figure 14. Annual energy demand for the public swimming pool. 

17



Lars Johansson 

The heat demand for the pool is dependent on the evaporation rate and transmission losses 
from the pool. In the comparison the evaporation rate is the same for the different techniques 
and hence the heat demand for the pool remains the same. The annual heat demand is 215 
MWh/year for the conventional ventilation technique. The largest part of the condenser heat, 
both with the mechanical heat pump and the absorption system, is used to preheat the pool 
water. Therefore the heat input to the heater in the pool circuit is reduced by 60% to 87 
MWh/year with the mechanical heat pump and by 25% to 160 MWh with the open absorption 
system. the condenser heat decreases the heat demand to the pool circuit. It is reduced by 25% 
to 160 MWh/year.  

The mechanical heat pump and the open absorption system both require electrical input to the 
compressor and generator respectively. The additional electrical input for the mechanical heat 
pump is 63 MWh/year and for the open absorption system 53 MWh/year.  

The pilot plant in Piteå has also been taken out of operation. The main cause of shutdown was 
complaints from the personnel working at the facility. The indoor climate appeared negative 
on the working conditions. However, this was not shown to be caused by the open absorption 
system since the indoor temperature and relative humidity was measured and held at the same 
levels, regarding the conventional ventilation or the open absorption system was used. Even 
though it was clearly shown that the system was saving energy, and no disadvantages with the 
system were highlighted, the management decided to take the system out of operation.  

Another interesting result presented in Paper III was the importance of the indoor climate on 
the energy demand. When using conventional ventilation, it was shown that an increased 
indoor temperature at constant relative humidity will decrease the total energy demand for the 
facility, (see Figure 15). An increased temperature reduces the evaporation rate from the pool, 
thus less outdoor air needs to be supplied to keep the required climate in the facility. Both the 
pool heater and the air heater require less energy input. Even though a higher temperature 
results in larger transmission losses the total energy demand will decrease. This implicates 
that in indoor swimming pools facilities with conventional ventilation, energy can be saved by 
taking measures on controlling the indoor climate accurately.  
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Chapter 3

BLACK LIQUOR GASIFICATION 

The pulp and paper industry plays an important role in Sweden. In 2005 the paper production 
was 11.6 million tonnes and the energy use in the Swedish pulp and paper industry amounted 
to 74 TWh, corresponding to 18% of the total energy use and close to 50% of the energy use 
in the industry sector (Energy in Sweden, 2005).  

Paper is made out of pulp, which can be produced from different types of pulping processes. 
The dominating process is the chemical kraft pulping process, which corresponds to almost 
half of the total pulp production in Sweden today (Skogsindustrierna, 2006).

3.1 The pulping process 

In chemical kraft pulping wood logs are debarked and cut to wood chips. Figure 16
generically illustrates the kraft pulping process. The wood chips are fed to the digester 
together with cooking chemicals, called white liquor, a caustic solution mainly consisting of 
(NaOH) and (Na2S). The wood chips are cooked under high pressure and temperature with 
the main objective of dissolving lignin in the wood chips.  

The pulp produced in the digester goes through washing, oxygen delignification and 
bleaching before it is dried, baled and shipped to customers. In an integrated mill the pulp is 
not dried, but pumped to the paper machine where it is mixed with pulp additives to give the 
paper desired properties.

To make the pulping process economically and environmentally feasible, both cooking 
chemicals and energy are recovered. The recovery process is one of the main operations in a 
modern pulp mill. Energy is recovered from the dissolved organic material and the cooking 
chemicals are regenerated. 
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Figure 16. Simplified schematic illustration of the kraft pulping process. Recovery process is illustrated within 
the dotted box. 

3.2 The recovery process 

The spent cooking liquid, known as black liquor exits the digester with a solid content of 
roughly 15%. The solid content is raised in a series of evaporators enabling the black liquor to 
be combusted in the recovery boiler. In the bottom of the boiler, sodium and sulphur are 
recovered as molten sodium sulphide (Na2S) and sodium carbonate in the so-called smelt, 
which is tapped from the bottom of the boiler. The organic material is completely oxidized 
from the combustion and provides heat for high pressure steam generation, see Figure 16.

The smelt is dissolved in water and is known as green liquor. To transform the green liquor 
into useful cooking liquid again, it goes through a process called causticizing where the green 
liquor reacts with quick lime (CaO) to produce lime mud consisting of calcium carbonate 
(CaCO3) and white liquor. The lime mud is filtered to give white liquor and the remainder is 
burnt in the limekiln to recover the quick lime. 

In the recovery boiler high pressure steam is generated and electrical power is produced using 
back pressure steam turbines. Process steam is also produced, usually at two pressure levels, 
medium pressure steam (10-12 bar) and low pressure steam (4-5 bar).  
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The kraft recovery boiler has served the pulping industries for about 70 years and a great deal 
of research has been done to improve the operation and increase the efficiency. However, a 
conventional recovery boiler today operates with 10% efficiency for electricity production 
(Arakwa and Tran, 2003). In order to improve the recovery of black liquor further, many 
alternative recovery technologies have been proposed (Whitty and Verrill, 2004). 

3.3 Black Liquor Gasification research 

Most of the fundamental thermodynamic research on black liquor gasification was carried out 
during the 1960s (Rosén, 1962). It led to the construction of the first low temperature pilot 
plant in Sundsvall, Sweden, in 1968. It became known as the SCA-Billerud process 
(Bergholm, 1963). In the 1970s the first high temperature pilot plant was constructed (Holme, 
1985). Neither of theses processes could compete with the existing recovery boiler processes 
in terms of process operation or economics. Today there is a renewed interest in the black 
liquor gasification technology and the research focuses on both low temperature and high 
temperature gasification. Low temperature implies gasification at temperatures below melting 
point (~750 C) of the condensed-phase material and high temperature implies gasification 
above the melting point with the inorganic material leaving the reactor as liquid smelt. Low 
temperature gasification has been demonstrated in two plants located in Trenton, Canada and 
in Big Island, Virginia (Murray, 2006).14

Comparing the two technologies, a theoretical study performed by (Larson et. al. 2003) 
concludes that the most promising alternative recovery technology under development is 
Pressurised Entrained-flow High Temperature Black Liquor Gasification (PEHT-BLG).

3.4 PEHT-BLG 

Pressurised Entrained-flow High Temperature Black Liquor Gasification (PEHT-BLG) is a 
new technology not yet commercialized. The technology aims at improving both aspects of 
the recovery process, chemical recovery and energy recovery. In 1987, Chemrec AB 
constructed a pilot plant working at atmospheric pressure in Hofors, Sweden .15 The operation 
of the pilot plant indicated that further development was necessary, and in 1991 Chemrec AB 
constructed a commercial booster concept in Frövi, Sweden.16 A similar and larger (330 
tonnes DS/day, 48 MWth) booster unit has also been successfully demonstrated at a 
Weyerhaeuser mill in New Bern, North Carolina. Chemrec AB also worked on pressurized 
gasification and in 1994 the first pressurized unit was constructed in Skoghall, Sweden, The 
air-blown unit was working at a pressure of 15 bar(a). The plant was later reconstructed to an 
oxygen-blown unit and was operating for another three years before it was taken out of 
operation in 2000, (Whitty and Nilsson, 2001). 

14 The plant in Trenton is owned by Norampac and the plant in Virginia is owned by Georgia Pacific. 
15 The pilot plant capacity was 3 tonnes dry solids/day and 0.5 MWth
16 The pilot plant capacity was 75 tonnes dry solids/day and 11 MWth
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There are still certain issues that need to be solved before the new technology can be 
commercially introduced to the market, for example implementation of PEHT-BLG technique 
in full scale, prerequisite high reliability of the process, without any negative influences on 
the overall mill operation. To demonstrate reliability and penetrate the process further, 
Chemrec AB has constructed a demonstration plant (DP-1) that has been operating 
periodically since late 2005. The plant is located at the Smurfit Kappa mill in conjunction 
with ETC in Piteå, Sweden. The plant has a designing operating pressure of 30 bar(a) and has 
the capacity of about 20 tonnes dry solids/day.

Figure 17 illustrates the process installed in Piteå. The demonstration plant mainly consists of 
three components. In the reactor the black liquor is gasified at roughly 1000 C under sub-
stoichiometric conditions using pure oxygen as reactant. The black liquor is fed through spray 
nozzles at the top of the reactor. A gas mainly consisting of CO, CO2, H2O and H2 is formed 
together with smelt consisting mainly of Na2CO3 and Na2S. In the quench cooler in the lower 
part of the reactor, the gas flow and smelt is rapidly cooled. The smelt is separated from the 
gas flow through gravitation and collected in the bottom of the quench, where it is dissolved 
with water forming green liquor.  

Figure 17. Schematic drawing of the PEHT-BLG process in Piteå, Sweden, (Chemrec AB). 

The third part is the counter current condenser located further downstream. In the condenser 
heat is recovered from the gas flow where water vapour condenses together with small 
amounts of volatile and tar species.  

Introduction of the PEHT-BLG in the mill’s recovery cycle involves basically replacing the 
recovery boiler with the black liquor gasification reactor.  The produced synthesis gas can be 
utilized in different ways, (see Figure 18). The system will be flexible since the synthesis can 
be used as fuel in a gas turbine in a combined cycle operation. Also, through chemical 
synthesis alternative automotive fuels, e.g. dimethyl ether (DME) and methanol, or other 
chemicals can be produced, see Figure 18.
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Figure 18. Illustration of possibilities for implementation of black liquor gasification in a conventional mill 
recovery cycle. 

The European pulp and paper industry annually produces 120 TWh LHV black liquor. The 
proportion from Swedish mills amounts to a total of 42 TWh of black liquor energy, 
corresponding to approximately 10% of the energy use (Energy in Sweden, 2005). 
Gasification of black liquor for electricity production in a cogeneration process (BLGCC), is a 
concept that has the potential of producing 7-12 TWh, about 5-7% additional electricity to the 
Swedish grid, given that all available BL energy were used for that purpose. That corresponds 
to approximately the electricity production from a medium size nuclear reactor (Statistics 
Sweden, 2005).

If all the available black liquor is used for alternative automotive fuel production (BLGMF), 
almost 30% of Swedish fuel consumption, based on fossil fuels could be replaced. As 
mentioned earlier different alternative fuels could be produced with the BLGMF concept 
(Ekbom, 2003).  

An intermediate size mill today has a production of roughly 2000 tonnes of black liquor dry 
solids per day. A full scale commercialized pressurized gasification unit will have a capacity 
of approximately 300 tonnes or more to be profitable. The investment cost for a full scale unit 
is slightly higher than the investment cost for a new state of the art recovery boiler (Warnqvist 
et al., 2000). 

In conjunction with the DP-1 plant in Piteå a research program on black liquor gasification 
has been running since 2004. The program includes cooperation with many universities and 
research groups. One part of this research program deals with CFD modelling of the 
gasification process. A CFD model of the reactor has been developed by Marklund (2005), a
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partly validated model describing the process in the upper part of the reactor. This thesis 
includes the CFD modelling of the quench and counter current condenser, a research task that 
has been carried out within the same research program. The overall objective of the CFD 
models is to give the technology developer designing tools that can be used in future scale ups 
of the process. Having a reliable CFD model reduces the technical risks associated with scale-
ups and complements the findings from the experimental work carried out in Piteå. 

3.5 CFD Modelling 

In developing new technical processes, experiments are often used to deepen the insight into 
the process and to explore fields of improvements. Experiments are in many cases used in a 
“trial and error” fashion where a process is developed through scale ups, approaching full 
scale units that can be commercialized. Experimental activities are often expensive to 
perform, especially when the experimental equipment grows in size. This is one of the reasons 
why computer simulations have become more and more popular in many research fields 
today. CFD modelling also saves time since the computational time for a simulation in most 
cases are far less than the time required for designing and manufacturing experimental 
equipment. 

Computational fluid dynamics (CFD) is the comprehensive name for all sorts of numerical 
simulation of fluid flows. It is a steadily growing field and it has been accelerating in the last 
two decades due to increased computational power which in most cases set the limits for 
computer simulations. CFD is available as a commercial tool and is constantly under 
development, which results in a growing number of applications where CFD simulations are 
used. However, the development of CFD has not reached the point where stand-alone results 
from simulations are undisputed. To increase the trust of computer simulations, experiments 
are often carried out to validate the simulations. If accurate computer models are available it 
can be used as designing tool and for optimization of the technical process, thereby 
decreasing the costs for development by lowering the cost for expensive experimental 
equipment. In PEHT-BLG which may be considered a complex technology, CFD modelling 
can play an important role. 

3.6 Modelling fluid flow 

CFD modelling in general consists of three different steps, pre-processing, solving and post-
processing.

In the pre-processing step the geometry is specified and discretizised into a set of control 
volumes (mesh or grid). The chosen differential equations are transferred into a discretizised 
space of nodes and cells, where they can be solved numerically in an iterative manner. The 
most common method for this purpose is the finite volume method (FVM), (see e.g. Hirsch, 
1988). The geometry under investigation is subdivided into cells shaped as hexahedrals 
(structured grid), tetrahedals, prisms or pyramids (unstructured grids). This technique yields a 
discrete set of equations that conserve each quantity on a control-volume basis. Also included  
in pre-processing, is the formulation of user written sub-routines, not included in the 
commercial code, which needs to be stated to describe the process to be modelled.  
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In the solver conservation equations for mass, momentum and energy are solved. The 
governing equations, generally called the Navier-Stokes equations for fluid flows, are 
expressing conservation of mass, momentum, energy and mixture fraction. Described in an 
Eulerian framework the conservation of mass yields 
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And conservation of momentum yields 
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Conservation of mixture enthalpy (h) and mixture fraction (Z) are described according to 
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sm , sF , sQ , sZ  are source terms for mass, momentum, energy and mixture fraction 
respectively. The Schmidt number (Sc) is the ratio of momentum and mass diffusivities, the 
Prandtl number (Pr) the ratio of momentum and heat diffusivities. 
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D

(3.5)

Pr (3.6)

3.7 Modelling turbulence 

In modelling turbulence direct numerical solving (DNS), where the governing equations are 
solved directly, is impossible for larger simulations since much greater computer recourses 
are needed. Some sophisticated turbulence models have been developed, such as large-eddy 
simulation (LES) and Reynolds stress model (RSM). These models also require large 
computational power.  The most common approach to industrial flows is the numerical 
solution of the Reynolds-averaged Navier-Stokes (RANS) equations, (Libby, 1996).

25



Lars Johansson 

Applying Reynolds-Averaging on the continuity and momentum equation yields 
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The term i ju u  is nonlinear and referred to as the specific Reynolds stress tensor ( ij ), a term 
that represents all the effects of turbulence on the mean flow. The Reynolds stress tensor 
needs to be approached with numerical models. A common method is to employ Boussinesq 
eddy-viscosity approximation according to
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Where the eddy viscosity is given by 

2

T
kC (3.10)

   
The standard k-  method for modelling turbulent flows is based on transport equations for 
turbulent kinetic energy (k) and its dissipation rate ( ), (Wilcox, 1993). The transport 
equations for these quantities are given as  
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The corresponding closure constants have the values 1C =1.44, 2C =1.92, C =0.09, k =1.0
and =1.3 according (Wilcox, 1993). 

This model has drawbacks but has become an industrial standard in dealing with fully 
turbulent flows where it gives accurate results.  The k-  method is only valid at some distance 
from the walls, which results in the model for near wall treatment also needing to be 
implemented. In FLUENT standard wall functions based on Lauder and Spalding (1973) is
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used as a default option. The wall functions are used as a bridge between the fully turbulent 
region and the viscous sub layer where molecular viscosity effects play a more important role. 

3.8 Quench modelling 

Paper IV in this thesis deals with modelling of the quench in the flow entrained black liquor 
gasification reactor. The model includes simulation of a multiple species gas flow and a flow 
of smelt entering the quench and being rapidly cooled by water spray nozzles close to the inlet 
of the quench.

CFD modelling for different spray applications has been carried out using both the Eulerian 
approach and the Lagrangian approach. In the Eulerian approach, the droplets are treated as a 
continuous phase, i.e. there are two continuous phases, one for the gas flow and one for the 
droplets. The transport equations are written in such a way that the volume fractions of gas 
and liquid sum to unity.  

In the Lagrangian approach, the gas phase is modelled using the standard Eulerian approach 
described above and the spray is represented by a number of discrete computational particles. 
Individual particles are tracked through the flow domain from their injection point until they 
escape the domain or undergo some other boundary condition. Each fluid particle typically 
represents a large number of droplets with a given size distribution and transport properties. 
In a coupled approach, iterations on the continuous phase alternate with iterations on the 
discrete phase until a convergent solution for both phases has been reached. The coupling 
between the continuous phase and the discrete phase consists of mass, momentum and heat 
transfer between the particle stream and continuous phase. The transport equations for the 
continuous flow field are updated with sources from the discrete phase calculations.  

The Lagrangian model has the advantage of being computationally cheaper than The Eulerian 
method for a large range of droplet sizes. In a study by Nijdam et. al., (2003), the two 
methods were compared for a wide range of droplets and gas flows. They concluded that the 
two models gave accurate results but the Lagrangian model was preferred due to a wider 
range of applicability. Also, Gant (2006) made a recent study on CFD modelling of spray 
barriers. That study also advocated the Lagrangian approach for water spray modelling.  

3.9 Condenser modelling 

Condensation is more difficult to model since the present CFD codes do not contain models 
including condensation physics. Proper models describing the condensation have to be 
implemented in the existing CFD code. 

The condensation of vapour inside vertical tubes has been extensively studied. The pioneering 
work of Nusselt and other earlier studies dealt with pure saturated vapours, e.g. Carpenter 
(1948) and Dobran and Thorsen (1979).

In practical operations of tube condensers, some amount of non-condensable gas exists. 
Studies carried out by e.g. Kuhn (1995) show that existence of non-condensable gas in 
vapours greatly reduce condensation heat transfer. There are also a number of experimental  

27



Lars Johansson 

studies on the condensation of a vapour inside the tube in the presence of non-condensable 
gas flow. Maheshwari et. al. (2004), Siddique (1994), and Tanrikut and Yesin (1998) have all 
carried out experimental studies for various conditions and geometries.  

Maheshwari (2004) studied the heat transfer for water vapour in the presence of a non 
condensable gas (air) in vertical tubes. The film heat transfer coefficient was calculated 
incorporating models presented in McAdams (1954) and Blangetti et. al. (1982). The 
Maheshwari correlation is based on a theoretical approach to heat and mass transfer at the 
gas/vapour boundary layer. Combining a heat transfer coefficient for the sensible heat from 
gas phase to liquid film ( ), with a condensation heat transfer coefficient ( ) and the 
sensible heat transfer coefficient (

lh condh

gh ) will obtain the total heat transfer coefficient for the tube 
wall. The study concluded that all theoretical models showed good agreement with 
experimental data. Also, recent study by Kim (2000) is presenting results from experimental 
studies at elevated pressure levels.  

3.10 Summary of appended papers on Black Liquor Gasification 

Paper IV focuses on CFD modelling of the quench using the geometry of the demonstration 
plant currently running at ETC, Piteå. The plant is operates at 30 bar(a) and the capacity is 
roughly 20 tons dry solids/day.

All simulations were performed using the commercial CFD code FLUENT 6 on a Sun Blade 
work station. The simulations were performed in steady state using the segregated solver. The 
convection terms were modeled with a second order differencing scheme. A non structured 
mesh with approximately 48000 cells was used in this study. 

The standard k-  turbulence model with standard wall functions was used to model the 
turbulent flow in the quench. The turbulent quantities were set at widely recognized default 
values.

In this paper the Lagrangian approach was used on the water sprays and the smelt droplets. In 
the quench model the smelt has been treated at droplets excluding the presumed film flow of 
smelt. Figure 19 shows and path lines for the gas flow through the quench. The temperature 
on the smelt and gases entering the quench is roughly 975 C and the gas flow mainly consists 
of CO, CO2, H2O and H2. In Figure 19 it can be seen that the gas flow is distributed uniformly 
across the cross section area. The velocities in the quench are moderate close to the green 
liquor in the bottom of the quench. 

28



Black Liquor Gasification 

Inlet 

Outlet

Green Liquor 

Outlet

Green liquor 

Figure 19. (Left) Velocity field for the gas flow through the quench.  (Right) Path lines for the gas flow through 
the quench. 

Figure 20 shows one of the spray nozzles. The droplet diameter (left figure) and droplet mass 
(right figure) are decreased rapidly before they evaporate. The figure shows that all the water 
droplets have evaporated before they reach the green liquor in the bottom of the quench, 
which is desired to receive green liquor of high quality. In the quench there are four spray 
nozzles located, to make sure that the cross section is completely covered by the sprays. Only 
one nozzle is displayed for visibility reasons. 

Droplet diameter ( m) Droplet mass (g) 

300
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Figure 20. (Left) Trajectories showing droplet diameter from one spray nozzle. (Right) Trajectories showing 
droplet mass from one spray nozzle. 

Figure 21 shows the temperature distribution of the gas flow. The gases are cooled rapidly 
and the mean temperature in the cross section (Z2) is approximately 830 K (557 C).
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Figure 21. Temperature distribution in the quench. (Side view). 

Figure 22 shows that large droplets (>100 µm) will be separated from the gas flow and 
collected in the bottom of the quench. Smaller droplets (<10µm) will travel with the gas flow 
and end up in the water column. Note when the droplet size is 100 µm some of the droplets 
travel with the gas flow on the way up but they are not small enough to follow the gas flow all 
the way to the water column at the quench outlet.  
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Figure 22. Smelt droplet trajectories with different droplet sizes. The legend shows residence time 
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One important issue is how to validate the results in a good way. There should be at least 
some qualitative estimation of the results since there are no detailed measurement results for 
comparison this far. Validation of the model will be performed by using data from the 
development in the near future. A parameter study will also be carried out considering 
different operational parameters in order to optimize the quench. A long term objective is that 
the CFD model could be used as a design tool in a full scale design.  The model has the ability 
to calculate the flow pattern, velocity field and temperature field. A refined model will 
include chemistry.  

Paper V presents a CFD model of the counter current condenser. Similar conditions in all 
tubes have been assumed and hence only one tube has been modelled to decrease the 
computational time. The condensation is treated using a Discrete Phase Model (DPM model), 
where very small droplets or aerosols are injected and used as condensational nucleus. Water 
vapour from the gas phase is converted to liquid state (condensed) and transported to the 
droplets. During passage through each computational cell with water content beyond 
saturation conditions, the droplets will grow in size due to condensation of water vapour. The 
latent heat released during condensation is transferred to the gas flow and cooled through 
convective heat transfer by the tube wall.  

The heat transfer rate from the gas to the tube wall is determined by the temperature 
difference between the gas and the inside of the tube, the area and the heat transfer 
coefficient. A heat transfer coefficient profile has been set on the tube wall, (see Figure 23).
The heat transfer is based on findings from experiments performed by Siddique (1994) and 
Maheshwari (2004), as mentioned in Chapter 3.9.  
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Figure 23. Heat transfer coefficient profile on the inside of the tube wall. 

Figure 24 shows the temperature and relative humidity of the gas flow along the tube with a 
height of 2.28 m and an inner diameter of 15·10-3 m. The wall thickness of the stainless steel 
tube is 1.5·10-3 m. For visibility reasons 2 paths were created, one in the centre of the tube 
(x0) and one path 3·10-4 m from the tube wall (x1). The gas flow is cooled rapidly close to the 
inlet due to high heat transfer rates. Cooling through the tube wall gives the highest 
temperature in the centre of the tube. In the temperature plot (left), the outside tube 
temperature is also presented. The largest temperature change is in the first quarter of the  
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tube. At the inlet, the temperature difference between the gas and the inside of the tube is 
approximately 150 C. 0.5 m downstream this difference has decreased to about 30 C. The 
condensation starts almost immediately since saturated conditions are reached. The cooling 
causes the relative humidity to be constant at 100% all the way through the tube. Since the 
condensation is controlled by saturated conditions, this should be expected, see Figure 24
(right). 
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Figure 24. Temperature (left) and relative humidity (right) of the gas flow along the tube. 

The heat flux to the wall depends on the heat transfer coefficient and temperature difference 
between the gas flow and the tube wall. Both variables are large at the beginning of the tube, 
and hence the heat flux is large in this area. During condensation the latent heat is released 
and a large temperature difference is maintained, despite large heat fluxes to the wall, see 
Figure 25 (left). In the latter part of the tube, the heat flux to the wall reduces since the heat 
transfer coefficient and temperature difference decrease. In the first 0.5 m of the tube length, 
97% of the total heat transfer rate is transferred. 
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Figure 25. Heat flux through the wall (left) and mass fraction of water vapour (right) along the tube. 

Due to the large condensation rate, the mass fraction of water vapour decreases rapidly. After 
the first quarter of the tube, a large quantity of the water vapour has been condensed, see 
Figure 25 (right). 0.5 m from the inlet, 99% of the total condensation rate has taken place.  

Comparing the model results against expected designing data showed good agreement. 
Almost 70% of the incoming heat to the condenser is transferred through the tube walls, 28% 
is leaving with the condensate and the remainder with the exhaust gas flow. The results need 
to be compared and validated against experimental data in order to draw reliable conclusions. 
However it has been shown that the model predicts the condensation rate for the condenser. 
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Chapter 4

CONCLUDING DISCUSSION  

One of the largest environmental problems today is the global warming. The debate in media 
and on all levels in society is accelerating. From top politicians and chief executives, to co-
workers in the coffee rooms at work and families around the dining table, are debating causes 
and effects of global warming. The long term use of fossil fuels in the pursuit of a welfare 
society with increasing economic growth has resulted in steadily increasing green house gas 
(GHG) concentrations in the atmosphere. Stabilising the concentrations of GHG to prevent an 
environmental disaster is not a task that will be solved with a single solution. Several 
measures need to be taken to prevent further increase of GHG concentrations and create a 
sustainable society. Two important measures are to find ways to use energy more efficiently 
and to increase the share of renewable fuels. 

The main objective of this thesis has been to show potential energy savings with existing 
energy conservation technologies and to highlight the possibilities for enhanced use of 
renewable fuels.  

The results have showed that the open absorption system is a technique with large energy 
saving potential in processes dealing with moist air, such as different drying processes. Pilot 
plants are in many cases designed and installed to show initial potentials of a technology and 
to increase knowledge about the technique. Therefore pilot configurations are rarely 
optimized which leave rooms for further development of the technique. This thesis has shown 
that even though the open absorption technique reduces the energy demand considerably, 
even more energy could be saved if the system was optimised in terms of operational and 
economic aspects. Since there are large heat flows required at a sawmill, a well planned 
implementation could result in an optimal use of heat, both in terms of steam and hot water, 
as well as electricity.

In the indoor swimming pool application it was shown that the open absorption technique can 
compete with other more established energy conservation technologies on the market. In 
order to achieve a strong market penetration, the system needs to be optimized and the 
investment needs to be reduced in this application as well.  

Unfortunately both pilot installations were shut down due to matters not associated with the 
technology itself, but surrounding factors such as political decisions and other circumstances. 
If the pilot plants would have stayed in operation, further development work would have been 
possible. Both pilot installations were in operation in the eighties and the technology was
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perhaps ahead of its time. Prices on electricity and heat were relatively low at that time, which 
resulted in long pay-back times for new installations and difficulties for new techniques to be 
established. It is very difficult to predict the price levels on energy in the future, but increased 
prices would definitely favour new developed technologies. Today, the future for new 
installations looks brighter, since the focus and awareness on a local, regional and global 
point of view has shifted towards environmental and energy based issues. This implicates that 
there might be other technology solutions that have been ahead of its time that will be 
rediscovered and play a part towards a better and more sustainable society.  

Introducing new technologies are also dependent on marketing efforts in the competition 
against well established technologies. If a system can be produced in longer series, the 
investment can be limited and that is essential in market introduction. Since there is no single 
universal solution to the environmental problems, competing technologies might push the 
development forward, each playing an important role in creating alternative solutions in 
saving energy. 

The demand of bioenergy is steadily growing and new actors have entered the market 
competing with traditional users of biomass, i.e. sawmills and pulp and paper industries. With 
that knowledge prices for biomass/biofuels will most likely increase in the future, bringing 
needs for cost reductions for biomass drying and transportation etc.  

Black liquor gasification is a technology with great potential for the future. The flexibility of 
the technology makes it a promising alternative if the remaining obstacles can be solved. The 
benefits of being able to produce electricity in a combined process, alternative automotive 
fuels or other chemicals, makes the technology very interesting. Since the recovery process is 
such an important part in pulp and paper mill, the technology must be proven to have high 
availability with no questions unsolved before a large scale introduction will be possible. The 
pulp and paper industry is one of the major industries in Sweden and it also plays an 
important role in the rest of Europe and North America. As mentioned before, roughly 42 
TWh of black liquor energy is produced in Sweden on an annual basis. Producing alternative 
automobile fuels from the synthesis gas produced by BLG could potentially replace 30% of 
the fuel consumption. The transport sector is developing fast and new combustion engines for 
biomass based fuels are being developed by many companies which underline the importance 
of further developing black liquor gasification to a fully commercialised technology.  

From the studies, concerning CFD modelling of the quench, the following conclusions have 
been drawn. The model has the ability to calculate the flow pattern, velocity field and 
temperature field in the quench. The model shows rapid cooling of the gas flow and smelt 
droplets. However, the model has not yet been completely validated through comparison to 
experimental data from DP-1. Furthermore, the model is very flexible in terms of varying 
inlet data, and hence it can be used in order to predict trends and variations for different 
operational conditions. The configuration of the water spray nozzles, temperature of the 
condensate supplied in nozzles etc. could be varied in order to study the impact on the quench 
process.

The studies concerning modelling of the counter current condenser show that the model 
predicts the condensation rate very well. The model includes user-defined subroutines for the 
condensation process that can easily be transformed to other condenser designs or geometries.  
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Concluding discussion 

The results show that the major part of the condensation takes place in the first quarter of the 
tube which implicates that there are large heat transfer surfaces not taking part in the 
condensation under given conditions. The study also shows the importance of accurate 
modelling of the heat transfer coefficient. The condenser model also needs to be validated 
against operational data from DP-1 to be able to draw definite conclusions.

Further development and refinement of the CFD models will give the technology developer a 
useful tool in future design and scale ups. In combination with experiments and further 
research it will play its part towards commercialisation of the PEHT-BLG technology. 

In conclusion this thesis alone will not revolutionize the energy field but as mentioned earlier 
it will have a positive impact on future technology development. In combination with other 
measures it will result in more efficient use of energy and a transition to use of renewable 
fuels and therefore have a positive impact on a future towards a sustainable environment. 
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Chapter 5

FUTURE WORK 

5.1 Open absorption system 

The open absorption technique can be used in many different applications. The work done in 
this thesis show that the technique saves a large amount of energy in the sawmill application 
as well as in the indoor swimming pool. In order to make the system more efficient the 
crystallization problems at higher concentrations should be investigated further. 
Crystallisation can be avoided by increasing the temperature on the absorption solution, but 
that will in many cases reduce the efficiency. Addition of other compounds might also solve 
the crystallisation problems. Other applications where the technique could be applied and can 
be of interest for further research are presented below.

Green houses 

Green houses consume large amounts of energy associated with evacuation losses. The moist 
air caused by plant aspiration is necessary to evacuate. By controlling the indoor climate in 
terms of temperature and relative humidity it is possible to benefit plant growth and increase 
yields. The condensate can be used for irrigation by adding necessary nutrition’s. Also if the 
generator is operated using natural gas, the carbon dioxide produced in the exhaust gases can 
be supplied to the green house and give necessary fertilizer. If a biomass fuel is burnt, some 
nutrition’s can be recovered from the ashes and be supplied to the plants. In combination with 
heat storage this system should be closed to self-supporting in terms of irrigation. A similar 
installation using a conventional absorption heat pump was made inside an agricultural 
building by (Assaf, 1986).

Flue gas condensation

Flue gases from combustion processes may contain large amounts of water vapour and 
therefore energy as latent heat. Introducing the open absorption system, the energy can be 
recovered and at the same time function as a flue gas scrubber separating particles from the 
exhaust gas flow. This is of particular interest when firing wet biomass.  

Air conditioning

The indoor climate is possible to control since the relative humidity can be established by 
choosing the salt concentration in the absorber. The concentration is controlled by the heat 
supply in the generator. Dehumidification of the indoor air with the open absorption system 
results in extraction of valuable condenser heat that can be used for tap water production etc. 
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5.2 Black Liquor Gasification 

Research has been performed since the year 2004 in the black liquor gasification programme 
(BLG), coordinated by ETC in Piteå. The work presented in this thesis has been one of the 
subprojects within the BLG-programme. A continuation of the project including five work 
packages have been initiated and is planned to run for additional three years. The research 
planned at LTU is described in the following sections.

Most importantly, the work in the nearest future consists of validating the quench as well as 
the counter current condenser model. The validation will provide understanding of needs for 
further improvements. The validation will be performed by comparing temperature 
measurements at different locations of the quench against the corresponding predictions. The 
separation of smelt from the gas flow shows that large droplets will be collected in the bottom 
of the quench whilst smaller droplets will travel with the gas flow and dissolve in the water 
column at the quench outlet. Since the mass of the droplets collected in the water column will 
be significantly smaller than the mass of the total smelt flow, it will be difficult to make any 
comparison with the experimental measurements. 

The validation of the counter current condenser will be performed by comparing temperatures 
at different locations in the condenser. The overall energy balance at different operational 
conditions will also be compared and evaluated. Data from the operation of the DP-1 is 
already available, and hence the work on validation of both the quench and the condenser 
model is currently being planned. 

The present model of the quench has no chemistry included. In order to refine the model and 
make it more accurate and versatile, chemical reactions will be included. Especially the water-
gas shift reaction and also CO2 absorption mechanisms will be investigated and implemented 
in the CFD model. Absorption of CO2 is not desired since it has a negative influence on the 
green liquor quality and increases the causticizing load. If the model could predict the CO2
absorption for different operational conditions it would be of great importance for the model 
and give more accurate scale-up results. Future collaboration with the other partners of the 
BLG program on this issue is planned to be carried out. Plans for future work will also 
include investigation of other important chemical reactions that needs to be implemented in 
the model. Understanding of the chemical reactions taking place between the smelt and 
ambient gas and the influence on green liquor quality will also be studied with experimental 
studies. This is considered as one of the key questions regarding the quench. Experiments 
with different gas temperatures and compositions will be performed using a Pressurised 
Entrained Flow Reactor (PEFR) at IPST in Atlanta, Georgia.

The droplet formation and smelt film break up is based on assumptions and is also planned to 
be investigated further through experimental work. Studies in laboratory scale at atmospheric 
pressure have been planned with the objective to give information of the droplet formation 
that can be used in the CFD model. Investigation of the water spray interaction on the smelt 
film in the quench has also been planned for.  

Studies of particle separation in the counter current condenser have also been planned for. 
Sampling of liquid/solid components in the gas flow before and after the condenser will be  

38



Future work 

performed to survey the particle separation in the condenser. A filtering process in connection 
with analysis on the condensate will also be carried out. Future work will include 
implementing of particle separation mechanisms in the CFD model in order to refine the 
model and make it possible to predict separation of particles in respect to all relevant 
available characteristics. 
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Abstract

This work describes a pilot plant and its different parts in a system used for bio-fuel drying and timber
drying with an open absorption process. This technique has not been used previously in Sweden in this
application. The open absorption system has been installed on four timber dryers and one bio-fuel dryer
at a sawmill located in the northern part of Sweden. The annual energy demand for the dryers has decreased
considerably. The specific heat demand for a conventional drying system is about 5970 kJ/kg of evaporated
water. For the open absorption system the corresponding value is a heat demand of approximately 1400
kJ/kg of evaporated water. At the same time, an additional 360 kJ/kg of electricity has to be supplied.
Here, 45 000 m3 per year of dried bio-fuel has been sold on the market as a result of the decreased heat
demand in the wood dryers at the sawmill. The plant has been working well and has had a high availability.
The pay-off time for the investment will be approximately 3 years for non-discounted cash-flows. © 2000
Elsevier Science Ltd. All rights reserved.

1. Introduction

Half of the electricity production in Sweden is based on nuclear power. An increased use of
electricity since 1970 is notable, particularly in the residential sector. The increase is due to a
change from oil to electricity for heating, coupled with greater use in building services systems.

After a referendum in 1980, the Swedish parliament decided that nuclear power in Sweden
should be phased out by the year 2010. International cooperation to restrict global environmental
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problems has been approved by Sweden among other countries. Therefore, the Swedish parliament
encourages an increased use of domestic fuels, such as bio-fuel.

About 10% of the entire energy consumption of Swedish industry is used for different drying
processes, most of which use air for the transport of the evaporated water. The evaporation heat
is lost with the moisture in the evacuated air and is difficult to recover because of the low tempera-
ture level. The open absorption system is a technique that makes it possible to recover the latent
heat in the evaporated water and thereby decrease the total energy demand of the drying process.

A pilot plant has been built where an open absorption system has been installed on four timber
dryers and one bio-fuel dryer at a sawmill, Martinsons CO, located in the northern part of Sweden.
At the sawmill, planks, timber and bio-fuel are produced. The waste products, mainly bark from
pine and spruce, are used as bio-fuel. The result will be a release of fuel for other energy uses
in the country. The system also makes it possible to create a well defined bio-fuel good for
electricity production, with low energy input and to decrease the electricity used for heating
in buildings.

This work describes the pilot plant and its different parts. Technical complications and consider-
ations will also be discussed.

2. Energy demand for conventional timber drying

Before the open absorption system was installed, the sawmill used the conventional drying
technique, where outdoor air carries away the moisture. To reduce the energy demand, part of
the airflow is recirculated and mixed with the outdoor flow. Batteries are used to supply heat to
the mixed airflow. The required heat is provided via hot water from a bio-fuel furnace. The heat
demand for the conventional dryer mainly depends on the amount of water evaporated. The sup-
plied energy consists of heat to the batteries and electrical input to the fans. The energy demand
is approximately divided as in Table 1 for a drying cycle [1]. The table shows that most of the
energy is lost with the evacuated air. The transmission losses, leakage and heating of timber

Table 1
Ratios for the different losses and energy demand in timber drying

(%) kJ/kg water

Input
Heat supply 95 4775
Electricity supply 5 250

Output
Transmission losses 5 255
Evacuation losses 78 3920
Heating of timber 6 300
Leakage 4 200
Melting heat 7 350
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depend on the outdoor temperature. The presented ratios are on an annual basis and the specific
heat values indicate energy per kg of evaporated water.

3. The open absorption system

When the open absorption system is installed, the energy demand for the dryers is reduced,
which leads to a surplus of bio-fuel. Because of the surplus of bio-fuel, a dryer was installed to
create a well-defined fuel. The fuel is dried and transported to other bio-fuel consumers. Therefore,
the open absorption system leads to two major improvements: reduced energy demand and
increased earnings for the sawmill, since the dried bio-fuel is sold to other consumers.

3.1. Process flow scheme

The open absorption system mainly consists of three components: absorber, generator and con-
denser (see Fig. 1). Moist air from the drying process transports the water to the absorber. In the

Fig. 1. Open absorption system installed at sawmill.
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absorber, moist air is brought into contact with the absorption solution. The water is absorbed by
the solution and the air is dried under adiabatic conditions [2].

The diluted solution is transported to the generator where heat is supplied. Due to the higher
boiling point of the solution compared to that of water, separation by evaporation occurs. The
vapour is condensed in the condenser, giving off its latent heat. The heat available in the condenser
is almost of the same magnitude as the supplied heat in the generator. The concentrated solution
is brought back to the absorber. Because the air is dried, it can be brought back to the dryer.
Closing the airflow, i.e. no outdoor air supply, decreases the heat demand for the dryer with
almost 80%, since evacuation losses are excluded (see Table 1).

3.2. Evaporation plant

An evaporation plant with three effects has replaced the generator, since the sawmill and the
environment cannot use all the heat produced with only one heating effect, namely a generator.
Supplied heat is provided from the bio-fuel furnace connected to the first effect of the evapor-
ation plant.

The evaporation plant consists of three effects and two flash tanks (see Fig. 2). Each effect
consists of a tube heat exchanger and a steam dome. The first effect consists of 451 tubes with

Fig. 2. Flow scheme of evaporation plant.
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length 4 m and diameter 25 mm. The second and third effects consist of 399 tubes with the same
length and diameter.

The evaporation plant decreases the required heat input and, of course, also the condenser heat.
It works in the same way as an evaporation plant used in the pulp industry, where black liquor
is dehumidified before entering the recovery furnace. In the evaporation plant, the concentration
of the absorption solution is raised from approximately 57.5% by weight to 75% by weight. The
diluted absorption solution from the different absorbers is collected in a storage tank (1) (see Fig.
2). The solution is preheated close to boiling temperature in the apparatus (2 and 3) before entering
the third effect (4, 5). In this effect (4), the solution is heated by vapour from the second effect.
In the steam dome (5), the steam is separated from the absorption solution. The liquid is pumped
to the second effect (6), where vapour from the first effect is used as the heat source. Again,
water is separated from the solution. Before entering the first effect, the solution is preheated by
cooled stack gases from the furnace in the apparatus (8). Supplied heat in the first effect (9) also
consists of stack gases from the furnace. Leaving the first effect, the absorption solution has a
concentration of approximately 72% by weight at a pressure of 10 bar(a). To increase the concen-
tration further, the pressure is decreased in two flash tanks. In the first flash tank (11), the pressure
is reduced to 3.5 bar(a) and in the second tank (12), the pressure is decreased to 1 bar(a). The
vapour from the flash tanks is supplied to the second and third effect, respectively. The concen-
trated solution is collected in a storage tank (13) before being pumped to the different absorbers
in the system. The condenser consists of two tube heat exchangers. Vapour from the third effect
is used to produce hot water for the heating system of the sawmill (14, 15) and preheating of the
incoming absorption solution (2). The condensate from each effect and the condenser is collected
in a storage tank (16). It is used as a heat supply in one of the timber dryers and then transported
to the bio-fuel dryer, before leaving the system at a temperature of about 50°C. The maximum
heat supply from the furnace is 2.6 MW. The pressure in each effect is 10 bar(a), 3.5 bar(a) and
1 bar(a). In each effect 1500, 1300 and 1600 kg/h of water are evaporated, respectively.

3.3. Timber dryers

The sawmill operates four continuous dryers, three used for planks and one used for timber.
All the dryers work in a similar way, only the dehumidification capacity differs. In the plank
dryers, 500 kg/h of water is separated and in the timber dryer, 875 kg/h of water is separated.

The wood dryers are working under counter current conditions, i.e. the air with the highest
relative humidity is in contact with the wood with the highest water content at the wood inlet.
The climate remains constant at the inlet and outlet during the drying process while the timber
is transported through the dryer. The dry air temperature at the wood inlet is about 40°C and
about 60°C at the wood outlet. The wet temperature is almost constant at 40°C in the dryer, i.e.
the enthalpy of the air is almost constant. The dry air temperature decreases and the absolute
humidity increases. The drying time is approximately 7 days.

When the open absorption system is installed (see Fig. 3) approximately one third of the total
airflow passes through the absorber. The airflow is dried before mixing with the recirculation
flow. The total airflow in the timber dryer is about 225 000 mn

3/h and in the plank dryers the
airflow is about 165 000 mn

3/h, respectively.
The control system for the wood dryers controls the dry air temperature by the hot water flow
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Fig. 3. Wood dryer with absorber installed.

through the batteries (see Fig. 3). The wet temperature is controlled by the solution flow to the
absorber. A raise of the wet temperature over the set-point value increases the flow of concentrated
solution from the evaporation plant to the absorber. This leads to a more concentrated absorption
solution and, therefore, an increase of the water-absorption rate. In the dryer the wet bulb tempera-
ture will record a decreased value.

3.4. Bio-fuel dryer

The bio-fuel dryer consists of a counter current rotating bed dryer. Dry air from the absorber,
at a temperature of 78°C, is supplied from the bottom of the bed with a velocity of approximately
0.6 m/s. The drying time is 6–7 h. The airflow passes through the rotating bed and carries away
the evaporated water. The bio-fuel is supplied to the bed by a radial screw. In the bed, layers of
bio-fuel with different water content occur. Wet bio-fuel at the top and dry bio-fuel at the bottom.
At the bottom, the bio-fuel is rejected by a radial screw and transported to storage. The moist
airflow from the dryer contains a lot of bark dust. Therefore, the airflow needs to be washed
before entering the absorber. If the dust is transported to the evaporation plant it causes problems
with foaming etc. To exclude this problem, the air passes through a stripper before entering the
absorber (see Fig. 4). In the stripper, condensate from the evaporation plant is used. The conden-
sate is separated from the system after passage through the stripper at a temperature of 49°C. The
condensate and bark dust is collected in a large tank. Due to sedimentation, the bark dust is
collected at the bottom. The tank has to be emptied 3–4 times per year. The air is dried in the
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Fig. 4. Bio-fuel dryer and absorber.

absorber and brought back to the bottom of the bio-fuel bed. The concentrated absorption solution
is cooled in the heat exchanger before entering the absorber. The diluted solution from the
absorber is preheated before being transported to the evaporation plant (see Fig. 4).

The airflow in the bio-fuel dryer is approximately 140 000 mn
3/h and the evaporation rate is

about 2000 kg/h of water. The dry temperature of the air entering the dryer is 78°C and the air
leaving the dryer is almost saturated with a temperature of 49°C. The heat demand for evacuated
air is excluded since the loop of the airflow is closed. The heat supply to the system only consists
of heat from fans and other electrical equipment. The dryer is operating at constant flows and at
maximum capacity all the time. If, for instance, no bio-fuel is available, the dryer is stopped. The
control system is therefore restricted to keep the temperature of the concentrated solution to the
absorber at the same temperature level as the air leaving the absorber (to create an adiabatic
drying process) and to maintain constant liquid levels in the tank for the diluted solution.

3.5. Absorbers

In this plant, cross current packed bed absorbers are used. They consist of a channel filled with
packings, to create good contact between the air and the absorption solution. The direction of the
airflow is horizontal and the flow direction of the solution is vertical (see Fig. 5). From the bottom
part of the absorber, the solution is pumped to the top of the absorber, where it flows down
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Fig. 5. Cross current packed bed absorber.

through the packed bed. The diluted solution is pumped to the evaporation plant. To get as large
a mass transfer between the air and the solution as possible, the concentrated solution is supplied
in the rear of the absorber. The bottom of the absorber is divided into three sections. Solution
flows from the rear end to the other sections, which leads to contact between the most diluted
solution and the air with highest water content. In the last section of the packed bed, no liquid
is supplied. This section works as a demister, to avoid liquid drops following the outgoing airflow.
The air velocity through the absorber is about 2 m/s. A more detailed description of the absorber
is presented by Westerlund et al. [3].

The length of the packed bed for all absorbers is 2.4 m, while the cross-sectional area differs:
for the plank dryers it is 8.9 m2; for the timber dryer 15.6 m2; and for the bio-fuel dryer 21.5 m2.

4. Energy demand for the different systems

As mentioned before, the energy demand for the wood dryers consists of five different losses,
where the evacuation losses are by far the largest. Fig. 6 shows the energy flows for the conven-
tional technique. The specific energy demand, i.e. required energy per kg of evaporated water, is
5025 kJ/kg for the wood dryers [1]. Fig. 6 also shows that 78% is lost by the evacuated air. The
efficiency of the furnace is assumed to be approximately 80%, which gives a heat demand of
5970 kJ/kg of water for the wood dryers and an electricity demand of 250 kJ/kg of water.

With the open absorption system installed, the outdoor airflow and therefore the evacuation
losses are excluded. The specific energy demand for the wood dryers decreases to 1105 kJ/kg of
evaporated water. Low temperature drying always demands a high airflow, which leads to large
electrical input to the fans. With the open absorption system, the electrical input is increased
because of the fans to the absorbers and circulation pumps for the absorption solution. The elec-
tricity demand increases to 520 kJ/kg of evaporated water. The efficiency of the furnace is the
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Fig. 6. Schematic sketch of the energy flows for the conventional system.

same, about 80%, and the transmission losses from the evaporation plant are estimated to approxi-
mately 10%. That leads to a total heat demand of approximately 800 kJ/kg water for the wood
dryers (see Fig. 7).

The surplus of waste products is dried in the bio-fuel dryer. The heat demand is estimated to
be 480 kJ/kg of evaporated water, a measured value of electricity usage for the bio-fuel dryer.

If the total pilot plant, the four wood dryers and the bio-fuel dryer, is considered, the evaporation
rate will be 4400 kg/h. A larger heat supply to the evaporation plant will then be required. Since
the evaporation rate increases, the specific values have to be based on the larger rate. Approxi-
mately 1120 kJ/kg of water has to be supplied to the evaporation plant, to evaporate all the water
absorbed by the absorption solution. The total heat demand for the pilot plant, with 80% efficiency
of the furnace, will be approximately 1400 kJ/kg of evaporated water. Consequently the condenser
heat from the evaporation plant will be larger than the heat required in the wood dryers. The
remainder of the condenser heat is used for heating buildings and facilities at the sawmill. Based
on an evaporation rate of 4400 kJ/kg of water, the total electricity usage for the pilot plant is
increased by 360 kJ/kg of water (see Fig. 7).

The surplus of bio-fuel is approximately 45 000 m3 or 12 000 tons per year at 85% of the
dry substance.

5. Operational experiences

The plant built is the first of this type in Sweden and therefore it has worked as a prototype
and demonstration plant. Lots of reconstruction and changes have been made from the original
concept, to get the system working well. Since the reconstruction has been completed, the system
has been working well, with an availability of 8000 h/year. The system has been shut down only
during the summer, when the sawmill is closed.
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Fig. 7. Energy flows with the open absorption system installed at the sawmill.

The evaporation plant is a stable process with large inertia that demands running with as con-
stant conditions as possible. When the four wood dryers are being recharged at the same time,
the required heat to the evaporation plant will decrease rapidly. The inertia in the regulation of
the furnace makes it necessary to install storage tanks for the solution before and after the evapor-
ation plant. In the original plant, these tanks were not included, which caused large problems
with the functional control of the system.

If the evaporation plant was designed properly, the two flash tanks would not be needed. They
were installed afterwards, to increase the total evaporation rate from 3 tons/h to almost 5 tons/h.

The absorption solution is not preheated before entering the second effect. To optimize the
evaporation rate further, preheating should be used.

The absorbers have been working with only minor changes from the original design. The
capacity of the wood dryers has been increased, since the evaporation starts earlier after recharging
with the open absorption system in operation. The heat demand decreases considerably and there-
fore it is possible to reach a correct temperature in the dryer faster after recharging.

The open absorption system requires no (or negligible) dissipation of absorption solution,
because of the costs and the negative influence on the external system caused by dissipation. The
solution is a mixture of potassium acetate and water, a harmless medium with a low environmental
impact. Experimental results from a laboratory plant and experience from the system working at
the sawmill show that it is possible to keep the solution losses on a low and acceptable level [4].
No wood dried in the dryers has ever been damaged since the start of the project. Another possi-
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bility of solution losses from the system is absorption solution via the condensate from the evapor-
ation plant. A gauge is continuously recording the conductivity of the condensate. This parameter
is a powerful indication of solution losses with the condensate. Experience shows that it is possible
to keep the losses to about 0.45 kg of solution per ton of evaporated water, which is an economi-
cally acceptable level corresponding to approximately 40 kg solution per day.

6. Economy

As mentioned earlier, a major reconstruction of the pilot plant has been made from the original
concept, which is why a valid economical analysis is difficult to make. According to the manufac-
turer, Ahlstrom CO, the total investment cost for the absorbers, bio-fuel dryer and evaporation
plant will be approximately 6 MSEK. Almost 70% of the investment cost is related to the absor-
bers and the bio-fuel dryer.

A payback period can be calculated by comparing the investment cost with the earnings made
due to the installation. The investment will lead to 12 000 tons per year of bio-fuel that can be
sold on the market. The heating value for the bio-fuel is estimated at 15.3 MJ/kg [1] and the price
of the bio-fuel is estimated to be 75 SEK per MWh. Thus, 12 000 tons of bio-fuel corresponds to
183.6×106 MJ or 51 000 MWh per year. The total income from the bio-fuel will then be approxi-
mately 3.8 MSEK per year.

The investment will lead to an increased electricity usage because of the fans and solution
pumps. The increased electricity usage (0.36 MJ/kg of evaporated water) and an evaporation rate
of 4400 kg/h and an operation time of 8000 h/year, gives an increased electricity usage of 3520
MWh/year. The electricity price at the sawmill is about 300 SEK per MWh, which gives a total
cost per year for the increased electricity supply of approximately 1 MSEK. Maintenance costs
can be estimated to be 10% of the total investment cost or 0.6 MSEK for this type of plant [5].
The use of absorption solution, about 40 kg/day, will give a cost of 0.1 MSEK/year. The total
costs, related to the investment, can then be estimated to be approximately 1.7 MSEK and the
total earnings (income–costs) to 2.1 MSEK/year. A payback time for this investment where cash-
flows are not discounted can be calculated by dividing the investment cost by increased earnings
for the sawmill. That gives a payback time of approximately 3 years.

The payback time is dependent on the interest rate the investor has. When the interest rate is
taken into account the payback time will increase.

These economical calculations are quite uncertain because the investment is strongly dependent
on the bio-fuel and electricity pricing at the time, and should only be interpreted as a guideline
of the magnitude of the investment cost.

7. Discussion

The investment cost has been rather high compared to other techniques due to large airflows
and therefore large apparatus. The bio-fuel dryer and absorbers are the most expensive parts of
the system. A parameter study is planned to be made in the near future, in order to decrease the
total air flow and apparatus size and therefore decrease the initial costs and make the open absorp-
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tion system more competitive compared to other drying techniques. Reduced airflow will also
reduce the electricity demand to the fans, since the fan power is proportional to the volume of the
airflow. To make this technique competitive compared with other drying techniques, the electricity
demand has to be reduced.

Before installation of the open absorption system it is important to investigate the energy
demand for the plant and if energy is required in systems located close to the plant. For instance,
the condenser heat could supply heat to a district heating system.

A performance coefficient for the system can be defined as the ratio between achieved saving
of heat and supplied primary electrical energy. Absolute values must be considered since the
evaporation rate increases when using the open absorption system. The decreased heat demand
is calculated as the difference in the specific heat demand (5970�800 kJ/kg) times the evaporation
rate (2400 kg/h). The increased electricity demand is calculated as the specific value (360 kJ/kg)
times the evaporation rate (4400 kg/h). The additional heat from the evaporation plant is utilized
at the sawmill and is therefore excluded in the comparison. The performance coefficient is almost
equal to 8. This factor indicates that for every kWh of electricity supplied to the system, the benefit
will be 8 kWh of heat compared to a conventional drying system. The performance coefficient is
not a general value. It depends on not only thermal conditions of the system but also the geometric
conditions. The performance coefficient could therefore reach another value for different plants.

It is possible to decrease the supply to the pumps in each absorber by changing the distribution
system of the solution flow to the packing. Instead of using nozzles (high pressure-drop), perfor-
ated trays can be used to obtain a uniform flow. The pressure-drop for trays is negligible compared
to nozzles. The electricity demand for the pumps will then be decreased to only about 25%
compared to actual installation.

8. Conclusions

The heat demand for the dryers is reduced considerably when using the open absorption system,
compared to conventional techniques. It is reduced from 5970 to approximately 1400 kJ/kg of
evaporated water. The technique is working well and has a high availability of 8000 h/year. The
system is only shut down when the sawmill is closed during the summer.

A payback time for the investment, based on non-discounted cash-flows, will be approximately
3 years. The electricity supply is increasing with 360 kJ/kg of evaporated water when using the
absorption system. A performance coefficient of around 8, which means the reduced heat supplys-
upply, is 8 times larger than the increased electricity supply.
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Abstract

A pilot plant using the open absorption system for drying of timber and bio fuel has been
realized at a sawmill located in the northern part of Sweden. The technique decreases the energy

demand for the dryers considerably and the system has an availability of about 8000 h per year.
Compared with other drying techniques, the investment cost is high due to large airflow and
therefore large apparatus. The main part of the investment cost, i.e. about 70% originates from

the bio fuel dryer and the absorbers. In order to decrease the initial cost a parameter study has
been made to investigate the possibilities to reduce the airflow of the drying process, i.e. bio
fuel dryer and absorber. Parameters studied are drying temperature, salt concentration and

cooling of the airflow during the absorption process. Measured values from the pilot plant
have been used as a reference case. The results show that it is possible to decrease the airflow
by 31% when using a higher drying temperature. Higher salt concentration decreases the air-
flow by approximately 32% and cooling during absorption makes it possible to decrease the

airflow by 50%. In order to minimize the airflow, the three parameters were combined. In this
case it is possible to decrease the airflow by approximately 60%. The electrical input for the
plant is also high due to large air and solution flows. By decreasing the airflow, the required

electrical input will also decrease since the fan power is proportional to the volume airflow.
The results clearly show that it is possible to reduce the airflow and therefore the investment
costs compared with the pilot plant. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Drying of timber is necessary to achieve high quality products. In timber produc-
tion, some waste product, mainly bark is produced. Most of the waste products are
used as bio fuel. To reduce the natural biological destruction of the fuel, to get good
combustion and a high heating value, the fuel needs to be dried.
Conventional wood dryers use outdoor air to carry away the evaporated water:

this leads to large energy demand. The open absorption technique makes it possible
to recover the latent heat in the evaporated water and thereby decrease the energy
demand. The reduced energy demand leads to a surplus of bio fuel, which after
drying can be sold to other bio fuel consumers and so increases the profit for the
sawmill. A pilot plant installed at a sawmill, located in the northern part of Sweden,
has been developed. The plant is described in detail in an earlier work [1]. The design
of the system and its components are not optimized in the pilot plant. There are
possibilities for further improvements and cost reductions compared to the first
plant.
According to manufacturers, about 70% of the total investment cost originate

from the bio fuel dryer and absorbers. In this work, a parameter study has been
made to investigate the possibilities of reducing the size of the apparatus and thereby
reduce the investment cost. The pilot plant is used as a reference case.

Nomenclature

A mass fraction of water in the fuel
cp specific heat (J/kg K)
h specific enthalpy (J/kg dry air)
M molar mass (kg/mol)
m
:

mass flow (kg/s)
P partial pressure (Pa)
Q
:

heat flow (W)
R ideal gas constant (J/kg K)
r latent heat (J/kg)
T temperature (�C, K)
�
:

volume flow (m3/s)
x absolute humidity (kg/kg dry air)
� relative humidity (% RH)
� density (kg/m3)

Subscripts
a dry air
s saturation
w water
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2. Open absorption system

The open absorption system mainly consists of three components, absorber, gen-
erator and condenser (see Fig. 1). The moist air from the external system, i.e. the
drying process, transports the water to the absorber. In the absorber, air is brought
into contact with the absorption solution. The moisture is absorbed by the solution
and the air is dried. The dry air, flows back to the dryer and so the outdoor air
supply can be excluded. The diluted solution is transported to the generator, where
heat is supplied. The absorption solution has a higher boiling point compared with
water, and separation of the absorbed water occurs by evaporation. The vapor is
condensed in the condenser, giving o� its latent heat. The condenser heat is almost
of the same magnitude as the supplied heat to the generator. The condensate is
separated from the system after the condenser: only the solution medium is recircu-
lated and brought back to the absorber.
In the pilot plant, the open absorption system is installed on four wood dryers and

one bio fuel dryer.
An evaporation plant, with three stages, has replaced the generator, since the

sawmill and the environment cannot use all the heat produced with only one heating
stage, a generator. The evaporation plant decreases the required heat input and of
course also the condenser heat. Supplied heat is provided from a bio fuel furnace
connected to the first stage of the evaporation plant. The total system therefore
consists of one bio fuel dryer, five absorbers (one to the bio fuel dryer and four to

Fig. 1. Open absorption system installed at a sawmill.
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the wood dryers) and an evaporation plant including the bio fuel furnace. The dilu-
ted absorption solution from each dryer is transported to the evaporation plant
where heat is supplied. The absorbed water is evaporated and the concentration of
the solution is increased. The concentrated solution goes back to the absorbers. The
condenser heat is used for hot water production to the heating system of the saw-
mill. The condensate with a temperature of 95�C is first used as a heat source in one
wood dryer, then cooled further in the bio fuel dryer, before it is finally (with a
temperature of about 49�C) separated from the system [1].
The availability of the plant is high, approximately 8000 h per year and it has been

shut down only during July when the sawmill is closed.

3. Analysis

In low temperature drying, the airflow tends to be rather large since the capability
of the air to carry water is limited. The absorbers are designed for a gas velocity of
approximately 2 m/s through the packed bed. A higher velocity rapidly increases the
loss of solution from the absorber [2]. The size of the equipment depends on the
volume airflow since the velocity of the gas stream is set constant. Furthermore, the
required fan power also depends on the volume airflow. A reduced airflow in the
drying process therefore has two benefits � reduction of investment cost and lower
electricity demand for the fans. The calculations have been carried out using the
model shown in Fig. 2.
The air is circulating between the bio fuel dryer and the absorber. The water eva-

porating from the bio fuel is absorbed by the absorption solution. Heat is supplied
due to work done on the air in the fans. In the calculation model a battery has been
used to simulate that energy is supplied to the air circuit. Data for the reference case
is based upon measured operational conditions of the existing pilot plant and is
shown in Table 1.
The drying capacity is set constant and equal to the reference case throughout the

paper. The calculations have been carried out using energy and mass balance for the
bio fuel dryer and absorber and normally used psychrometric relations. An energy
balance for the bio fuel dryer can be described as

Q
:
conv ¼ m

:
dry air h2 � h3ð Þ ¼ Q

:
fuel þQ

:
losses ð1Þ

where Q
:
conv is the convective heat transfer. The heat transferred to the fuel can be

calculated from

Q
:
fuel ¼ m

:
fuel cp;fuel Tfuel;out � Tfuel;in

� � ð2Þ

The heat capacity of the fuel is dependent on its water content (A) as

cp;fuel ¼ 1� Að Þ cp;dry fuel þ A cp;water ð3Þ
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The temperature of the solid material will never exceed the wet bulb temperature,
since the fuel is dried to maximum 85% by weight of dry substance [3]. The heat
demand to the bio fuel dryer consists of heating of the solid dry material, heating of
the water in the solid material, evaporation of the water, transmission losses and
leakage of the process air to the environment. In Eq. (1), the heat of evaporation is
excluded. The outgoing air contains this heat as moisture and can therefore be
neglected in analyses based on humidified air. The heat losses have been approxi-
mated as

Q
:
losses ¼ K

T3 þ T2

2
� Toutdoor

� �
ð4Þ

since the losses are dependent on the mean air temperature in the dryer and the
outdoor temperature. The constant (K) has been established as 2.4 kW/K from the
reference case.

Fig. 2. Model used in the calculations.

Table 1

Operational data for the reference case

Temperature at dryer inlet 78�C
Temperature at dryer outlet 47�C
Relative humidity at dryer outlet 99% RH

Relative humidity at absorber outlet 23% RH

Salt concentration 72.5 wt.%

Drying capacity 1872 kg water/h

Mass flow bio fuel 1925 kg/ha

Heat demand (kW) 200 kW

a 85% by weight dry substance at dryer outlet.
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The energy balance, Eq. (1), and the assumption of constant bio fuel mass flow,
make it possible to determine the temperature di�erence for the dryer.
The relative humidity is per definition calculated from

� ¼ Pw Tð Þ
Ps Tð Þ ð5Þ

The air and the water vapor are assumed to behave approximately as a perfect
gas. The total gas pressure is calculated according to Dalton law, i.e. the pressure is
equal to the sum of the included gas partial pressures. Therefore the water content
or absolute humidity and enthalpy of the air can be calculated from

x ¼ Mw

Ma

Pw Tð Þ
Ptot � Pw Tð Þ
� �

ð6Þ

h ¼ cp;dry air Tþ x rþ cp;vapor T
� � ð7Þ

The density for dry air is determined using the equation of state

�dry air ¼ Pw

xRw T
ð8Þ

The evaporating capacity is a known parameter. Therefore the dry airflow can be
calculated from

m
:
dry air ¼ m

:
evap:

x3 � x2ð Þ ð9Þ

The dry mass flow of air through the process is constant, but the volume flow
di�ers due to di�erent temperatures and water contents, which lead to di�erent
densities. The volume flow is calculated from

�
:
air ¼ m

:
dry air

�dry air
ð10Þ

Absorption in the cross-current packed bed absorbers occurs during adiabatic
conditions, i.e. constant enthalpy of the air passing through the absorber [4]. This
is due to an interacting phenomenon between mass and heat transfer, i.e. the air
leaving the absorber has a lower water content and higher temperature than the
air entering the absorber (see Fig. 3). The figure shows the pathway in a Mollier
diagram for the humidified air through the absorber (3–1), via the battery (1–2) and
through the bio fuel dryer (2–3).
The relative humidity of the air leaving the absorber is calculated from the work-

ing line of the absorber, established in earlier work [2]. The relative humidity is
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assumed to depend only on salt concentration, be independent of temperature,
relative humidity, etc., on the air entering the absorber. Since the enthalpy of the air
is constant through the absorber the absolute humidity can be expressed as a func-
tion of enthalpy x ¼ fðhÞ. This function has been calculated from literature data of
enthalpy versus water content at a constant relative humidity.
The heat and cooling demands in this parameter study can be calculated from

Q
:
heat ¼ m

:
dry air h2 � h1ð Þ ð11Þ

Q
:
cool ¼ m

:
dry air h3 � h1ð Þ ð12Þ

The highest temperature level available in the plant is approximately 150�C, so the
calculations have been limited to an air temperature of maximum 140�C. The
working line of the absorber has been established experimentally for a temperature
level up to 70�C and a salt concentration of 75% by weight. Therefore extrapolated
data for di�erent conditions have been used in this work.

3.1. Drying temperature

An increased drying temperature leads to an increased saturation pressure for the
vapour, which gives a higher capacity per kg of dry air, due to the increased capacity
of the air to carry more moisture (see Fig. 4). This leads to a decreased airflow
through the dryer and absorber.
Limitations for the drying temperature are set by the highest available tempera-

ture level discussed earlier and the physical considerations for the bio fuel. During
the drying process the temperature of the bio fuel will correspond to the wet bulb
temperature of the air, since the water in the bio fuel is transported to the surface
and evaporated at the wet bulb temperature. The heating value is decreased at

Fig. 3. Pathways of the process in a Mollier diagram.
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temperatures exceeding 130–140�C. Odour problem in the environment could also
occur at higher temperature. In the study, drying temperatures from 70 up to 140�C
have been examined.
Calculations were carried out assuming a temperature at the dryer outlet (T3). The

absolute humidity and enthalpy could be calculated, since the relative humidity
(99% RH) was set constant. The absolute humidity (x1) at the absorber outlet was
determined since the enthalpy of the air through the absorber is constant and the
relative humidity is established from the working line of the absorber. The enthalpy
(h2) at the dryer inlet was calculated using Eqs. (1) and (2), since the temperature of
the bio fuel at the outlet from the dryer corresponds to the wet bulb temperature
and the incoming bio fuel temperature was set constant at 2�C, which is the mean
outdoor temperature at the location. Finally the temperature (T2) at the dryer inlet
was determined using Eq. (7). After the conditions of the air in all parts of the
process had been determined, the dry mass flow and the volume flow of air were
calculated. The required heat supply was established using Eq. (11).

3.2. �ooling

If the air is cooled during the absorption process, the mass transfer from the air to
the absorption solution increases. Cooling of the air in the absorber increases the
heat supply in the battery due to higher temperature di�erence between the absorber
and the dryer (see Fig. 5). In the pilot plant, the condenser heat in the open
absorption system is used for the heating system of the sawmill. Alternatively heat
can be supplied from the airflow through the absorber. In this way, the cooling
demand can be utilized and the condenser heat can for instance be used as a
heat supply in the battery. The cooling of the airflow by 2 and 5�C, from adiabatic
conditions, has been examined. Larger cooling rates would lead to an unreasonable
high drying temperature (T2) of the air. In the calculations, the temperature at the

Fig. 4. Pathways at di�erent drying temperatures.
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dryer outlet (T3) was held constant for the di�erent cooling rates in order to examine
the influence of one parameter only.
Cooling will only be an alternative where the cooling demand can be utilized.

Calculations were carried out almost in the same way as for the drying temperature.
When the airflow is cooled through the absorber, the temperature and enthalpy
decreases. The temperature (T1) at the absorber outlet was determined by decreasing
the temperature from adiabatic conditions with the required cooling rate. When the
temperature is established, the absolute humidity (x1) and enthalpy (h1) can be
calculated using Eqs. (6) and (7).

3.3. Salt concentration

Increased salt concentration leads to a lower relative humidity of the air leaving
the absorber, according to the working line of the absorber. Air, with a lower water
content, increases the capacity per kg of dry air (see Fig. 6). Salt concentrations of
75, 80, 85 wt.% have been examined.
A limitation occurs with crystallization problems at higher concentrations [5]. To

avoid this phenomenon, a higher temperature for the solution is required. However this
has not been considered in this work. For di�erent salt concentrations, the drying
temperature (T2) was held constant to examine the influence on one parameter only.
Calculations were performed in the same way as for the drying temperature.

4. Results

�.1. Drying temperature

Fig. 7 shows the volume airflow at di�erent dryer inlet temperatures.

Fig. 5. Pathways at di�erent cooling rates.
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A dryer inlet temperature of 140�C decreases the airflow by approximately 31%,
compared with the reference case, for a dryer inlet temperature of 78�C and constant
drying capacity. The volume flow at the absorber outlet and the dryer inlet are almost
of the same magnitude due to the air having the same absolute humidity and
approximately the same temperature. The heat supply in the battery is shown in Fig. 8.
At 140�C the required heat is 365 kW compared with 200 kW for the reference case.
The required heat increases with higher temperatures due to heating of the bio fuel

and so transmission losses increases. The outlet temperature from the dryer is 87�C
at an inlet temperature of 140�C.

Fig. 7. Volume flow at di�erent dryer inlet temperatures.

Fig. 6. Pathways at di�erent salt concentrations.
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�.2. �ooling

Table 2 shows the volume flow when the air is cooled by 2 and 5�C, respectively,
from adiabatic conditions, (i.e. the reference case): 5�C cooling gives a decreased
airflow of approximately 50% compared with the reference case.
Cooling of the airflow increases the temperature di�erence over the battery, which

leads to a larger heat demand for the dryer (see Table 2). The heat demand will
increase to approximately 1040 kW. The cooling demand is 800 kW at the same
time.
The actual heat losses from the bio fuel dryer are 148 kW. Therefore cooling of

the airflow is only an alternative if the cooling demand can be utilized because a
large part of the heat demand is used to cover the cooling of the airflow in the
absorber.
The temperature of 47�C at the dryer outlet was held constant for the di�erent

cases. The temperature at the absorber outlet is 73 or 70�C, respectively, for the two
cases. In the reference case, the corresponding temperature is 75�C. This implies that
the maximum temperature of the cooling medium will be approximately 70�C.

Table 2

Volume flow at di�erent cooling rates

Cooling Reference 0�C 2�C 5�C

Volume flow at absorber outlet (m3/s) 47.4 33.2 23.0

Volume flow at dryer inlet (m3/s) 47.9 35.0 25.9

Volume flow dryer outlet (m3/s) 43.9 31.1 22.0

Heat demand (kW) 200 675 1040

Cooling demand (kW) 0 460 800
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�.3. Salt concentration

An increased salt concentration will also decrease the volume airflow (see Table 3).
A salt concentration of 85% by weight reduces the airflow by approximately 32%
compared with the reference case.
The required heat to the battery will decrease with higher salt concentration

because the temperature di�erence over the battery remains almost the same while
the airflow decreases. The heat demand at 85% concentration by weight is decreased
by approximately 18%, to 165 kW, compared with the reference case.

�.�. Parameters combined

The results of all three parameters combined, i.e. salt concentration of 85% by
weight, cooling of 5�C and a drying temperature of 140�C, are shown in Table 4.
The volume flow is decreased by approximately 60% compared to the reference
case. The heat losses from the bio fuel dryer in this case are approximately 232 kW
because of the higher drying temperature.

5. Discussion

Extrapolated data have been used for the working line of the absorber. The data
are not experimentally established at the temperatures and salt concentrations
covered in this parametric study. Therefore, the results show the trends for changing
the parameters and should not be treated as definite values. Calculations have been

Table 4

Results when the three parameters are combined

Reference

Volume flow at absorber outlet (m3/s) 47.4 18.5

Volume flow at dryer inlet (m3/s) 47.9 21.7

Volume flow at dryer outlet (m3/s) 43.9 17.7

Heat demand (kW) 200 1170

Cooling demand (kW) 0 870

Table 3

Results at di�erent salt concentrations

Salt concentration (wt.%) Reference 72.5 wt. 75 wt.% 80 wt.% 85 wt.%%

Volume flow at absorber outlet (m3/s) 47.4 43.9 37.8 32.2

Volume flow at dryer inlet (m3/s) 47.9 44.4 38.3 32.6

Volume flow at dryer outlet (m3/s) 43.9 40.5 34.5 28.9

Heat demand (kW) 200 191 179 165
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made at atmospheric pressure. To investigate higher temperature levels on the air at
saturation, the system has to be pressurized since the partial pressure exceeds the
atmospheric pressure at higher temperatures [see Eq. (6)].
Crystallization problems at higher salt concentrations have to be resolved experi-

mentally, as well as the working line established for the absorber at higher tem-
peratures and salt concentrations. In other systems where the limitations of the
parameters do not exist, the drying temperature could be increased even more. In
this work it is limited by the temperature level of the heat source available.
Drying at low temperatures is often used because of the low energy demand. An

increased drying temperature would therefore decrease the investment cost but
increase the energy demand. It might be an alternative to use some of the condenser
heat as the heat source for the increased energy demand. From the evaporation
plant it is also possible to supply heat (from the steam) between the evaporation
stages. The increased energy demand should therefore not be a problem technically.
According to the manufacturers, the investment cost for the bio fuel dryer and

absorbers could be decreased by between 25 and 30% if the volume airflow is
decreased by 30 to 50%. In the Swedish wood industry today, very short pay o�
times for larger investments are required. In economical aspects the investment
cost has to be compared with the total earnings for the sawmill. �ot only the bio
fuel dryer, also the wood dryers have to be taken into consideration for the
investment, since the primary object with the open absorption system is to reduce
the total energy demand for the sawmill and therefore give rise to a release of bio
fuel that can be sold on the market. Therefore the economic calculations will vary a
lot for di�erent plants.
Another aspect that is of importance is to investigate how the condenser heat can

be utilized. For instance, if there is a district heating system in the environment, the
condenser heat can be used for that system. In that case, a three stage evaporation
plant would not be necessary since the increased condenser heat with one evaporat-
ing stage can still be utilized.

6. Conclusions

The results show that it is possible to reduce the volume flow of air used in the
pilot plant by changing the operational conditions. By increasing the drying tem-
perature, increasing the salt concentration or cool with the airflow during the
absorption process, the volume flow of air can be decreased by 30–60% compared
with the reference case. In other words, it is possible to maintain the same drying
capacity by using equipment only about one-third in size compared to the pilot
plant. The investment cost for absorber and bio fuel dryer can thereby be reduced by
about 30 and 50% respectively. Decreased volume flow of the air will also reduce the
electrical input to the fans since the fan power is in direct proportion to the volume
airflow.
By reducing the investment cost, the open absorption system can be more com-

petitive compared with other drying techniques.
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Abstract

In indoor swimming-pool facilities, the energy demand is large due to ventilation losses with

the exhaust air. Since water is evaporated from the pool surface, the exhaust air has a high water
content and specific enthalpy. Because of the low temperature, the heat from the evaporation is
difficult to recover. In this paper, the energy demand for the conventional ventilation technique in

indoor swimming pools is compared to two different heat-recovery techniques, the mechanical
heat pump and the open absorption system. The mechanical heat-pump is the most widely used
technique in Sweden today. The open absorption system is a new technique in this application.

Calculations have been carried out on an hourly basis for the different techniques.Measurements
from an absorption system pilot-plant installed in an indoor swimming pool in the northern part
of Sweden have been used in the calculations. The results show that with the mechanical heat
pump, the electrical input increases by 63 MWh/year and with the open absorption system 57

MWh/year. However, a mechanical heat-pump and an open absorption system decrease, the
annual energy demand from 611 to 528 and 484 MWh respectively, which correspond to
decreases of approximately 14 and 20% respectively. The electricity input will increase when

using heat-recovery techniques. Changing the climate in the facility has also been investigated. An
increased temperature decreases the energy demand when using the conventional ventilation
technique. However, when either the mechanical heat-pump or the open absorption system is

used, the energy demand is increased when the temperature is increased. Therefore increasing the
temperature in the facility when using the conventional technique should be considered the first
measure to reduce the energy demand. # 2001 Elsevier Science Ltd. All rights reserved.
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Nomenclature

A Area (m2)
cp Specific heat (J/kg K)
h Specific enthalpy (J/kg dry air)
M Mole mass (kg/mole)
m
:

Mass flow (kg/s)
Q
:

Rate of heat transfer (W)
P Pressure (Pa)
Q Energy demand (J)
r Evaporation heat (J/kg)
T Temperature (�C, K)
x Humidity ratio (kg H2O/kg dry air)

Greek symbols

� Heat transfer coefficient ðW=m2 �KÞ
" Ratio of outdoor air mass flow rate to total air mass flow rate (�)
� Relative humidity (%RH)

Subscripts
a Dry air
abs Absorbed water-vapor
air Moist air
air heater Heater in the air circuit
cirk Circulation airflow
comp Compressor
cw Cold water
electricity Electricity to compressor and generator respectively
evap Evaporation of water from pool surface
facility Conditions in the building
from Airflow from the facility
gen Generator/Boiler
hp Conditions in heat-pump evaporator
hw Hot water
l Liquid
leak Leakage airflow to the facility
mixed Conditions of mixed airflow
outdoor Outdoor conditions
pool Conditions in the pool
rad Radiators
solution Conditions of absorption solution
surface Air closest to the pool surface
to Airflow to the facility
trans Transmission losses
v Vapor
w Water
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1. Introduction

An indoor swimming-pool facility normally has a large energy demand and is
therefore an interesting application for heat recovery systems. Water evaporates
from the pool surface and has to be removed from the facility in order to avoid
condensation on cold surfaces in the facility. The moisture is carried away by out-
door air, which leads to large energy demands for the facility. When water evapo-
rates, heat from the water in the pool is transferred to the air. The heat is difficult to
recover because of the low air temperature. In order to keep a good climate and quality
of the air in the facility, a minimum outdoor airflow is supplied. According to Swedish
regulations the minimum outdoor airflow for buildings is 0.35 l/s per m2 floor area. By
experience, it has been shown that the outdoor airflow has to be larger to retain good
air quality. Rule of thumb is often used demands a minimum outdoor airflow of 10 m3/
h (2.8 l/s) per m2 pool area, during opening hours [1]. The climate in the facility, i.e. the
temperature and relative humidity, is dependent on the outdoor temperature. When the
outdoor temperature decreases, the relative humidity is decreased in order to avoid
condensation of moisture on cold surfaces such as windows and outer walls.
There are various heat-recovery systems on the market today that reduce the

energy demand for the facility. Mechanical heat-pumps are most widely used, espe-
cially in Scandinavian countries. In this paper, the energy demands for the mechan-
ical heat-pump and the conventional ventilation technique are compared.
An open absorption system also makes it possible to recover the latent heat in the

moist air. Therefore the outdoor airflow can be reduced, which leads to reduced
energy demand for the facility. In the mid-eighties, a pilot plant demands open
absorption system was installed at an indoor swimming-pool facility in the northern
part of Sweden. To evaluate the technique, measurements were carried out during a
couple of years. The measurements have been published by Westerlund et al. [2].
This paper will compare the energy demands for the open absorption technique with
those for the mechanical heat pump and conventional ventilation technique.

2. Conventional ventilation-technique

The conventional ventilation-technique uses outdoor air to carry away the eva-
porated water from the pool surface. Despite the outdoor air having a high relative
humidity, the humidity ratio is low compared with that of the air in the facility.
To decrease the energy demand, the outdoor airflow is mixed with a circulation

flow from the facility (see Fig. 1). The letters A–D stand for the different conditions
in the air circuit. The mixed airflow passes through an air heater, where heat is
supplied for the air to reach the required temperature. The air heater consists of a
bundle of tubes enclosed in the air duct, with hot water from the district heating
system flowing inside the tubes and the air being heated by flowing on the outside of
the tubes.
The outdoor airflow and circulation flow are regulated with dampers in the air

ducts. The relative humidity in the exhaust air sets the outdoor airflow. If the
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Fig. 1. Flow diagram of the conventional ventilation technique.

Fig. 2. Pathways in a Mollier diagram for the conventional technique.
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relative humidity is too high, the outdoor airflow is increased and vice versa. The
temperature of the air from the facility is used to dictate the rate of heat supply in
the air heater. Fig. 2 shows the pathways in a Mollier diagram for the conventional
ventilation technique.
Close to the pool surface, the air is saturated. The difference in partial pressures of

the water vapor in the air closest to the surface and in the facility leads to a mass
transfer of water vapor from the pool to the air in the facility. The heat required for
the evaporation is taken from the pool water. Hence the evaporation pathway (C–D)
is almost horizontal in the Mollier diagram. The heater in the pool circuit consists of
a bundle of tubes with hot water from the district-heating system flowing inside the
tubes and the pool water is heated by flowing over the outside of the tubes.
If the facility in total is taken into consideration, heat is supplied to the pool, to

the airflow, to the radiators and to the hot-water production. The heat losses from
the facility consist of transmission losses, evacuation losses via the exhaust air and
the hot water from the showers to the sewer (see Fig. 1). The radiators are designed
to cover the transmission losses from the facility.

3. Mechanical heat pump

In many indoor swimming pools, the air is dehumidified with a mechanical heat-
pump (see Fig. 3). It consists of four parts:- compressor, condenser, expansion valve
and evaporator. The principle of the mechanical heat pump is that the refrigerant is

Fig. 3. Mechanical heat pump dehumidifier installed in a bathhouse.
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evaporated in the evaporator. The heat of evaporation is taken from the moist air in
the facility. The compressor increases the pressure and temperature of the vapor. In
the condenser, the refrigerant is condensed thereby giving off heat. The pressure of
the liquid is decreased through an expansion valve. When installed in the facility,
moist air from the facility is passed through the evaporator where the air is cooled
and water vapor is condensed. According to the manufacturer, approximately 20%
of the total airflow is cooled in the evaporator and 80% is by-passed [1].
The dehumidified airflow and the by-pass flow are mixed (F). The total airflow is

mixed with outdoor air (B), before passing through the condenser, where heat is
supplied to the air (see Fig. 3). The condenser consists of two parts. One part is used
to preheat the mixed airflow before entering the air heater and one, heat exchanger,
used for preheating of the water in the pool. The largest part of the condenser heat is
used to preheat the water in the pool. The mechanical heat-pump is designed for the
evaporation rate that occurs when the facility is closed [1]. During closed hours,
there are no restrictions of outdoor airflow: hence all the air is circulated and no
outdoor air is supplied.
During opening hours, when the evaporation rate from the pool is large, outdoor

air is supplied. Fig. 4 shows the pathways in a Mollier diagram when the mechanical
heat pump is installed. It is running under on/off conditions, i.e. it is always oper-
ating at maximum load since the efficiency is decreased when it is operating at part
load [3].
The heat pump is automatically shut down when the evaporation rate is low and

operation is not necessary. The air heater in the air circuit is used to reach the set-

Fig. 4. Pathways in a Mollier diagram using the mechanical heat pump.
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point value for the temperature. The heater in the pool circuit is used to reach the
set-point value for the pool water.
The heat demand in the batteries is reduced due to the condenser heat. On the

other hand, the electrical input is increased since it is needed to operate the com-
pressor. The other heat supplies consists of heat to the radiators and hot-water
production in the same way as for the conventional ventilation technique.

4. Open absorption system

When the open absorption system is used, the airflow from the facility passes
through the absorber where the water vapor is absorbed by an absorption solution.
The humidity ratio is decreased and the temperature of the air is increased. The
diluted absorption solution is transported to the generator, or boiler, where heat is
supplied. The absorption solution has a higher boiling-point than water: hence the
water is evaporated and the absorption solution is regenerated. The concentrated
solution is brought back to the absorber. In the condenser, the water vapor is cooled
and the condensate is removed from the system. Fig. 5 shows the open absorption
system installed in the facility. The open absorption system and different applica-
tions are described in Westerlund et al. [2,4] and Johansson et al. [5,6].

Fig. 5. Open absorption system installed in a bathhouse.
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The dried airflow (E, F) is mixed with the outdoor airflow before entering the air
heater (B). The condenser heat is used for heating the water in the pool. When the
condenser heat is less then required, an additional air heater is used. Since the heat
of evaporation is supplied to the airflow, it has to be cooled, to avoid an increased
indoor temperature (see Fig. 6). If the absorption solution is supplied to the absor-
ber at the wet-bulb temperature of the air, absorption will occur under adiabatic
conditions and the enthalpy of the air will remain constant through the absorber [7].
When the absorption solution is cooled, heat is transferred from the airflow during
its passage through the absorber. The heat transferred in the heat exchanger is used
for preheating of water for the showers. Since there is a difference in time between
high load of the evaporation rate (large swimming activity) and high load on the
showers, heat storage has to be installed to store the heat transferred from the air.
During closed hours, the outdoor airflow is excluded and the total airflow is circu-
lated since the absorption solution absorbs the evaporated water.

5. Analysis

To compare the different techniques, calculations were carried out for the facility
where the pilot plant absorption system was installed. Since measurements from a
couple of years were available, the comparison is made with some of the data from
that facility. Similar calculations can be made for other indoor swimming-pools.
The facility has six lanes of 25 m length. The total pool area is 258 m2. The total

ventilation airflow in the facility is 8000 m3/h and the leakage of air was estimated to
be 320 m3/h, which corresponds to 0.1 times the total air volume in the facility.
During opening hours, three different evaporation rates have been used. The

durations when these rates occur, have been established from statistical data of
visitors during the day. Calculations of the total energy demands for the different
techniques have been carried out hour-by-hour on annual basis.
In prior measurements, the outdoor temperature was measured every hour and

used in the calculations. The temperature is important since the climate in the facil-
ity is dependent on the outdoor temperature. The temperature in the facility was set
constant at 29 �C and the relative humidity differs according to the change in out-
door temperature. When the outdoor temperature was low, the relative humidity in
the facility was decreased. The relative humidity in the facility was calculated using
Eq. (1). The temperature in the pool was also set constant to 27 �C. Another con-
dition was to supply the minimum outdoor airflow to the facility during opening
hours.

�facility ¼ 55þ 0:25Toutdoor ð%RHÞ ð1Þ

The humidity ratio and the specific enthalpy of the dry air in the facility (point D
in Figs. 1–6) and the outdoor airflow (point A) were calculated using Eqs. (2) and
(3).
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x ¼ Mw

Ma

Pv

Ptot � Pvð Þ ðkg water=kg dryairÞ ð2Þ

where (Pv) is the partial pressure of the water vapor and (Ptot) is the total pressure.
In the calculations the total pressure was set constant at 1 atm or 101325 Pa.

h ¼ cp;aTair þ x rþ cp;vTair

� � ðkJ=kg dry airÞ ð3Þ

The enthalpy of the air was calculated using 0 �C as the reference temperature.
Hence dry air at temperature 0 �C has zero enthalpy.
Close to the water surface, the air will be saturated with water at the same tem-

perature as the pool water (xsurface). Since the air condition in the facility was known,
the evaporation rate approximated to

m
:
evap ¼ �Apool

c�p;air
xsurface � xfacility
� � ½kg=s� ð4Þ

where � is the heat-transfer coefficient (W/m2 K) [8]. Three different values of the
heat-transfer coefficient have been used, to describe the activity during opening
hours, see Table 1. When there is activity in the pool, the surface area is increased
due to water movements, hence this is considered. As mentioned earlier, the dura-
tion when the different evaporation rates occur, have been established from statis-
tical data, see Table 1.

Fig. 6. Pathways in the Mollier diagram using the open absorption system.
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The different heat transfer coefficients have been established from measurements
in an earlier work [2].
The heat release from the pool water due to evaporation was calculated using

Q
:
evap ¼ m

:
evap rþ cp;vTpool

� � ðWÞ ð5Þ

Since the leakage airflow to the facility and the total airflow were set to be con-
stant, the dry mass flow of air to the facility was estimated using

m
:
to ¼ m

:
from �m

:
leak ðkg dry air=sÞ ð6Þ

The humidity ratio and the enthalpy of the air to the facility (point C in Fig. 1–6)
were established from a mass balance of water and an energy balance for the facility,
Eq. (7). and (8).

xto ¼ m
:
fromxfacility �m

:
leakxoutdoor �m

:
evap

m
:
to

½kg water=kg dry air� ð7Þ

hto ¼ m
:
fromhfacility �m

:
leakhoutdoor �Q

:
evap �Q

:
trans;facility

m
:
to

½J=kg dry air� ð8Þ

In Eq. (8), the heat transferred to the facility from the people, machines and
lighting etc. is excluded. To make the energy balance complete, these heat supplies
should also be considered. For the mixed airflow (point B), the properties were cal-
culated using mass and energy balances, see Eq. (9). and (10) respectively:-

xmixed ¼ xoutdoorm
:
outdoor þ xcirkm

:
cirk

m
:
to

ðkg water=kg dry airÞ ð9Þ

hmixed ¼ houtdoorm
:
outdoor þ hcirkm

:
cirk

m
:
to

ðJ=kg dry airÞ ð10Þ

Combining Eq. (9) and (5) makes it possible to calculate the outdoor airflow
(point A) as

Table 1

Heat-transfer coefficients for different evaporation rates [2]

Evaporation

rate

Heat-transfer

coefficient

(W/m2 K)

Duration (weekdays,

opening hours

8.00–21.00)

Duration (Saturdays,

opening hours

6.00–18.00)

Duration

(Sundays, closed

facility)

Maximum 5.8 08.00–12.00, 15.00–18.00 06.00–09.00, 12.00–15.00 -

Medium 3.8 12.00–15.00, 18.00–21.00 09.00–12.00, 15.00–18.00 -

Minimum 1.8 00.00–08.00 00.00–06.00, 18.00–24.00 00.00–24.00
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" ¼ xoutdoor � xfacility
xto � xfacility

ð11Þ

where " is the part of the total airflow to the facility

" ¼ m
:
outdoor

m
:
to

ð12Þ

During opening hours, the outdoor airflow was set to the minimum value (2580
m3/h) even if a smaller airflow was adequate to carry away the moisture. That leads
to the evaporation rate from the pool increasing since the outdoor air has a lower
humidity ratio than the circulation air. The evaporation rate was recalculated and
through an iteration process, using Eqs. (4), (7) and (11), the conditions of the air
supplied to the facility were established.
When the conditions at the point of mixing and the conditions of the air to the

facility were known, the required heat to the air heater was calculated using Eq. (13).

Q
:
airheater ¼ m

:
to hto � hmixedð Þ ðWÞ ð13Þ

The required heat to the pool was calculated using

Q
:
pool ¼ Q

:
evap þQ

:
trans;pool þm

:
evapcp;w;l Tpool � Tcw

� � ðWÞ ð14Þ

where the transmission losses from the pool were estimated to be a fixed value of 8
kW [2].
The last term in Eq. (14) describes the preheating of supplied water to the pool.

(Tcw) was set constant to 5 �C.
Finally the transmission losses from the facility were calculated according to Eq.

(15)

Q
:
trans;facility ¼

X
UA Tfacility � Toutdoor

� � ðWÞ ð15Þ

The
P

UA value was estimated to be 0.44 W/ K. [9].
Calculations were carried out hour by hour on annual basis, assuming constant

conditions during each hour. That assumption leads to that the annual energy
demand for the facility being able to be deduced using Eq. (16).

Qtotal ¼
ð
year

Ptotdt

�
X8760
1

Q
:
airheater þ

X8760
1

Q
:
pool þ

X8760
1

Q
:
rad þ

X8760
1

Q
:
hw þ

X8760
1

Q
:
electricity

 !
�t ð16Þ

In Eq. (16) (Q
:
rad) is the heat demand due to transmission losses from the facility.

The radiators in the facility are designed to cover the transmission losses from the
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facility and were included in the energy balance [Eq. (8)]. Therefore the transmission
losses from the facility were covered by the supplied heat to the air heater in the air
circuit. However, during extreme low outdoor-temperatures, the radiator system
must be used. Q

:
hw is the heat demand for the hot water production and Q

:
electricity is

the electrical input. With the conventional ventilation technique, there are electricity
inputs to pumps and fans. In the calculations, it is neglected since the same equip-
ment is used in the other techniques. Therefore only the increased electricity input
was calculated for the mechanical heat-pump and the open absorption system.
When using the mechanical heat-pump, the electricity input means the supplied
electricity to the compressor and, when using the open absorption system, the sup-
plied electricity to the generator.
The required heat for the hot water to the showers was on average 17.8 kW during

one week. Measurements show that the annual heat-demand for the hot water pro-
duction is 161 MWh/year.

5.1. Mechanical heat-pump

Calculations including the mechanical heat pump were carried out in a similar
way as for the conventional ventilation technique. Data for the mechanical heat
pump were obtained from the manufacturer.
The electricity supply to the compressor is constant at 8 kW, but only 6.25 kW is used

as work on the refrigerant. The remainder consists of losses [1]. The condenser heat to
the water-cooled condenser is 16.7 and 2 kW to the air circuit: hence the mechanical
heat-pump is giving off a total of 18.7 kW of heat. That gives a COP of 2.3 for the
mechanical heat-pump. The airflow through the evaporator was set at 2400 m3/h.
The only difference in the calculations compared with those for the conventional

ventilation technique was that the outdoor airflow was set to zero during closed
hours. That implies that the air circulated (point F), to the facility has the conditions
that occur from the mixing of the air through the evaporator and the air by-passed
(point F).
Since the airflow through the evaporator and the heat transferred from the air to

the working medium was set constant, the enthalpy of the air leaving the evaporator
was calculated according to

ha ¼ hfacility � Q
:
hp

m
:
a;hp

J=kg dry airð Þ ð17Þ

The cooling of the airflow leads to a condensation of water vapor. The air after
the evaporator (point E) is saturated (see Fig. 4). Using psychrometric data, a
function (T=f(h)) was established. The temperature on the air leaving the evapor-
ator was then calculated using

Ta ¼ -5:9727þ ð0:68292haÞ � ð0:0055349h2aÞ
þ ð3:10e-05h3aÞ � ð7:9457e� 08h4aÞ �C½ � ð18Þ
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When the temperature and enthalpy of the air was known, the humidity ratio was
calculated using Eq. (3).
The airflow through the evaporator and the by-pass flow are mixed and the con-

ditions on the air circulated were calculated using energy and mass balances (point
F). The required heat to the air heater was calculated using Eq. (13) and reduced by
the condenser heat. The required heat to the pool was calculated using Eq. (14) and
reduced with part of that from the water-cooled condenser.
The required heat for the hot-water production was set to 161 MWh/year and the

total energy demand was calculated using Eq. (16).

5.2. Open absorption system

The calculations when the open absorption system was installed were also made
with the outdoor airflow set to zero during closed hours. All the air passes through
the absorber and hence the circulated air (point E, F) has the same conditions as
the air at the absorber outlet. The relative humidity of the air leaving the absorber
is dependent on the concentration of the absorption solution. Therefore the mini-
mum outdoor airflow can be used since the required condition can be achieved
by altering the salt concentration. During opening hours, the outdoor airflow
was therefore always set to the minimum airflow, in order to optimize the heat
recovery. During opening hours, the humidity ratio of the circulation air was
calculated using Eq. (9) since the humidity ratio for the outdoor air and for the
facility were known.
The air is cooled through the absorber. To calculate the enthalpy of the air at the

absorber outlet, the cooling demand must be known. The cooling demand was
established from measurements of the enthalpy after the absorber using Eq. (19)

hcirk ¼ hfacility � Q
:
hw

m
:
from

J=kg dry air½ � ð19Þ

Measurements showed that the heat demand for the hot-water production (Q
:
hw)

in Eq. (19) varied roughly between 2 and 42 kW at minimum and maximum load [9].
The required heat was therefore set constant at three different values (2, 27 and 42
kW) for the different evaporation rates, (see Fig. 7). The measurements also showed
that the total heat supplied to the heat store was 120 MWh/year. Since the total heat
demand for the hot-water production was 161 MWh/year during one year, an
additional 41 MWh/year has to be supplied by an extra heater.
When the conditions of the circulation air were established, the heat demand for

the air heater and pool was calculated in the same way as for the other techniques.
The supplied heat to the generator is dependent on the evaporation rate according

to Eq. (20).

Q
:
gen ¼ m

:
absrþm

:
solutioncp;solution �Tsolutionð Þ ð20Þ
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where cp,solution and �Tsolution are the respective properties for the absorption solu-
tion. According to measurements, the heating of the absorption solution, solvent
heat and transmission losses from the generator are less then 10% of the supplied
heat [6]. Therefore a factor of 1.1 has been added to the first term in Eq. (20).

6. Results

Fig. 8 shows how the outdoor temperature varied during a week from Monday
00.00 to the next Sunday 24.00. That is 168 h and most of the figures will show
variations during each week as well as during each day.
The evaporation rate varies during the week due to the activities in the pool and

the climate in the facility. Fig. 9 shows the evaporation rate during one week of the

Fig. 7. Required heat for the hot-water production during one typical week.

Fig. 8. Variation of the outdoor temperature during one week.
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year. The three different evaporation levels (max, mean, min) were considered. The
different rates are approximately 47, 35 and 15 kg water/h, respectively.
The lowest value (15 kg/h) of the evaporation rate occurs during closed hours.

During opening hours, the maximum rate (47 kg/h) and mean rate (35 kg/h) are
shown. If the minimum outdoor airflow of 10 m3/h per m2 pool area was not to be
taken into consideration, the mean evaporation rate would be lower. Since the out-
door air has a lower humidity ratio compared with the circulation airflow, the
evaporation rate increased during opening hours.
Fig. 10 shows the outdoor air ratio during one day. The figure shows that the

conventional ventilation technique requires most outdoor air. With the open
absorption system, the outdoor air ratio is least. The minimum outdoor airflow can

Fig. 9. Evaporation rate for an average week.

Fig. 10. Outdoor air ratios (i.e. massflow of outdoor air divided by total massflow of air) during one day

for the different techniques.
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always be supplied because the condition of the air emerging from the absorber is
dependent on the concentration on the absorption solution.
Fig. 11 shows the heat required for the air heater in the air circuit for the different

techniques. The annual heat demands for the different techniques are 235, 217, 230
MWh/year respectively. The heat demand is less for the mechanical heat-pump and
the open absorption system. When the airflow is cooled in the evaporator, the
circulated airflow has a lower specific enthalpy than the air emerging from the
facility. Since a minimum outdoor airflow has to be supplied, a larger heat supply in
the air heater will be required during opening hours. When the open absorption
system is used, the airflow is cooled through the absorber. Therefore heat has to be
supplied to the air, for it to remain at constant temperature in the facility. This
explains why the reduction of the required heat is rather small compared with that

Fig. 11. Required heat to the battery in the air circuit.

Fig. 12. Comparison of supplied heats to the battery for the conventional technique and the mechanical

heat pump.
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for the conventional ventilation technique. Without the cooling, the absorption
process would occur at constant enthalpy of the air (see Fig. 6).
Fig. 12 shows how the required heat to the air heater in the air circuit varies

during one day when the mechanical heat-pump is in operation. It shows that the
required heat is increased with the mechanical heat-pump for the mean evaporation
rate. During maximum evaporation, the required heat is of the same magnitude,
since only about 2 kW of the condenser heat is supplied to the airflow. The
remainder is supplied to the water in the pool. During closed hours, the reduction of
the required heat is larger due to the reduced outdoor airflow.
Fig. 13 shows the same comparison for the open absorption system and the con-

ventional ventilation technique. With the open absorption system, the required heat
in the air heater is less then for the conventional ventilation technique during closed
hours. During opening hours, the required heat to the air heater is larger than for
the conventional ventilation technique. Since the cooling demand in the absorber is
larger, the required heat in the air heater becomes larger.
Since the airflow has to be cooled when the open absorption system is in opera-

tion, the temperature in the facility will increase when it is closed for a long period of
time. When there is no load on the hot-water production, the heat is used to charge
the heat store. Therefore the open absorption system has to be shut down during the
summer when the facility is closed for a period of 10 weeks. During this period, the
rate of heat demand to the air heater was approximately 20 MWh/year.
The temperature in the absorber outlet varies since the absorption rate is varying.

Fig. 14 shows how the temperature is varying during one week. The lowest
temperature of the air is approximately 17 �C. The temperature of the absorption
solution is almost the same, which implies that the hot water can be heated to
approximately 10–15 �C during those hours. The temperature of the cold water is
about 5 �C. Hence a heat store of 3 m3 is needed.

Fig. 13. Comparison of supplied heat to the battery for the conventional technique and the open

absorption system.
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To avoid freezing on the surfaces in the evaporator when the mechanical heat
pump is used, the temperature must exceed the freezing point. Fig. 15 shows how the
temperature after the evaporator is varies during one week. The lowest temperature
is about 14 �C hence freezing will not occur.
The temperature after the evaporator varies due to different airflows through the

evaporator. During closed hours, a larger airflow is by-passed, which leads to a
smaller airflow through the evaporator and therefore a slightly higher temperature.
The heat demand for the pool is dependent on the evaporation rate and trans-
mission losses from the pool. In the comparison, the evaporation rate is the same
for the different techniques. Hence the heat demand for the pool remains the
same. The annual heat demand is 215 MWh/year for the conventional ventilation
technique. Since the biggest part of the condenser heat is used to preheat the pool
water, the heat input to the heater in the pool circuit is decreased by 60% to 87
MWh/year when the mechanical heat-pump is used. Also, when the open absorption
system is used, the condenser heat decreases the heat demand for the heater in the
pool circuit. It is reduced by 25% to 160 MWh/year, since the condenser heat is
smaller for the open absorption system (see Fig. 16). During the summer, when
the open absorption system was turned off, the heat demand to the pool was 29
MWh/year.
The mechanical heat pump and the open absorption system both require electrical

inputs to the compressor and generator (boiler) respectively. Fig. 17 shows the elec-
trical input for the different techniques. The annual electrical input for the mechan-
ical heat-pump is 63 MWh/year and for the open absorption system 53 MWh/year.
Only the increase in electrical input has been calculated. Due to pressure drop

through the absorber, more fan power will be required. Hence the electrical input
for the fans increases. The same goes for the pressure drop through the evaporator
and condenser when the mechanical heat-pump is used. The increased electrical
input due to the increased pressure drop has not been taken into consideration in the
calculations. The total annual energy demand for the different techniques, i.e. the

Fig. 14. Temperature of the air at absorber’s outlet.
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Fig. 15. Temperature of the air after the evaporator.

Fig. 16. Supplied heats to pool battery for the different techniques.

Fig. 17. Electrical inputs for the different techniques.
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heat supplies to the air heater, pool heater, electrical input and hot water production
are 611, 528, 484 MWh/year respectively (see Fig. 18). The reduction of the annual
energy demand is approximately 14% for the mechanical heat-pump and about 20%
for the open absorption system.
For the conventional ventilation technique and the mechanical heat-pump, 161

MWh/year out of the total energy demand consists of heat to the hot water pro-
duction. For the absorption system, it is reduced to 41 MWh/year.
However, the total energy demand is dependent on the climate in the facility. If

the air temperature is decreased and the relative humidity remains the same, the
evaporation from the pool will increase rapidly when using the conventional venti-
lation technique. That requires an increased outdoor airflow and therefore an
increased energy demand for the facility (see Fig. 19). The increased evaporation
from the pool is larger than the reduction of the transmission losses from the facility

Fig. 18. Total energy demands for the different techniques.

Fig. 19. Supplied heat versus temperature in the facility.
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due to the lower temperature. Calculations showed that the energy demand
decreased when the mechanical heat pump or the absorption system was used and
the air temperature was lowered. Since part of the latent heat in the exhaust air is
recovered with both systems, the total energy demand becomes lower, due to the
reduced transmission losses from the facility. However, since the minimum outdoor
airflow has to be supplied during opening hours, the reduction of energy is small for
different temperatures. The relative humidity in the facility is set in order to avoid
the condensation of vapor on cold surfaces. When the temperature is decreased, the
dew point is also decreased which leads to a higher relative humidity being allowed
in the facility. Approximately 5% higher relative humidity can be allowed at the
temperature of 25.5 �C. Using different climates in the calculations gave an annual
energy demands according to Fig. 19. For instance, at 25.5 �C, the energy demand
was 644 MWh/year for the conventional ventilation technique and 527 and 452
MWh/year for the mechanical heat-pump and the open absorption system respec-
tively.
These results show the importance of maintaining the required climate in the

facility. For instance, if the control system is recording a higher relative humidity
than the set-point value, the energy demand could be increased considerably. At
lower temperatures, it seems that the heat-recovery systems are more beneficial than
at the climate used in these calculations.

7. Discussion

Mechanical heat-pumps are a well-established technique to reduce the energy
demand for indoor swimming pools, especially in Scandinavian countries. There are
different systems on the market today, which has led to the technique being well
developed and optimized. The price of the mechanical heat pump of the size used in
these calculations, fully installed is about 500 kSEK. For the climate used, the
decreased energy demand was 83 MWh/year. The price of heat in Sweden today is
roughly 500 SEK/MWh. A non-discounted cash flow would then give a pay back
time of about 12 years.
The open absorption technique has not been commercialized in this application.

Hence it is difficult to compare the investments in the techniques. However, mea-
surements and calculations have shown that the absorption system reduces the
energy-demand more then the mechanical heat-pump. For the same working condi-
tions as the mechanical heat-pump, the reduced energy demand was 127 MWh/year.
If the investment cost for the open absorption system would be of the same magni-
tude as the mechanical heat pump, the investment would be more beneficial. How-
ever, the investment for a fully installed absorption system is probably larger. To
compare the investments for the two heat-recovery systems, a more careful eco-
nomic analysis has to be made.
In the absorption system, heat is supplied to the boiler. In the pilot plant, elec-

tricity was used but other heat sources are possible to use, for instance, methane and
natural gas etc, which thereby make the technique flexible.
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The water-cooled condenser in the mechanical heat pump was designed to give off
16.7 kW heat. That is based on a water temperature of 25 �C and a temperature rise
of 13 �C for the water. During operation, these conditions might not be constant. In
the calculations, this has not been taken into consideration.
The evaporation was approximated to the durations of the different evaporation

rates was established from statistical data and are considered reliable. The heat-
transfer coefficients are not constant but have been established earlier and are gen-
erally accepted by the manufacturers.
The minimum outdoor airflow is established from rules of thumb and is much

larger than the rules and regulations. Perhaps the minimum outdoor airflow could
be decreased and thereby reduce the energy demand for the facility, which leads to
the heat recovery systems being more beneficial.
To make an adequate comparison, the increased electricity input due to the pres-

sure drops when using the mechanical heat pump and the open absorption system
should be taken into consideration. Electrical inputs for fans and pumps have not
been included in the calculations.
If the open absorption system is used, cooling of the airflow is required to prevent

a temperature rise in the facility. Since there is no hot-water demand when the
facility is closed, heat storage is required. During the summer, the system has to be
shut down since the facility is closed for a long period of time, which has been taken
into consideration in the calculations.
The amount of heat saved by using the heat-recovery systems could be considered

low. This is due to the transmission losses from the facility and the heat to the
hot water production being approximately 40–50 % of the total energy demand.
Using these heat-recovery techniques will not reduce the transmission losses from
the facility and the required heat to the hot water production is only decreased
when using the open absorption system. Therefore, the heat saved is less than
expected. The minimum outdoor airflow during opening hours is rather high.
That will also lead to the saving of energy by introducing a heat-recovery system
being limited.
The largest source of errors in the calculations is the estimations of the different

evaporation rates. The evaporation is varying due to the temperature in the pool,
the temperature of the air, the relative humidity and water movements (i.e. activity
in the pool). That is a lot of parameters and therefore the estimation of the
evaporation rates is difficult to make. However, since the three evaporation rates
have been established in an earlier study through measurements and are accepted
by manufacturers, the evaporation rates used here should be fairly accurate. The
variation of the cooling demand is another source of error. Since that was also
established through measurements, their values can be considered fairly accurate.
The equations used are based on well established psychrometric theory and the

accuracy of the equations used is in the range of 2–3%. The assumptions made using
this theory are mainly that moist air is considered a perfect gas and that the prop-
erties of the air, i.e. specific heat and density are constant in the temperature and
pressure ranges used in the calculations. The accuracy of the calculations should
therefore be in the range of �10!15%.
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Since the climate in the facility highly affects the energy demand, an increased air
temperature in the facility can save a lot of energy without the investment of heat-
recovery systems, i.e using the conventional technique. A generally accepted fact
today is to use a temperature for the air that exceeds the temperature in the pool by
2 �C. However, calculations show when using a mechanical heat-pump or an open
absorption system that a lower air temperature leads to a larger energy saving
compared with the conventional technique (see Fig. 19).

8. Conclusions

The annual energy demand is decreased considerably using both the mechanical
heat pump and the open absorption system. With the mechanical heat-pump the
energy demand is reduced by 14% and with the open absorption system by 20%.
Even though the absorption system is able to reduce the energy demand more

than the mechanical heat-pump, the latter technique has to be preferred since the
technique is well established and the associated equipment is produced by many
manufacturers. Calculation hour-by-hour is not necessary to calculate the annual
energy demand, but is a necessity to show the fluctuations of supplied heat during
the year.
The pricing of heat and electricity are of the same magnitude in Sweden today.

Hence both alternatives reduce the total cost. If the electricity price would rise in the
future it has to be considered that the heat demand is reduced but the electricity
demand is increased using both the mechanical heat pump and the open absorption
system. The energy demand using the conventional ventilation technique can be
decreased by increasing the temperature in the facility and should be considered as
the first measure to reduce the energy demand.
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ABSTRACT 

Black liquor, a biomass-based fuel formed in the papermaking process has 
traditionally been burned in recovery boilers to generate steam and electricity and 
recover the inorganic chemicals. Pressurized black liquor gasification offers an 
attractive alternative to the recovery boiler that has the potential to add a net electrical 
power of the order of 1000 MW to the Swedish power grid at full integration. 
Chemrec AB, one of the leading actors has developed an entrained down flow reactor. 
A development plant has been designed and is to be taken into operation during 2004,
At the laboratory of Energy Technology Centre (ETC) in Piteå, Sweden. The plant 
will operate at 30 bar (a) and 30 tons/day black liquor will be gasified. 
The entrained flow reactor consists of two parts. In the gasification reactor black 
liquor is supplied together with an oxidant. Combustible fuel gases and inorganic 
smelt is formed. The smelt and fuel gases are transported to the quench cooler in the 
lower part where it is rapidly cooled by spray nozzles. The smelt is separated from the 
fuel gases by gravitation. 

At LTU a CFD model of the quench has been developed using the commercial code 
FLUENT 6. The simulations were performed in steady state using the segregated 
solver. A non structured mesh with approximately 48000 cells was used in the study. 

The results show that the model is predicting the flow pattern, velocity field and 
temperature field. The separation of smelt from the gas flow shows that droplets 
larger then 100 µm will be collected in the bottom of the quench but smaller droplets 
will travel with the gas flow to the quench outlet. 

Further work is required in order to make the model more complete. Radiation needs 
to be included as well as important chemical reactions. The model also needs to be 
validated against measurement data when the development plant is in operation. 
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NOMENCLATURE 

Ad Droplet surface area [m2] d Surface emissivity 
Ci,s Molar concentration at surface [kmol/m3] Stefan-Boltzman constant 
Ci, Molar concentration in bulk [kmol/m3] Nu Nusselt number 
cp Specific heat [kJ/kg, K] Pr Prandtl number 
dd Droplet diameter [m] Re Reynolds number 
h Convective heat transfer coefficient [W/m2 K] Sc Schmidt number 
hfg Latent heat [J/kg] 
kc Mass transfer coefficient [m/s] 
k Thermal conductivity [W/m K] 
Ni Molar flux [kmol/s m2]
Td Droplet temperature [K] 
T Temperature in bulk flow [K] 

INTRODUCTION

Black liquor is formed in the papermaking process. In the digester, wood chips are 
cooked in white liquor, a caustic solution. Roughly half the mass of wood is dissolved 
into the solution forming black liquor. It consists of water, inorganic chemicals and 
organic substances in approximately equal thirds. Traditionally black liquor is burned 
in recovery furnaces to recover the inorganic chemicals and generate steam and 
electricity.

An alternative technology where the black liquor is gasified under pressure is 
presently under development by Chemrec AB. Pressurized black liquor gasification 
(PBLG) has the potential to add a net electric power in the order of 1000 MW to the 
Swedish power grid at full integration. Another alternative is to produce biomass 
based automotive fuels which would correspond to almost 30% of the total 
automotive fuel consumption in the country. [1].  

At the laboratory of Energy Technology Centre (ETC) in Piteå, Sweden, a 
development plant is under construction. This unit will be used in a development 
program of a full scale commercial unit. The entrained down flow gasification reactor 
is pressurized to 30 bar and the process temperature is about 975 C. The gasifier 
consists of two parts, the gasification reactor in the upper part and the quench cooler 
in the lower part. In the gasification reactor, black liquor is atomized and enters the 
reactor through a spray nozzle together with oxygen. The droplets are heated and 
converted to combustible fuel gas and inorganic smelt.   

Smelt and fuel gases from the gasification reactor are entering the quench where it is 
rapidly cooled by water sprays. There are ten spray nozzles, where four of them 
(primary quench) are located close to the inlet and the other six further downstream 
closer to the outlet, as shown in figure 1. The smelt is separated from the gases by 
gravitation and collected in the bottom of the quench. The gases bubble through a 
water column and are cooled further before it exits the quench, as illustrated in figure 
1. The fuel gases exiting from the quench, pass through a counter current condenser 
where steam and other volatile substances are condensed. The gases continue to a 
cleaning process before the gas can be used in a gas turbine. 



Water sprays 

Water  column 

Gas and smelt inlet 

Gas Outlet 

Green liquor 

Figure 1: Sketch showing the pathway of the gas flow through the quench. 

The main objective with this study was to develop a CFD model of the quench used in 
the development plant. The model should be able to predict the separation of smelt 
from the fuel gases, the flow pattern and temperature distribution in the quench.  

MODEL DESCRIPTIONS 

In the first modeling approach, the quench was divided in two separate parts in order 
to separate the different physical mechanisms. The first model includes the primary 
quench with the spray nozzles. The outlet of the computational domain is located 
immediately before the gas flow passes through the water column. The water column 
was treated in a separate model. 

In the gasification reactor, smelt is forming a film that flows downwards on the walls 
and into the quench, as illustrated in figure 2. There are also small droplets traveling 
in the bulk flow. When the film reaches the end of the tube wall it breaks up and 
droplets are formed.  

Droplet formation 

Film flow 

Figure 2: Sketch showing the droplet formation and film flow. 



Large droplets are separated from the gas flow by gravitation and small droplets will 
travel with the gas flow. The film flow was excluded in this model and the smelt 
droplets were injected at the tube wall where the break up of the film occurs.   

All simulations were performed using the commercial CFD code FLUENT 6 on a Sun 
Blade work station. The simulations were performed in steady state using the 
segregated solver. The convection terms were modeled with a second order 
differencing scheme. A non structured mesh with approximately 48000 cells was used 
in this study. 

The standard k-  turbulence model with standard wall functions was used to model 
the turbulent flow in the quench. The turbulent quantities were set to widely 
recognized values. [2]. 

The model is based on an Eulerian description of the gas phase and the water droplets 
and smelt droplets were modeled using a discrete phase model described below.

The Discrete Phase Model (DPM)

In the discrete phase model the trajectories of the droplets are predicted by integrating 
a force balance written in a Lagrangian reference frame.

In a coupled approach, iterations on the continuous phase are altered with iterations 
on the discrete phase until a convergent solution for both phases have been reached. 
As the trajectory of a particle is computed, the heat, mass and momentum gained or 
lost by the particle stream that follows the trajectory is calculated. These quantities are 
incorporated in the continuous phase calculations. [3]. 

The droplets are heated until they reach the temperature of evaporation (507 K) as 
they pass through the flow. A simple heat balance of the droplet is used to predict the 
droplet temperature (Td), according to Eq. 1. 
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Rdddd
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pd TATTAh

dt
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cm    (1) 

Where (h) is the convective heat transfer coefficient and (Ad) is the droplet surface 
area. The last term is only included when radiation is used in the calculations. It is 
also assumed there is negligible resistance to internal heat transfer i.e., the droplet is 
at uniform temperature throughout. 

The heat transfer coefficient is evaluated using the correlation of Ranz and Marshall, 
according to Eq. 2. 

3
1

2
1

d
d PrRe6.00.2

k
dh

Nu       (2) 

Droplet vaporization is initiated when the temperature of the droplet reaches the 
vaporization temperature Tvap, The rate of vaporization is governed by gradient 
diffusion, with the flux of droplet vapor into the gas phase related to the to the 



gradient of the vapor concentration between the droplet surface and the bulk gas, 
according to Eq. 3. 

,is,ici CCkN         (3) 

Where Ni is the molar flux of vapor and kc is the mass transfer coefficient calculated 
from the Nusselt correlation, according to Eq. 4. 
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The droplet temperature is updated by adding the latent heat transfer between the 
droplet and the continuous phase to the heat balance, according to Eq. 5.  
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where (
dt

dmp ) is the rate of evaporation and (hfg ) is the latent heat. 

In the discrete phase model, there are no droplet to droplet interactions, which means 
that droplet collisions, droplet break ups or droplet formations are not taken into 
consideration. 

Inlet and boundary conditions 

In the quench there are 10 spray nozzles. The nozzles are flat jet sprays with a spray 
angle of 120 . In this model cone spray nozzles are used with the same spray angle as 
the flat sprays. The inlet conditions for the spray nozzles are presented in Table 1. 

Table 1: Inlet conditions for the water spray nozzles. 
Variable Value Unit
Temperature 493 (220 ) K, ( C)
Velocity 20 m/s 
Spray Angle 120 Deg.
Droplet diameter (Sauter) 300 m
Volume flow 6.3 l/min 

The droplet diameter was provided by the manufacturer and was varying 
approximately between 100 m and 700 m with a Sauter mean diameter of 300 m, 
as shown in table 1. The inlet velocity of the droplets was also given by the 
manufacturer from given conditions.

The boundary conditions for the wall have been treated in two different ways. The 
droplets are either trapped at the wall or reflected by the wall. In this case the 
reflection angle has been set to zero, which implicates that the droplet sticks to the 
wall and flows downward. The boundary conditions for the continuous gas flow are 
presented in table 2 and the inlet conditions for the smelt droplets are presented in 
table 3. 



Table 2: Boundary conditions for the continuous gas flow. 
Variable Value Unit
Inlet massflow 0.4 kg/s
Inlet temperature 1275 K
Inlet velocity  3.5 m/s 
Operating pressure 30 bar (a) 
Composition  Value Unit
CO2
CO
H2O
H2

48
32
10
10

Percent (weight) 

Table 3: Inlet conditions for the smelt droplets. 
Variable Value Unit
Temperature 1275 K
Velocity 3.5 m/s 
Droplet diameter  Varying
Mass flow 0.1 kg/s
Specific Heat 2.1 kJ/kg, K 
Density 1820 kg/m3

RESULTS

In this section the obtained results of the simulations are presented. The 
computational time to get a convergent solution was approximately 4 days. The 
residuals in the simulations were reduced by 3-4 orders of magnitude resulting in an 
estimated iterative error of 0.1%. [4].  

Figure 3 shows the velocity field and path lines for the gas flow through the quench. 
1                                         Note that the figure only shows the continuous gas flow. 

Inlet
Inlet

Outlet 
Outlet 

Green Liquor Green Liquor 

Parameter values exluded from figure due to secrecy 

Figure 3: (Left) Velocity field for the gas flow through the quench. 
   (Right) Path lines for the gas flow through the quench. 

                                                
1 Text excluded due to secrecy 



Figure 4 shows the droplet trajectories for one nozzle in the primary quench. Only one 
out of four nozzles is shown due to the visibility. When the droplets hit the wall they 
stick to the wall and travel downwards before they evaporate. The evaporation 
temperature is 234 C (507 K). The initial diameter on the droplets is 300 µm which 
correspond to the Sauter mean diameter for the nozzles. The right figure shows that 
the full cross sectional area is completely covered with the four spray nozzles. 

Green
liquor

Inlet

Outlet

Side view Top view 

493 
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510 

520 [K] [K]

Figure 4: Droplet trajectories from one (out of four) spray nozzles. The legends show 
the temperature of the water droplets. 

Figure 5 shows the same spray nozzle. The droplet diameter (left figure) and droplet 
mass (right figure) is decreased rapidly before they evaporate. It can be seen that all 
the water droplets have evaporated before they reach the green liquor in the bottom of 
the quench. 
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Figure 5:  (Left) Trajectories showing droplet diameter from one spray nozzle. 
     (Right) Trajectories showing droplet mass from one spray nozzle. 



Figure 6 shows the droplet trajectories for one nozzle located closer to the outlet. 
Only one out of six nozzles is shown due to the visibility. To keep good green liquor 
quality, spraying into the green liquor zone needs to be avoided. Note that most of the 
water droplets wind up at the outlet, i.e. in the water column.  
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Figure 6: Droplet trajectories from one (out of six) spray nozzles. The legends show 
the temperature of the water droplets. 

Figure 7 shows the temperature distribution of the gas flow. The gases are cooled 
rapidly and the mean temperature in the cross section (z2) is approximately 830 K 
(557 C).
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Figure 7: Temperature distribution in the quench. (Side view).

Figure 8 shows the temperature distribution from above in four different cross 
sections in the quench. The location of the different cross sections is marked in Figure 



7. Note that the cooling is uniform since the locations of the four nozzles give a 
spraying pattern that covers the entire cross section. 
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Figure 8: Temperature distribution in the quench. (Top view). 

As mentioned earlier, the smelt has been treated using a discrete model as well. 
Droplets with different sizes have been injected in the model to illustrate the 
breakdown of the smelt film at the quench walls.  

Figure 9 shows that large droplets (>100 µm) will be separated from the gas flow and 
collected in the bottom of the quench. Smaller droplets (<10µm) will travel with the 
gas flow and wind up in the water column. Note when the droplet size is 100 µm 
some of the droplets travel with the gas flow on the way up but they are not small 
enough to follow the gas all the way to the water column at the quench outlet.  
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Figure 9: Smelt droplet trajectories with different droplet sizes. The legend shows 
residence time. 

DISCUSSION 

One important issue is how to validate the results in a good way. There should be at 
least some qualitative estimation of the results since there are no detailed 
measurement results for comparison this far. Validation of the model will be 
performed by using data from the development plant as soon as the plant is in 
operation. When measurement data from the development plant are collected, a 
parameter study will also be carried out considering different operational parameters 
in order to optimize the quench. A long term objective is that the CFD model could be 
used as a design tool in a full scale design. 

Radiation has not been included in the model up to this point. This may influence the 
temperature field regarding surface radiation as well as gaseous radiation. 

The quality of the green liquor is important for the overall performance and will 
influence the causticising process etc. Including the most important chemical 
reactions would give a tool in predicting important parameters that influence the green 
liquor quality and make the model more complete. In the temperature range of 700 C
to 1000 C the water-shift reaction is valid. The water vapor from the primary water 
spray nozzles reacts with carbon monoxide (CO) from the reactor and form hydrogen 
(H2) and carbon dioxide (CO2). At lower temperatures when the gas flow has been 
rapidly cooled to temperatures below 700 C this reaction is slow and does not 
influence the composition of the gas phase. There is also another important reaction 



when the water vapor reacts with hot smelt droplets leading to formation of hydrogen 
sulfide (H2S) and sodium carbonate (Na2CO3). By including these two reactions, the 
model should give better predictions compared to the present process simulation.

The existing model includes smelt as droplets in the gas flow. However, a large 
amount of the smelt enters the quench as a film flow on the reactor/quench wall. A 
more detailed model considering the smelt could also give the model more accurate 
results.

CONCLUSIONS 

From this study, concerning CFD modeling of the quench in an entrained flow 
gasification reactor the following conclusions can be drawn.

The model has the ability to calculate the flow pattern, velocity field and temperature 
field. The separation of smelt from the gas flow shows that droplets larger then 100 
µm will be collected in the bottom of the quench but smaller droplets will travel with 
the gas flow to the quench outlet. 

Further work is required in order to make the model more complete. Radiation needs 
to be included as well as important chemical reactions. The model also needs to be 
validated against measurement data when the development plant is in operation. 
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Abstract

Pressurized Entrained Flow High Temperature Black Liquor Gasification (PEHT-BLG) is a 
new technology not yet commercialized. The technology has the potential to improve the 
efficiency of energy and chemical recovery in the pulping industry. It also enables new 
processes, i.e. production of renewable motor-fuels from the syngas. The technology is not yet 
fully developed and interest in computer models for scale-up and optimization of the process 
in combination with experiments is favourable in the development process. A demonstration 
plant has been in operation since late 2005, in Piteå, Sweden. At Luleå University of 
Technology (LTU), a CFD model of a vertical tube in the counter current condenser has been 
developed using the commercial code FLUENT 6. The geometry is consistent with the 
demonstration plant and input data of the design has been used as boundary conditions for the 
model. The objective is to create a CFD model that can be used as a designing tool for the 
technology developer in future scale-up and for commercialized units. The model predicts the 
condensation process very well and shows that the major part of the condensation takes place 
in the first quarter of the tube under the given conditions. The heat transfer through the tube 
wall has been modelled based on results from the literature. The results show the importance 
of accurate heat transfer coefficients. Compared to designing data, the heat transfer through 
the wall and the condensate rate show good agreement.  However, these results need to be 
validated against experimental data for different conditions.

Nomenclature

Roman letters 
cp specific heat capacity (J/kg K)
hfg heat of vaporization (J/kg)
m mass (kg) 
m mass flow (kg/s) 
mf mass fraction (-)
M molecular weight (kg/mol) 
N number of mole
P pressure (Pa) 
Q heat transfer rate (W) 
R gas constant (J/kg K) 
R universal gas constant (J/mole K) 
T temperature (K) 
V volume (m3)
Z compressibility factor (-) 
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Greek letters 
 relative humidity (%) 

Subscripts
cond condensate
d droplet 
i substance
mix mixture 
ref reference value 
sat saturated 
w water vapour 

Abbreviations
LTU Luleå University of Technology 
ETC Energy Technology Centre 
CFD Computational Fluid Dynamics 
DP-1 Demonstration Plant  
PEHT-BLG Pressurized Entrained-flow High Temperature Black Liquor Gasification 

Introduction 

Black liquor is a by-product in the papermaking process and an important liquid fuel in the 
pulp and paper industry. It is formed in the digester where organic material from the wood 
chips is dissolved in a cooking liquid, called white liquor, consisting mainly of sodium 
compounds. The black liquor is traditionally burnt in a recovery boiler where steam is 
generated for electricity generation and process steam. The remaining cooking chemicals are 
dissolved in water, forming green liquor that can be transformed into white liquor in the 
causticizing process.

Pressurized Entrained-flow High Temperature Black Liquor Gasification (PEHT-BLG) is a 
new technology not yet commercialized. The technology aims at improving aspects of the 
recovery process, chemical recovery and energy recovery. To deepen the insight into the 
process and prove reliability of the technology, Chemrec AB, has since late 2005 been 
operating a demonstration plant (DP-1), located at the Smurfit Kappa mill in conjunction with 
Energy Technology Centre (ETC) in Piteå, Sweden. The plant has a designing pressure of 30 
bars (a) and a capacity of roughly 20 tonnes of black liquor dry solids per day. 

Figure 1 illustrates the demonstration plant with three major components. In the reactor the 
black liquor is gasified at roughly 1000 C under sub-stoichiometric conditions using pure 
oxygen as reactant. The black liquor is fed through spray nozzles at the top of the reactor. A 
gas primarily consisting of CO, CO2, H2O and H2 is formed together with smelt mainly 
consisting of Na2CO3 and Na2S. In the quench, the lower part of the reactor, the gas flow and 
smelt is rapidly cooled. The smelt is separated from the gas flow through gravitation and 
collected in the bottom of the quench where, dissolved with water, it forms green liquor. 
Through a conventional causticizing process the green liquor is transformed into white liquor.
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Figure 1. Schematic drawing of the PEHT-BLG process in Piteå, Sweden, (Chemrec AB). 

Downstream from the reactor the gas flow is cooled and water vapour is condensed. The 
counter current condenser consists of a bundle of tubes where the gas flows upwards on the 
inside of the tubes and the cooling water flows on the outside of the tubes in a zigzag pattern 
created by baffle plates, see Figure 2.  The gas flow at the condenser inlet is almost saturated 
with water vapour and has a temperature of roughly 220 C. The cooled synthesis gas can be 
utilized in different ways, for electricity production, automotive fuels or other chemicals. 

CFD models concerning the upper part of the reactor were created by Marklund, (2006) and 
the lower part including the quench has been presented by Johansson & Westerlund, (2004). 
This study focuses on a CFD model of the counter current condenser with the objective of 
creating a designing tool that can be used in future scale-ups towards commercialization or 
with alternative condenser geometries. Assuming similar conditions in all tubes, only one tube 
has been modelled. This decreases the computational time considerably. 

Figure 2. Sketch showing the flow patterns in the counter current condenser. 
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Theory

For water there is a definite relation between saturation pressure and saturation temperature. 
When the gas flow is cooled, the saturation pressure decreases. The reduced pressure is 
caused by transforming water vapour to liquid phase, i.e. condensation occurs.

Condensation models are not included in the commercial CFD code, and hence proper models 
describing the condensation have to be implemented. The condensation is treated using a 
Discrete Phase Model (DPM model), where very small droplets or aerosols are injected and 
used as condensational nucleus. Water vapour from the gas phase is converted to liquid state 
(condensed) and transported to the droplets. During passage through each computational cell 
with water content beyond saturation conditions, the droplets will grow in size due to 
condensation of water vapour. The latent heat released during condensation is transferred to 
the gas flow and cooled through convective heat transfer by the tube wall. In reality the gas 
has the lowest temperature close to the tube wall and condensation will therefore occur on the 
tube surface; a film of condensate will be built up and flow down the tube wall. Since the 
condensation occurs on discrete droplets implemented in the model, heat transfer through the 
tube wall is calculated for the continuous gas flow in the transport equations. The heat transfer 
with condensation is much larger than the characteristics of convection heat transfer without 
phase change. User-defined functions describing the heat flow have to be implemented. 

In many cases it is assumed that the gas flow is an ideal mixture. The high pressure in the 
condenser (30 bar(a)), causes deviation from ideal conditions. If non-ideal conditions are 
assumed, the equation of state for a real mixture becomes (Cengel et al. 2002),  

mix mix mix mix mix mix mix mix mixP V Z N R T Z m R T  (1) 

Where ( ,mix mix mixZ f P T ) is the compressibility factor for the mixture and R is the universal 
gas constant (8314.51 J/mol K). The mixture pressure ( ) is, according to Dalton’s law, the 
sum of the components’ partial pressure (

mixP
,i mix mixP T V . (Rmix ) is the gas constant for the gas 

mixture that is calculated using 

,mix f i
i

R R m
M

(2)

The compressibility factor for water vapour is calculated using table values and Eq (1) and the 
compressibility factor for each other substances is calculated according to Lee-Kesler’s 
generalized equation of state (Lee & Kesler, 1975). 

The compressibility factor for the mixture is determined using 

,mix f i iZ m Z (3)

The relative humidity in the gas flow is per definition calculated from 

w mix

s mix

P T
P T

  (4) 
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Pw (Tmix) is the partial pressure for the water vapour and Ps (Tmix) is the saturation pressure for 
the water vapour at mixture temperature. Pw(Tmix) can be calculated using Eq. (1) for water 
and for the mixture in order to eliminate the volume from the expression. To simplify the 
expression, individual gas constants are replaced with the universal gas constant divided by 
molecular weight for water and mixture respectively 

,
,

,

(
( ) ( )

)f w mix mixw w w
w mix f w mix mix

f imix mix mix
w

i

m P TZ R ZP T m P T mZ R Z M
M

 (5) 

Combining Eq. (4) and (5) yields a relative humidity according to 

,

,

( )f w mix mixw

f imix
w

i

s mix

m P TZ
mZ M
M

P T
(6)

A saturated condition corresponds to a relative humidity equal to unity. Condensation is 
initiated when the saturation pressure of the water vapour is reached. When the saturated 
mixture is cooled, the saturation pressure decreases and condensate is formed. 

The maximum mass fraction of water in each cell can be expressed from Eq (6) as 

,

,

1.0 P T M

( )

f i
s mix w

mix i
f sat

w mix mix

m
Z Mm
Z P T

(7)

The condensate rate can be calculated using 

, ,(cond mix f w f satm m m m ) (8)

The total mass flow is determined by a mass balance for each cell. The energy released 
upon condensation will be added to the gas flow and lead to a temperature change within the 
gas flow. The temperature of the droplet is assumed uniform and set equal to the temperature 
of the gas flow in each computational cell. The energy transferred to the gas flow is calculated 
using

( )mixm

,cond cond p d d ref cond fgQ m c T T m h , (9)

where the first term corresponds to sensible heat and the second term corresponds to latent 
heat.

Heat transfer inside vertical tubes has been studied extensively in the literature. Maheshwari 
et. al., (2004) presented a theoretical and experimental investigation of condensation for a 
wide range of Reynolds numbers. Maheshwari’s model was also compared to other similar 
experiments carried out by Tanrikut and Yesin, (1998) and Siddique, (1999). The model 
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results showed good agreement with all the presented experiments. The model was based on a 
theoretical approach of heat and mass transfer at the gas/vapour boundary layer.

This paper focuses on the described experimental studies. The conditions in those studies are 
similar to the conditions used in this CFD model. The experiments carried out by Siddique 
were considered to have the best agreement with the conditions in this model. Siddique’s 
experiments were carried out with the tube being cooled by water flowing inside a cooling 
jacket. A comparison between Siddique’s experiments and the model described in this paper 
is presented in Table 1. The heat transfer coefficient used in the CFD model was calculated by 
a polynomial fitted curve to the experimental data, see Figure 3.

Table 1. Comparison of characteristics between Siddique experiments and CFD model. 
Characteristic Siddique’s experiments CFD model
Tube length (m) 2.54 2.28
Inner diameter (m) 0.046 0.015
Non-condensable mass fraction (%) 35 25
Mixture Reynolds number 45195 4700-17500

Numerical simulations 

The simulations were performed with the commercially available CFD-code, Fluent 6. The 
software includes a separate module for pre-processing. The above described models were 
implemented in the software through a total of 15 different subroutines. The basis of the code 
is a finite volume method, using an unstructured computational mesh and a segregated 
iterative solver based on the SIMPLEC algorithm (FLUENT, 2004). For the continuous gas 
phase, the Reynolds Averaged Navier-Stokes equations (RANS) and energy equation are 
solved using an Eulerian description. The turbulent flow is modelled using the k-  model with 
standard wall functions for turbulent flow (Wilcox, 1993).  

The discrete droplets are tracked through the computational domain by integration of the 
momentum equation using a Lagrangian description. As the trajectory of a droplet is 
computed, the heat, mass and momentum gained or lost by the particle stream that follows the 
trajectory is calculated. These quantities are incorporated in the continuous phase calculations 
in the next iteration. If more then one droplet passes through a cell, changes in the source 
values are performed only once. For cells with no droplets and conditions above saturated 
state, a droplet is released in the centre of the computational cell.

The simulations were performed in a computational domain represented by an unstructured 
mesh consisting of 40,000 elements. The equations were solved using a 2nd order 
discretization scheme and double precision for numerical accuracy. The sum of the absolute 
residuals was used to estimate the iterative error. The residuals in the final solution were 
reduced by 3-4 orders of magnitude resulting in an estimated iterative error of 0.1%. 
(Ferziger, 1999). The time needed for a convergent solution was approximately 2 days on a 
PC with a 3 GHz processor. 

6



Operational and boundary conditions 

The boundary conditions used in the simulations are presented in Table 2. The gas flow is 
determined by specifying the mass flow, temperature and mass fractions of the different 
substances. At the tube outlet a constant static pressure profile was set, which means that the 
flow at the outlet was assumed to be fully developed. The total pressure in the computational 
domain was set at 30 bar (a). A linear temperature profile on the outside of the tube wall was 
specified corresponding to the heat-up of the cooling water flowing on the outside of the tube. 
At the top/bottom of the tube the values 25 C/68 C were used.

Table 2. Inlet boundary conditions for the gas flow used in the counter current condenser simulation. 

Variable Unit
Temperature 220 C
Mass flow 2.55 10-3 kg/s
Mass fraction water vapour 75 %  by weight 
Mass fraction CO 9 %  by weight 
Mass fraction CO2 13 %  by weight 
Mass fraction H2 3 %  by weight 

The heat transfer rate from the gas to the tube wall is determined by the temperature 
difference between the gas and the inside of the tube, the area and the heat transfer 
coefficient. As mentioned in the theory section, a heat transfer coefficient profile has been set 
according to Figure 3.
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Figure 3. Heat transfer coefficient profile on the inside of the tube wall. 

The injected droplets were specified with initial temperature corresponding to the temperature 
of the gas and an initial diameter of 1 10-6 m. The amount of droplet trajectories in the DPM 
model was set at 146 in the computational domain.  
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Results

The compressibility factor for water vapour at saturated state is presented in Figure 4. The 
deviation from ideal conditions (Z=1) increases rapidly with temperature. Since water is the 
most important component in the calculations, it indicates that the compressibility factor 
needs to be implemented. 
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Figure 4. Compressibility factor for saturated water vapour vs temperature. 

Figure 5 shows the temperature and relative humidity of the gas flow along the tube with 
height 2.28 m and inner diameter 15·10-3 m. The wall thickness of the stainless steel tube is 
1.5·10-3 m. For visibility reasons 2 paths were created, one in the centre of the tube (x0) and 
one path 3·10-4 m from the tube wall (x1). The gas flow is cooled rapidly close to the inlet due 
to high heat transfer rates. Cooling through the tube wall gives the highest temperature in the 
centre of the tube. In the temperature plot (left), the outside tube temperature is also 
presented. The largest temperature change is in the first quarter of the tube. At the inlet, the 
temperature difference between the gas and the inside of the tube is approximately 150 C. 0.5 
m downstream this difference has decreased to about 20 C. The condensation starts almost 
immediately since saturated conditions are reached. The cooling causes the relative humidity 
to be constant at 100% all the way through the tube. Since the condensation is controlled by 
saturated conditions, this should be expected, see Figure 5 (right). 
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Figure 5. Temperature (left) and relative humidity (right) of the gas flow along the tube. 

In Figure 6, temperature contour plots are displayed at the inlet, 0.3 m from the inlet and at 
the outlet of the tube. The highest temperature occurs at the centre of the tube and the gas 
flow is uniformly cooled towards the tube wall. At 0.3 m, the temperature difference between 
the centre and close to the wall can be seen. This deviation decreases closer to the outlet 
where it is almost vanished. 
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Figure 6. Temperature plots at different cross sections along the tube. 

The heat flux to the wall depends on the heat transfer coefficient and temperature difference 
between the gas flow and the tube wall. Both variables are large at the beginning of the tube, 
and hence the heat flux is large in this area. During condensation the latent heat is released 
and a large temperature difference is maintained, despite large heat fluxes to the wall, see 
Figure 7 (left). In the latter part of the tube, the heat flux to the wall reduces since the heat 
transfer coefficient and temperature difference decrease. In the first 0.5 m of the tube length, 
97% of the total heat transfer rate is transferred. 

Due to the large condensation rate, the mass fraction of water vapour decreases rapidly. After 
the first quarter of the tube, a large quantity of the water vapour has been condensed, see 
Figure 7 (right). 0.5 m from the inlet, 99% of the total condensation rate has taken place. 
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Figure 7. Heat flux through the wall (left) and mass fraction of water vapour (right) along the tube. 

Another important result from the simulation is shown in Figure 8. The velocity decreases 
from roughly 1.3 m/s at the inlet to 0.4 m/s due to the reduced mass flow from condensed 
water vapour. The Reynolds number decreases from 16,500 to 4,700 at the outlet.  
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Figure 8. Velocity of the gas flow along the tube. 

Figure 9 show a comparison between designing data for the condenser in DP-1 and results 
from the CFD simulations with default heat transfer coefficient in the CFD code (i.e. 
convection heat transfer without phase change.) and modified heat transfer coefficient 
described in the theory section. All other conditions are the same in the comparison. The 
condensate for the CFD models has been recalculated so that the condensate leaves the tube at 
the bottom. The left figure shows a complete energy balance with the different heat flow, and 
the corresponding values are presented graphically to the right. The first column in Figure 9
(right) shows the energy entering the tube ( ). The supplied energy leaves the tube through 
the wall, with the condensate and with the exhaust gas flow. 

inQ

Comparing the design data with the CFD model described in this paper shows good 
agreement. Roughly 70% of the supplied heat leaves the tube through the wall ( ), 28% 
leaves the tube with condensate ( ) and less then 2% of the energy leaves the tube with 
the exhaust gas flow ( ). The last case, a CFD model with default heat transfer coefficient 
calculated without phase change shows a considerable deviation from the other two cases. 
The lower heat transfer coefficient leads to less energy through the tube wall and therefore 
less condensation, and hence an increased energy flow with the exhaust gas flow.
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Figure 9. Energy balance for one tube. Comparison between design data and simulation results for the 
condenser. 
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Discussions and conclusions 

The CFD model predicts the heat and mass transfer processes very well.  The model also 
predicts a very rapid condensation. Under the given conditions only the first quarter of the 
condenser is actually active.

As shown above, the wall heat transfer coefficient is an important factor in the condenser 
model since it determines the cooling rate of the gas flow and therefore also the condensation 
that is influenced by the temperature. This indicates that further work on the heat transfer 
description within this model needs to be carried out in order to refine the model. The 
differences in principle between the experimental set up and the geometry in this model are 
the tube diameter, Reynolds number and pressure of the gas flow. An increased Reynolds 
number should increase the heat transfer coefficient. An increased tube diameter should have 
the opposite effect. The influence on pressure is difficult to predict and should be established 
in future work. 

A linear temperature profile on the outside of the tube was set in these calculations. Since the 
heat transfer rate changes along the tube, the temperature on the tube wall will also change 
accordingly. This will result in an increased condensation rate in the lower part of the tube. 
The total condensation rate will however stay the same. 

Condensations on droplets instead of at the tube wall overestimate the condensation rate. In 
reality a larger part of the tube should be active. The model results show that only a minor 
part of condensation takes place more then two mm from the tube wall. 

The interaction between the heat and mass transfer when water vapour condenses is difficult 
to predict, since a decreased temperature on the gas flow gives a lower saturation pressure and 
therefore an increased condensation rate. When condensation occurs, heat is released to the 
gas flow, which results in an increased temperature. This interacting phenomenon made 
simulations quite difficult and a convergent solution was difficult to reach in the beginning of 
the work. When the water vapour condenses and the energy is released, this results in large 
source terms and gradients in each computational cell. Also, since the condensation nuclei are 
modelled using a discrete phase model, a convergent solution for the continuous and discrete 
phase must be reached before the results can be analyzed.  

Validation of CFD models is important to include in order to have confidence in the model 
output. In combination with experiments, computer models are a powerful tool in design and 
optimization. The demonstration plant has been in operation in periods a little more than a 
year. However, difficulties with measuring equipment in connection with the counter current 
condenser have complicated the collection of valid operational data that can be used for 
validation purposes. In a near future, data will be available and a complete validation will be 
carried out.
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