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ABSTRACT 

The open absorption system (a sorption heat pump) is specially fitted in drying 

processes. The advantages of the system are that different types of energy supply 

can be used, and that direct contact between the working medium and the sol-

ution gives an effective absorber. 

Almost all drying processes use air for the transport of water. They normally con-

sume great amounts of heat since the vaporization heat cannot be used. The 
open absorption system utilizes the heat, and this is why this drying process de-
mands only about 10 percent of the initial energy input. The primary heat supply 

in the generator is utilized to almost 100 percent in the condenser. 

In drying processes using air for the transport of water and operating at tempera-

tures below +100°C (for example wood dryers) there will always be great air flows, 

since the water content for each unit of air is small. 

This experimental study concerns measurements of four different absorber de-
signs: cross-current and counter-current packed bed absorbers, the spray absorber 

and the fluid bed absorber. 

In a laboratory pilot plant working lines for the absorbers were determined under 

adiabatic conditions. The influence of internal solution flow, gas flow, pressure 

drop and dissipation is discussed. Furthermore, for the cross-current absorber, 

packing depth and different types of plastic pacldngs have been studied. 

The working lines represent the efficiency for each absorber. Highest performance 

is established for the packed bed absorbers, followed by the fluid bed absorber, and 

finally the spray absorber. 

For open absorption systems in air conditioning applications (small scale) the 

cross-current absorber with a gas velocity of 2  m/s  ( to avoid dissipation prob-

lems) is preferable and for industrial utilizations (large scale) the fluid bed ab-

sorber. 
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1. 	INTRODUCTION 

Ever since the first oil-crisis, uncertainty about energy supplies in the future and 

rising costs have increased the demand for saving heat and electricity. This call 
for more efficient energy-conversion has enhanced the use of heat pump tech-
nology. This thesis treats sorption heat pumps and, more specifically, the so-

called open absorption system. Sorption heat pumps are characterized by the use 

of heat as the energy supply, low electricity consumption and high primary-

energy utilization. The main difference between mechanical and sorption heat 
pumps is that the first type demands electricity as its energy supply while sorp-

tion heat pumps can use different types of energy for their supply. This gives 
good prospects for the future. 

Papers A and  B,  treated in this thesis, are based on three major literature studies 
and over one hundred experiments in two laboratory pilot plants. 

The literature studies show that very little has been published concerning open 
absorption systems, and that in fact  Luleå  University of Technology appears to be 

the only research institute that has published results concerning this technique. 

During the period in which research has been carried out on open absorption sys-
tems at the University, two full-scale plants using this technique have been built. 
One is a large industrial plant with 5 absorbers and a total capacity of 4000 kg of 

water per hour. The other plant is installed in a public baths and of a considerably 
smaller size. The capacity is in this case 60 kg of water per hour. 

Paper A deals with the open absorption system and its physical background and, 

furthermore, experiments on a cross-current packed bed absorber. 

Paper  B  focuses on experiments with different absorber designs. The open absorp-
tion system can be used in several different applications with varying process li-
mitations, so it is necessary to study a number of different absorber designs. 
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2. 	THE SORPTION HEAT PUMP 

	

2.1 	Characteristics 

The advantages of sorption heat pumps are: 

- They are flexible for different energy situations due to the fact that the necess-
ary energy supply for the process is heat, and only a small amount of electricity 
is required for circulation pumps. 

- The thermal efficiency during partial loading is better compared to mechanical 

heat pump. 
- It is possible to obtain very high useful temperatures. 
- There are few mechanical moving parts, leading to high availability, low 

maintenance costs and a high technical lifetime. 

Negative factors are: 

- High investments. 

- Dissipation problems for the open absorption system. 
- Problems concerned with introducing new techniques on the market. 

	

2.2 	Closed absorption system 

In the closed absorption system (Fig. 1) the working medium and the solution 

medium are separated by primary heat supply in the generator, according to dif-
ferent boiling points. The weak solution goes through a heat exchanger and an 

expansion valve to the absorber. The evaporated working medium condenses 

during heat emission in the condenser, and further on via a heat exchanger and 

expansion valve to the evaporator. Evaporation takes place in conditions of low 

pressure and low temperature during the supply of waste heat. The evaporated 
working medium flows via the heat exchanger to the absorber, where it is ab-

sorbed by the weak solution during heat emission. The strong solution is 

pumped back to the generator and the cycle is completed. 
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Fig. 2. Open absorption system. 
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Fig. 1. 	Closed absorption system. 

2.3 	Open absorption system 

In the open absorption system (Fig. 2), the evaporator (from the closed system) is 

exchanged for an external system. This exterior process produces the working 
medium, and therefore direct contact between the absorption solution and the ex-

ternal process is required. The working medium is separated from the system 

after the condenser and only the solution medium is recirculated. 
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The advantages compared to the closed system are an absorber with higher effi-
ciency and lower investment costs. Improved capacity is achieved by the large 

contact surface created because the solution medium exists as droplets. Further-

more, direct contact with an external process results in a decreasing overall heat-

transfer coefficient. An absorber pressure of around one bar permits a simple 

construction and, furthermore, fewer technical parts in the total system, which 
altogether will lower investment costs. Another positive quality in some ap-

plications is the fact that the absorber works as a scrubber on pollutants from the 

external process (for example flue-gas cleaning). 

In addition to these positive effects, there are, as always, also some disadvantages, 

such as losses of solution medium in the generator and the absorber. This will 
affect the external process and the environment, and will also increase the main-
tenance costs. The dissipation is possible to keep at a low acceptable level with 

demisters. Fouling of the solution medium from the external process can have 

negative effects on the system. This problem can be avoided by cleaning the ex-
ternal process before the absorber, or cleaning the solution flow from the absor-

ber. Finally the open absorption system demands an external process in the gas 

phase. 

The open absorption system is specially fitted in drying processes using air for the 

transport of the water, which includes almost every drying process. The water 

evaporates from the drying material to the air, which carries the moisture to the 

absorber, where the contact between the solution medium and water takes place. 

The water is separated from the air and taken up by the absorption solution 
during adiabatic conditions. This means that the outlet air has a higher tempera-
ture level and a lower water content. Therefore it is possible to recirculate the air 

in the external process, which means a radical reduction of the heat demand in 

the dryer. The water is separated from the absorption solution in the generator by 

the heat supplied mainly for the evaporation. This heat is utilized in the conden-

ser. The condensed and chilled water finally leaves the system. 

Drying processes consume great quantities of heat. In Sweden, for example, 

drying processes account for 10% of the total energy need for industry. The reason 

for this is that the evaporation heat generally cannot be used. 
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3. 	ABSORBER DESIGN 

For drying processes using air for the transport of water, and operating at tem-

peratures below +100°C, there will always be considerable air flows, since the 
water content for each unit of air is small. Low gas velocities in the absorber 

mean a large cross-sectional area, and since the environment (high temperature 

and high moisture) demands high quality material, investment costs will be 

high. It is therefore necessary to work with absorbers that can handle high air 
velocities and have acceptable pressure drop. The open absorption system de-
mands high efficiency (i.e. high water-absorbing ability), high gas velocity, low 

pressure drop, handling of pollutant gas, and negligible dissipation of solution 
medium. 

A literature studyl resulted in a few interesting absorber constructions for the 
system. 

	

3.1 	Packed bed absorber 

This type of absorber is characterized by a simple and flexible construction with 
low pressure drop. The absorber is filled with pacIdngs to create good contact 

between the solution and the gas. The flow direction for the solution compared 
to the gas flow gives the absorbers different names, the most interesting being 
counter-current and cross-current absorbers (Fig. 3). 

>solution  
e e t  

solution 
	 e  Gas 

Co-current 	Counter-current 	 Cross-current 

Fig. 3. Packed bed absorbers. 

The purpose of the packing was from the beginning to create a surface expansion. 
Danckwerts2  introduced the "surface renewal phenomenon" as the most impor- 
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tant  function for the packing. The solution flow is disturbed by the pacldngs and 

new droplets will continuously be produced all the way down the absorber. The 

fresh solution surface will create an efficient mass transfer. 

Since the pressure drop for a packed bed is low, it is important with regard to effi-

ciency that the inlet gas flow is homogeneous. In full-scale plants with large gas 

flow it is difficult to obtain uniform flow before the entrance to the absorber. This 
is probably the main cause of lower capacity compared with experiment plants 
with easily controlled homogeneous inlet gas flow. The relation between the 

packing size and the absorber diameter should not be too large, in order to keep 
uniform flow in the packing. Normally this relation3  is less than 1/8, but it 

varies very much in the literature. It is also important that the solution flow is 

uniform over the packed bed. If some area of the absorber is not wetted, the press-

ure drop will sink, thereby causing an increasing gas flow without contact to the 

solution. Nozzles create a uniform flow because of the high pressure drop (-0.5 

bar). Perforated trays cause much lower pressure drop (negligible compared to 
nozzles), but it is more difficult to obtain a uniform flow. 

When scaling up packed beds, the efficiency is decreased due to segregated flows 

according to Billet4. 

Design consideration 	 Cross-current 	Counter-current 

Gas-solution ratio 	 high 	 lower 

Large driving force 	 efficient 	 efficient 

Small driving force 	 less efficient 	efficient 

Pressure drop for gas 	 small 	 large 

Absorber size and area 	 small 	 smaller 

Solution power requirement 	same 	 same 

Number of product streams 	several 	 one 

Table 1. Comparison of cross-current and counter-current absorbers5. 

The counter-current absorber is interesting due to its high performance when the 

driving force is small. 

The cross-current absorber can yield several different solution concentrations and 

therefore work with large driving forces and, furthermore, small solution flows 

between the absorber and generator. Lower pressure drop compared to counter-

current absorbers is due to the fact that the solution and gas do not interact in the 

same way6. 
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3.2 	Spray absorber 

The solution is fed from the top as droplets (via a nozzle), the gas flow in 

counter-current direction (Fig. 4). The rate of mass transfer is theoretically pro-
portional to the solution-gas interface. Droplets cause a big contact surface. How-

ever, when the surface is close to equilibrium water molecules can only be ab-
sorbed if diffusion to the centre of the drop takes place. This is the main reason 

for the low efficiency of spray absorbers. Particles on the drop surface will further-

more decrease the performance. Since the size of the drops is not uniform, large 

droplets will fall faster than small ones and coalesce, which decreases the driving 

force and thereby the performance. 

Demister 

Solution feed 
• 0°0 0 	0.0 p ee' • 

% 0 %. ° 	 " 
• 0 	••°.° • • •oo S. 0  0 0  
. 
	•  • -• 000  0.0 ...lee °. • 0,0 

•.•0 •4  00 %0 

	 Gas 

Fig. 4. 	Spray absorber. 

The diffusion process described above is contradicted by Ayyaswamy7, who has 

presented a theory whereby vortex flow inside the drops results in a mass transfer 

process more efficient than the diffusion process. The main mass transfer resis-

tance is therefore located to the gas phase. A non-condensable concentration 

develops in a layer outside the drop and consequent reduction in the transport 
rates takes place. Turbulent flow tends to break down this layer and the efficiency 
will increase. 

The characteristics of spray absorbers are: 

* Low gas phase pressure drop. 

* Low efficiency - according to the diffusion theory. 

* Low gas velocity. 
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* Free from potential plugging. 

* Simple construction. 

Spray absorbers can be an interesting choice due to their low investment costs, if 

their efficiency is acceptable. 

3.3 	Fluid bed absorber 

Fluid bed absorbers like Catenary Grid Scrubbers (CGS) (Fig. 5) fulfil many of the 

requirements that the open absorption system sets for the absorber. 
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Fig. 5. 	Catenary Grid Absorber. 

When an open mesh is hung from a circular rim, it assumes the shape of a cate-
nary. This catenary shape approximates the mirror image of the velocity profile 

of the gas. The solution is fed through a nozzle above the grids. The mesh shape 

makes the solution flow to the centre of the grids, and the rising gas causes it to 

fluidize. The solution leaving the grids coalesces to large droplets and drains by 
gravity out of the contact region. Multiple grid pairs can be used to increase the 

capacity. 

The characteristics of CGS8  are: 

* High gas velocity. 

* Low gas phase pressure drop. 

* High efficiency. 
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* Free from potential plugging. 

* Simple construction. 

4. 	PHYSICAL BACKGROUND 

The absorption of water from humidified air by a solution involves one soluble 

component (water vapour) in a gas mixture (air + water vapour) being dissolved 

in the absorption solution. The absorption is a physical phenomenon caused by 

the partial pressure difference (i.e. the driving force). Exactly the same pheno-
menon, but in the opposite direction takes place in the dryer itself. For every 
solution concentration there is a coexisting relative humidity, so that no water 

vapour transport occurs, i.e. the partial pressure in the two phases is in equilib-

rium. 

The equilibrium line for the solution medium therefore gives the maximum 

absorption capacity. The mass transfer process in the absorption also involves a 

reaction where the solution's heat is set free. 

The working line represents the efficiency for a certain absorber studied. 

The transfer of mass by convection can be treated in a similar manner as the 

transfer of heat. The relationship between species transfer rate and concentration 

gradient is known as Fick's law3: 

aCA 
N"A = -DAB  e  

where N"A 	= molar flux of species A in the direction  y  (kmol/s,m2) 

aCA/Dy = concentration gradient (kmol/m3,m) 

DAB 	= binary diffusion coefficient (m2 /s) 

The local mass transfer coefficient hn, is defined as9  

h  "DABOCA/aY)y=0  
--111  — 	CA,s  -  CA,,,,, 

CA, s  = molar concentration at the surface (kmol/m3) 

CA„,, = molar concentration in the free stream (kmol/m3) 
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The driving potential in the mass transfer process is therefore the concentration 
potential 

NA = flm  A (CA,s  - 

where NA = molar transfer rate of A (lcmol/s)  

fim  = average convection mass transfer coefficient  (m/s)  
A 	= area of transfer (m2) 

The molar concentration at the surface can be determined from the vapour press-

ure, assuming that the vapour approximates a perfect gas. 

P(T)  
CA's —  R  Ts  

where P(T) is the vapour pressure corresponding to the equilibrium line at Ts, 
and  R  is the universal gas constant. 

The partial pressure P(T) can be calculated from 

P(T)  
0= 

Psat(Ts) 

where P(T) is the vapour pressure corresponding to saturation at Ts, and 

fa = relative humidity according to the equilibrium line. 

The analysis for the cross-current absorbers is complex, since the concentration in 

the gas and solution changes in two spatial directions. One way to simplify the 

calculations is to divide the absorber into unit volumes so small that the import-
ant physical properties remain constant in each6,10. 
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5. 	EXPERIMENTS 

	

5.1 	Experimental set-up 

Fig. 6. Laboratory absorption pilot plant. 

The main parts of the pilot plant are as follows: frequency controlled fan for gas 

circulation (1), humidifier (2), absorber (3), demister with  zig-zag  baffles (4), abso-

lute filter (5), generator and vessel for concentrated solution (6), circulation pump 

(7), dosing pump (8), vessel for diluted solution (9). 

The pilot plant in paper A was somewhat different from Fig. 6. The capacity was 9 

times greater and two cross-current absorbers coupled in series were used. The de-

mister consisted of a non-wetted part of the packing and no absolute filter was in-
stalled. Finally a heat exchanger on the circulated solution flow made it possible 

to investigate non-adiabatic conditions. To compensate the cooling an electric 
heater was installed before the humidifier. 

The dryer in a real production process is replaced by the humidifier. The wet air 

(with manually controlled  RH-value) flows to the absorber, where the absorption 
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process takes place. The dried air goes via the demister and absolute filter to the 
fan and back to the humidifier in a closed loop. 

Concentrated solution from vessel (6) is pumped to the absorber. Diluted sol-

ution from the absorber goes to vessel (9) and further on to the generator. 

When two absorbers were used simultaneously the solution flow was counter-
current to the gas flow, with a view to creating as large a driving force as possible. 

5.2 	Measurement set-up 

a Ci
0, 0 0 

(. Humidifier 

Absolute 
filter 

[

Diluted 
solution 

Generator/ 
concentrated 
solution 

\ 	 
z 

e  
Fig. 7. Measurement set-up for the pilot plant. 

The gas flow is calculated from measurements with cross-tubing and a micro-

manometer (1). The gas temperature is measured continuously at three vertical 
points in the channel cross-section (2), in order to eliminate the influence of tem-

perature stratification. The relative humidity  (RH)  is measured with two differ-

ent types of  RH-meters, a psychrometer (3) (dry- and wet-bulb temperature) and a 

capacitive hygrometer (4). The static pressure drop over the absorber is measured 
with a micro-manometer. 
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The concentrated solution flow to the absorber is stationary (both mass flow and 
concentration), and adjusted to a requested value , measured manually (5) before 
and after each experiment. The internal solution flow in the absorber is measur-

ed by a rotameter (6). In paper A the pressure difference across a calibrated valve 

was used to determine the flow. The solution temperatures (7) are registered con-

tinuously at different points in the plant. Solution samples (8) are taken out from 

the system at certain times for determination of the density, in order to obtain the 

concentration. 

Larger flows (9 times) in the first pilot plant made it possible to measure the 
diluted solution flow from the absorber. In the measurement set-up used in 

paper  B  an inductive flowmeter was installed, but the measurements of this 
small flow gave no reliability when used for a mass balance. 

The pilot plant is equipped with 7 Pt-100 gauges, 20 thermocouples and 1  RH-

meter. Moreover,in the measurement set-up for paper A a thermo-hygrometer is 

installed at (4). The temperature gauges are calibrated before the experiments. In 

paper  B  a calibration bath with high accuracy is used. The capacitive hygrometer 

is calibrated before each experiment. A personal computer is used for the collec-
tion and calculation of data. Measurements are made every 12 seconds, and 
average values are calculated every minute and stored. 

The absolute humidity is calculated from the  RH-value and dry-bulb tempera-

ture. These values are recalculated on the basis of actual mean gas temperature 

(2), and thereby it is possible to compare the different types of  RH-meters used in 

the experiments. 

Measurements of high  RH-values at higher temperatures give high inaccuracy 

due to uncertainty in the temperature determination. It is therefore necessary to 

verify the  RH-values. This can be done by the calculation of a solution mass 
balance. The absorbed amount of water is calculated from the difference between 

the inlet and outlet solution flow to the absorber. This is equal to the disparity in 
the absolute humidity in the air multiplied by the gas mass flow. At higher sol-

ution flows it is more practical to determine the inlet/outlet concentration of the 

solution medium. From the solution mass flow and concentration values, it is 

possible to verify the measured  RH-values. This verification was only carried out 

in paper A. 

Another possibility used in both papers is to exploit the fact that the process is 

almost adiabatic. The energy equation gives constant enthalpy for the gas passing 
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through the absorber. Latent heat from the solution medium and heat from the 
circulation pump is balanced by heat losses from the absorber. 

The process was non-adiabatic when the heat exchanger in paper A was used. An 
energy balance for the heat exchanger yields the enthalpy difference for the air. 

5.3 	Experimental procedure 

Experiments with varying concentrations of solution medium started with the 

absorber being filled up with concentrated solution. There was no supply from 
the vessel for concentrated solution, so it was gradually diluted through absorp-
tion of water from the humidified air. 

Each experiment was carried out under stationary conditions. Temperatures, 

flows and  RH-values of the inlet air were varied in the different experiments 

presented in paper A. For the study of different absorbers the inlet air had the 
same conditions during all experiments. Temperatures, flows,  RH-values and 

pressure differences over the absorber were determined, and samples were taken 

out regularly in order to obtain the concentration of the internal solution and 

outlet-solution flow. 

The empirical relation between the concentration of the solution and the recalcu-

lated outlet  RH-value for the air could now be presented, i.e. the actual working 

line. 

Experiments with constant concentration of solution medium were carried out 

in the same way as the experiments presented above. The only difference was 

that the concentrated solution (from the vessel for concentrated solution) was 
continuously supplied to the absorber. The important measurement period is 

when steady-state conditions are reached. The measurements are equal to those 

above. These experiments were carried out in order to confirm the established 

working line and to study different parameters. 

The following parameters were studied for cross-current absorbers in paper A. 

Concentration of solution medium. 

Gas velocity. 

Internal circulation flow in the absorber. 
-  RH-values and temperatures of the inlet air. 

- One or two absorbers. 

- Packing depth. 
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- Dissipation of solution from the absorber. 

- Different types of packing. 

In the experiments presented in paper  B  the first two parameters and the last 

parameter were investigated for the selected absorbers. 

Solution feed 

INLET 
GAS 

Fig. 8. Cross-current absorber with different packing depths. 

The packing depth was varied by changing the wetted area for the absorber in 

stages - each stage representing one quarter of the total packing depth (Fig. 8). The 
dissipation of the solution was investigated by putting a cooled plate across the 
air stream after the absorber. The condensate was analysed for different air veloc-

ities, internal circulation flows and varying demister depths. The non-wetted part 

of the packing works as a demister. In paper  B  a demister with  zig-zag  baffles was 

used. 

From the first pilot plant we know that visualization and photography facilitated 

our understanding of the measurement results. Therefore all absorbers in paper  
B  were built with an envelope surface of plexiglass. 

The cross-current absorber had a packed bed with the dimensions (LxWxH) in 
paper A: 1.20 m  x  0.60 m  x  0.83 m and in paper  B:  1.20 m  x  0.22 m  x  0.25 m. 
Through a big pressure drop over the inlet zone, uniform gas flow into the 

packing was guaranteed. For the smaller absorber experiments were carried out 
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with two different distributors for the absorption solution, nozzles and perforated 
trays. 

Experiments with the remaining absorbers, counter-current packed bed, spray and 
CGS, were carried out in a tube with a diameter of 0.30 m and a total length of 

2.10 m. The solution was distributed by a nozzle. The gas was supplied through a 
tube-type distributor11, and for the spray- and CGS-type also without it. The dis-

tributor was used for the purpose of creating uniform inlet gas flow, avoiding 

contact between gas and solution before the active part of the absorber, and in the 
counter-current case as a bottom plate for the packing. 

Dissipation of solution has a negative effect on the reproducibility in the experi-
ments, because it influences the psychrometer measurements (the gas is recircu-

lated in the pilot plant). Therefore an absolute filter (filter with a minimum 
separation of 99.97 % of particles with 0.3 um:s size,  DOP-test) was installed in the 
new pilot plant. This filter prevented a concentration of the mist particles which 
passed through the demister. 

Since the maximum capacity is determined by the equilibrium line for the sol-
ution medium, experiments were done to establish this line. The air was satu-

rated for a short time at the beginning of the experiment and the absorption pro-

cess was continued for such a long time that the absorption capacity became zero 

for the main duration of the experiment, i.e. the inlet and outlet conditions for 
the gas were the same. 
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6 	RESULTS AND DISCUSSION 

6.1 	Equilibrium line 

The equilibrium line presented in Fig. 9 represents the linear fit of the experi-

mental results with the cross-current packed bed. The line shows the capacity of 
the solution medium and is therefore independent of the absorber design. Since 
the equilibrium line represents the capacity for an absorber with infinite length 

or infinite contact time between the absorption solution and the air, it is im-
possible to reach  RH-values lower than the equilibrium line. 
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6.2 	Cross-current packed bed absorber 

6.2.1 Working line. 

The working line for the cross-current packed bed absorber differs by —0.5% in 
relative humidity  (RH)  from the equilibrium line. Such is the case whether per-

forated trays or nozzles are used for the solution distribution. The gas velocity 
has been constant, 1.9  m/s  due to the cross area for the absorber without packings. 
The solution flow in the absorber was held at, 9.7 m3/h,m2. 

The working line determined in the first pilot plant differs from Fig. 10, particu-
larly at higher concentration rates, and this divergence is discussed in Chapter 6.7. 
The working line obtained is independent of variations in inlet gas temperature 
between +30 and +65°C,  RH-value between 40% to 100%  RH,  and gas velocities 
between 1.0 and 3.8  m/s  due to the cross area for the absorber without packings. 

The small difference to the equilibrium line indicates high efficiency for this 
absorber design.  

50 	55 	60 	65 	70 	75 
(% by weight) 

Fig. 10. Working line for the cross-current packed bed absorber. 
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6.2.2 Internal solution flow 

The internal solution flow has an influence on the absorption capacity. The 
minimum flow required to achieve the working line is about 10 m3/h,m2  for a 

gas velocity around 2  m/s.  An increased solution flow results in a greater rate of 
dissipation, since the free cross-sectional area for the gas decreases with higher gas 
velocities as a result. 

6.2.3 Dissipation of solution medium 

The open absorption  systern  requires that there is no (or negligible) dissipation of 
solution from the absorber, because of the costs and the negative influence on the 
external system caused by dissipation. The dissipation of solution medium in-
creases strongly for velocities over 2  m/s,  as is shown in Fig. 11. 
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Fig. 11. Dissipation of the solution medium versus mean velocity in the 
absorber. 
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A demister is used to reduce the dissipation. This influence can be studied by 

using the non-wetted back part of the packing as a demister. The measurements 
show that it is possible to decrease the dissipation by about 99%, while using a 

packing depth of 350 mm (1/4 of total packing depth). Increasing the depth gives 

only a smaller improvement. 

Solution flow 
(m3/h, m2) 

Demister depth 
(mm) 

Dissipation 

(g/1 condensate) (% reduction) 

4.6 9.51 
4.5 350 0.15 98.5 
6.9 10.75 
7.0 350 0.04 99.7 
6.7 650 0.02 99.8 
6.9 950 0.01 99.9 

Table 2. Dissipation vs demister depth. 

For the results in Table 2 the gas velocity is kept constant at 2.0  m/s.  Inlet air tem-

perature is +39°C, and inlet moisture content 95-98%  RH.  The pressure drop is 

almost constant since the packing depth is unchanged. 

In order to get absolute values for the dissipation it is necessary to use iso-kinetic 

specimens. Experiments carried out with this technique, during equal conditions, 

as in Table 2, and with a demister depth of 350 mm, show that the dissipation of 

solution medium is about 300  ug  per m3  of gas coming out of the absorber. For ex-

ample a plant with a gas flow of 10 000 m3/h will have a loss of 25-30 kg of ab-

sorption solution over one year. These losses are negligible. 

6.2.4 Packing depth 

The absorption process is mainly based on diffusion, which means that the con-

tact time and, therefore, the packing depth influence the efficiency. To keep the 

efficiency high through the packing depth, one can use counter-current flow be-
tween the gas and the solution with different solution concentrations in each ab-

sorber part. 

The following parameters are constant: gas velocity 2.0  m/s,  saturated inlet air 

+39°C, solution flow 7 m3/h,m2, and concentration of absorption solution 60% by 

weight. The results indicate that 71% of the total absorption (max packing depth 

1200 mm) takes place in the first quarter of the packing (see Fig. 8), 23% in the 
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next quarter (94% for the first half), and 3% in the third and fourth quarters re-

spectively. 

With two absorbers in series it is possible to study the influence of the packing 

depth with different solution concentrations. The gas flow and inlet air condi-

tions are the same as previously. Decreasing the packing depth of the second 

absorber to a quarter reduces the capacity of this absorber by 28%. Decreasing the 
packing depth of the first absorber to a quarter reduces the capacity of this by 25%. 
Together the results give a decreased total absorption capacity of 9%, when the 

total packing depth is reduced by 75%. 

The difference in absorption capacity between the two absorbers is due to the dif-

ference in  RH-value for the inlet air. The reduced capacity for the first absorber 

results in a higher  RH-value for the inlet air to the second absorber, which means 
a bigger driving force and therefore an increased absorption. The total capacity is 

consequently reduced only by a small amount. 

6.2.5 Different types of packings 

Previous results are based on the Telpac packing. The working line (Fig. 10) is 

also achieved with Saddle packings. The name comes from its saddle shape. The 
influence of two other types of packings in a cross-current absorber was studied in 

paper A, see Fig. 12. 

(A)  (B) (C)  

Fig.  12. Packings. A: Telpac (Telko OY); B: C10.19 (Munter AB); C: C20.30 (Munter AB) 

The experiments show that packings A and  B  and the Saddle type packing give 

almost the same capacity for the absorber. The  RH-value for the outlet air when 
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using packing  C  is around 2% higher, which means a lower absorption capacity. 
This can be seen in Table 3. One can also detect a greater difference between the 

packings when the packing depth is decreased. The absorption velocity is lower as 
the contact between gas and solution becomes poorer. 

Packing Inlet 
temp %  RH  

( °C) 	(%)  

Outlet 
temp %  RH  

(°C) 	(%)  

Packing 
depth  

Difference 
to full 
packing 
depth (%) 

Difference 
to 
packing A 

(%) 

A 37 	99 55 30.1 1 
A 37 	100 55 33.1 1/2 2.5 
A 37 	100 53 38.0 1/4 8.0 

B 36 	100 55 30.7 1 
B 36 	100 54 33.0 1/2 2.4 -0.1 
B 37 	100 52 36.7 1/4 6.7 -1.3 

C 36 	98 54 32.3 1 +2 
C 36 	98 53 36.7 1/2 4.5 +4 
C 37 	99 50 43.7 1/4 12.0 +8 

Table 3. Capacity for different pacldngs 

The Telpac packing (A) has a pressure drop of around 120 Pa/m, and packing  C  
has a pressure drop of the same order. The saddle type packing has a pressure 
drop which is about 4 times greater. Packing  B  has a pressure drop 28 times 
greater than packing A, mainly due to the fact that the gas flow in packing  B  has 
to go a much longer path, with many bends, through the absorber. However, the 
absorption capacity of packing  B  is not better than that of packing A. The lowest 
dissipation is obtained with packing A and the highest with packing  B.  The 
results show clearly that packing A (i.e. Telpac) functions best in these tests. 
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6.3 	Counter-current packed bed absorber 

The working line differs by around 1% in relative humidity  (RH)  from the equi-
librium line. This is independent of investigated packings (Saddle and Telpac). 
The gas velocity has been 1.4-1.7  m/s  due to the cross area for the empty absorber. 
The solution flow in the absorber has been constant, 25 m3/h,m2. 

The pressure drop is higher in this set-up but differs only 1.25 times between the 
packings (1000 versus 800 Pa for Telpac). The small difference depends on the fact 

that the solution interacts with the gas flow and creates a big pressure drop; con-
sequently the main part of the pressure drop is caused by the solution. 

The small difference to the equilibrium line indicates high efficiency for this ab-
sorber design. 

Fig. 13. Working line for counter-current packed bed absorbers. 
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Fig. 14. Working line for spray absorbers. 

24 

6.4 	Spray absorber 

The working line for the spray absorber differs by around 7% in relative humidity  

(RH)  from the equilibrium line. The gas velocity was kept constant at, 1.7  m/s.  
The solution flow in the absorber has been constant, 25.8 m3/h,m2. The outlet air 
humidity increases rapidly with increasing gas velocity, which means an even 
poorer absorber capacity. The pressure drop is almost negligible for this absorber. 

An extra demister (15 mm thick) was installed at the top of the absorber. The dis-

sipation keeps the demister wet, and due to the low efficiency one could expect an 
improvement in performance with the demister. Only one experiment has been 

done without this demister (because of dissipation problems), but no enhance in 

capacity has been registered. 

Tests with lower solution flow (13.4 m3/h,m2) indicate no reduction in absorber 

capacity with a gas velocity of 1.7  m/s.  

Experiments with and without the tube-type gas distributor show no changes in 
absorber capacity. The big difference when compared to the equilibrium line indi-

cates low efficiency for this absorber design. 
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6.5 	Fluid bed absorber 

The working line for this absorber differs by around 4% in relative humidity  
(RH)  from the equilibrium line. The gas velocity has been 7.1  m/s  and without a 
distributor. The solution flow in the absorber has been 15 m3/h,m2. The grid con-
sists of a mesh with 5 mm distance between the wires. 

A distributor for the gas flow will increase the capacity. Experiments have shown 
that the outlet  RH-value (working line) will be about 2%  RH  lower for the pres-

ent gas and solution flows. For reduced flows the influence of the distributor is 

even more extensive. The solution flow has a strong influence on the absorber 

capacity. In Fig. 15 the circles represent different solution flows (4.5 to 15 
m3/h,m2) at constant gas flow. Higher solution flows give an improved capacity. 
The markers should be regarded as a tendency which has been verified in several 
experiments and not as absolute values. 

The gas velocity has also a strong influence on the absorber capacity. Increasing 

the velocity will improve the capacity. This is verified in experiments up to 8  
m/s.  The pressure drop is rather low, around 300 Pa for a gas velocity of 7  m/s.  
For gas velocities of this rate the dissipation of solution is high and demisters 
with high efficiency are required. The alternatives described above to improve 
the capacity (working line approaching equilibrium line) make it possible to 
create high efficiency for this absorber. 

(% RH)  

I 	II 
	

I 	'  
50 	55 	60 	65 	70 	75 

(% by weight) 

Fig. 15. Working line for fluid bed absorbers. 

50 

45 

40 

35 

30 

25 

20 



20 

/ 10 

RH  20% 

Temperature ( °C) 

60 

/ 	 
50 

dx /  

50  A  RH  
40 

B 
< 	 

30 

100 32  

0,030 
x (kg/kg) 

RH  

0,020 0,010  0,000 

26 

6.6 	Non-adiabatic absorption conditions 

When using the heat exchanger in the experiments the solution is cooled and 

thereby also the gas flow through the absorber. The process is therefore non-adia-

batic. 

For temperatures around +30°C, 40 to 50%  RH  and a gas velocity of 2  m/s  due to 

the cross-sectional area for an empty cross-current absorber, the working line in 

Fig. 10 is repeated. However, the absorption capacity is considerably increased due 

to the cooling. The results in Fig. 16 illustrate a difference of about 300% in ab-

sorption capacity compared to adiabatic conditions. 

Fig.16 	Adiabatic (A) and non-adiabatic  (B)  absorption process in the  

Mollier-diagram. Inlet air conditions: +31°C, 45%  RH.  
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6.7 	Discussion and conclusions 

The  RH-value for the air from the absorber is directly related to the concentration 

of the absorption solution (i.e. the working line). In order to get the highest 
absorption capacity one should work with as high a concentration as possible. 
Crystallization problems limit the upper value to around 75% by weight. Experi-

ments in the pilot plant show that it is possible to dry air from saturation down 
to an  RH-value of around 20%. 

The equilibrium line for the solution and working lines for the different absor-
bers are plotted in Fig. 17. The working lines represent the efficiency for each ab-

sorber. Highest performance was achieved with the packed bed absorbers, 
followed by the fluid bed absorber, and finally the spray absorber. 

(% RH)  

Fig. 17. Compilation of working lines for studied absorbers. 

The minimum internal circulation flow, is 10 m3/h,m2  for the cross-current 
packed bed absorber. Flows over this value give only small improvements in the 
absorption capacity. 

The gas velocity recommended in the literature studied is 2  m/s  for cross-current 
packed bed absorbersI2, and this has also been verified in the experiments. Experi- 
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ments  in the pilot plant with velocities of around 4  m/s  show that the working 

line is still achieved, but the dissipation increases about 70 times. 

The equilibrium line is measured in experiments running for a long time. Even 

slight dissipation can therefore have negative influence on the results. Absorp-

tion solution on the wet bulb will increase the temperature and therefore raise 

the  RH-value. The correct equilibrium line for the solution would probably give 

somewhat lower  RH-values. 

The working line for the cross-current packed bed absorber differs from results 
determined in the first pilot plant (paper A) at higher concentration rates. The 

working line was approximated by the method of least squares. The fact that there 

were fewer experimental results at high concentration rates is suppressed by the 
matching method. In the present pilot plant ( with many measurements in this 

region) we have found a straight linear correlation between outlet air  RH  and 

solution concentration. The difference is therefore traceable to the use of varying 

approximation methods. 

The counter-current packed bed, the spray absorber, and to some extent the fluid 
bed absorber have working lines where the gradient differs from the equilibrium 
line. The deviation from the equilibrium line is unreasonable. The results for 

low solution concentration are obtained at the end of the experiments and are 

affected by dissipation. 

The capacity for the fluid bed absorber will be improved when the gas or solution 

flow increases, which is reasonable according to the fluid bed function. The maxi-
mum capacity has not been reached due to the limitations in the pilot plant. A 
second pair of grids will at least have the same positive effect on the capacity as 

the distributor, described in Ch. 6.5. Altogether this means that the working line 

for the fluid bed absorber will be close to the equilibrium line, i.e. high efficiency. 

The fact that there is higher capacity for the fluid bed absorber when using a 

distributor, but no reaction on the spray absorber capacity, probably depends on 

different solution flows in the bottom of the absorbers. In a fluid bed the solution 

is drained from the absorber as droplets in the centre. In a spray absorber a great 

amount of solution flows along the envelope surface at the bottom of the ab-
sorber. In both cases the gas flow direction changes 90 degrees from the incoming 
channel. The distributor creates a uniform inlet gas flow and therefore it should 

give better overall performance. For the spray absorber good contact between gas 

and solution is created when the inlet gas flow must go through a solution cur-

tain and when the gas flow has to change direction. Altogether this compensates 
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the absence of the distributor in the spray absorber. For the fluid bed absorber the 
contact between gas and drained droplets does not have the same effect on 
capacity as the distributor. 

For all absorbers where solution and gas flow interact, dissipation is severe, parti-

cularly for the fluid bed absorber with its high gas velocities. Demisters with high 

efficiency are therefore a requirement for these absorbers. The dissipation for the 
cross-current packed bed absorber, compared to the other types, is very small. In 
spite of that the open absorption system always demands, even for the cross-

current absorber, a demister in order to achieve negligible solution losses. When 
using a non-wetted packing as a demister, the packing depth should be around 

300 mm; increasing the depth gives only a smaller improvement. With a correct-
ly designed demister it is always possible to keep the dissipation on a low and 
negligible level. 

The relation between the  RH-value and concentration for the absorption sol-
ution (i.e. the working line) is not influenced by the temperature. A non-

adiabatic absorption process increases the capacity and is to be preferred on the 
condition that the heat thus produced can be utilized. 

In the choice between cross- and counter-current packed beds the first one is pre-

ferable. A big driving force gives fast absorption and therefore a limited length for 
the absorber. In practice this is easily achieved for a cross-current packed bed by 

building it up in several different steps, each with a small packing depth and 
coupled in series. The counter-current packed bed always works with the highest 

possible driving force. High solution circulation flow in the absorber implies a 

small concentration difference for the circulating solution between the top and 

bottom of the absorber. This means that the driving force is almost equal for the 
two different absorbers. The absorption process works with solution concentra-

tion near crystallization, so that the counter-current packed bed absorber (one 
step) works with much bigger solution flows to and from the unit. Furthermore, 
the counter-current packed bed has higher pressure drop and dissipation. 
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Fig. 18. Comparison of relative size for investigated absorbers. 

From a practical and economical point of view the size of the absorber is very 

important. The comparison illustrated by Fig. 18 is based on the following 

assumptions: the same total amount of absorbed water, inlet saturated air with a 

temperature of +40°C, outlet  RH-value equivalent to actual working line at a 

solution concentration of 75% by weight, adiabatic conditions, gas velocities and 

length according to results in Chapter 6. 

For the counter-current packed bed absorber the gas velocity was adjusted to the 

same value as the cross-current absorber. The number of experiments for the 

spray absorber are few, and furthermore the absorbers are not optimized in the 

study. Therefore one should avoid drawing considerable conclusions from this 
comparison.Nevertheless, the fluid bed absorber has a superior efficiency per 

volume unit and a simple construction, implying low investment costs. 

One can also condude that the spray absorber has the lowest efficiency and will 

furthermore cause the external system to grow. The construction is simple, but 

the huge size will increase the investment. 

The counter-current packed bed absorber has the same efficiency as the cross-

current absorber. However, there is little interest in counter-current absorbers in 

open absorption systems according to previous discussion. 
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Almost all drying processes use air for the transport of water. They normally con-

sume great amounts of heat since the vaporization heat cannot be used. The 
open absorption system utilizes the heat, and this is why this drying process de-

mands only about 10 percent of the initial energy input. The primary heat supply 

in the generator is utilized to almost 100 percent in the condenser. 

For open absorption systems the experiments show that the cross-current packed 
bed absorber is to be preferred in systems with low gas quantities, for example air 
conditioning in buildings. The benefits of this absorber are high efficiency, low 

pressure drop, and furthermore, the most important factor, low dissipation for 
gas velocities around 2  m/s.  Since the gas quantity is small, the low gas velocity 
does not have great negative influence on the total investment. 

For large gas quantities in industrial applications the fluid bed absorber is prefer-

able. High gas velocity in connection with high absorption capacity makes the 
size of the absorber small. Furthermore, the construction is simple, with no 

potential plugging problems and relatively low pressure drop. A disadvantage is 
the need for a highly efficient demister, which increases the cost and the total 

pressure drop. Altogether the investment for the fluid bed absorber is much 

lower compared to the other absorbers studied. 

The most important negative factor for the open absorption system - high invest-
ment costs - can be reduced considerably by using a fluid bed absorber. 
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