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Abstract
This paper focuses on the development of a reaction zone dedicated to an absorption/desorption seasonal thermal
energy storage. The modelling of the tube bundle constituting the reaction zone is described as well as the boundary
conditions in worst working conditions and some modelling results are presented for the desorber/absorber. In
parallel to this sizing work, investigations were lead on the tube bundle optimisation by studying the wetting and fluid
distribution. A specific developed experimental set up based on imaging enabled to quantify the influence of tube
texturing and to improve the manifold design. This work will lead to the reaction zone construction for an aqueous
sodium hydroxide seasonal thermal energy storage prototype.
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1. Introduction
Seasonal storage using sensible thermal energy in materials (usually water) has two main
disadvantages: comparably high thermal losses and a low volumetric energy density. A process involving
absorption and desorption could be a solution to improve both aspects. In this paper, an
absorption/desorption concept with sodium hydroxide (NaOH) and water is investigated.
Heat and mass exchangers building the reaction zone are core components in the Liquid Sorption
Energy Storage Concept using aqueous sodium hydroxide to store thermal energy on a seasonal time
scale. In fact, in this storage concept the energy provided by the solar collectors during the charging
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process in summer is used to vaporise a portion of the water contained in the diluted caustic soda solution
(desorber) under reduced pressure. The caustic soda lye will then have a higher NaOH concentration. At
the same time, the latent condensation heat (condenser) is released to the ground by means of a bore hole
and the liquid water as well as the concentrated solution are stored in separate tanks at room temperature.
During discharging, the process is reversed: The ground heat is used to evaporate the water under reduced
pressure (evaporator) and the absorption of the vapour into the concentrated caustic soda solution releases
heat (absorber) at a temperature level sufficiently high to satisfy the building’s heating requirements in
winter time [1], [2].
The present work is focused on the design and component improvement of the desorber/absorber as
well as condenser/evaporator reaction zone. In fact, the sequential running of the heat storage allows
combining the desorber and the absorber to one component as well as the condenser and the evaporator in
another one, leading to an increase of the volumetric energy density. Due to its high mass and heat
exchange abilities, tube bundle heat exchangers present a good compactness. In order to decrease the
parasitical electrical consumption, the crux of the study will be to complete the design without fluid
recirculation for the combined desorber/absorber unit.
In this paper, after describing the development of a model to size the heat exchangers, we will focus on
the wetting and fluid distribution optimisation on a preliminary experimentation.
Nomenclature
Pre and suffixes:
D

tube diameter [m]

a

absorber

2

h

heat transfer coefficient [W/(m .K)]

av

averaged

L

tube length [m]

d

desorber

m

mass flow rate [kg/s]

e

outside (of the tube)

N

number of tube rows [-]

i

inside (of the tube)

P

Pressure [Pa]

t

for one column of tubes

Q

power [W]

tot

total incoming

2

Rclo

clogging resistance [m .K/W]

w

wall

T

Temperature [K]

∆

difference

wf

wet surface fraction [-]

wt

NaOH mass fraction [kgNaOH/kgsol]

Θ

contact angle [rad]

λ

thermal conductivity [W/(m.K)]

2.

Modelling of the heat exchangers

The appropriate sizing of the storage system’s heat and mass exchangers is carried out in order to
achieve the room heating and domestic (DHW) hot water demand for a typical low energy single family
house (SFH) in Switzerland. With this aim in view, numerical models of the desorption and absorption
reaction zone were developed. These models are fed with boundary conditions (BC) stemming from
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system simulations. In this paper, due to space restriction, only the desorber and the absorber modelling
will be presented. The fluid concentration and properties variations as well as the favourable absence of
sodium lye recirculation make this modelling the most demanding.
2.1. Boundary conditions
The BC for the models originate from simulations of the system in which the solar collector field, an
additional hot water buffer storage tank, a bore hole, a floor heating and a heat sink as well as a heat
source are defined. At this level of development of the reaction zones, only the boundary conditions in
unfavourable working conditions will be considerate (see Fig. 1).
For the desorber modelling, the power provided by the solar collectors is fixed through the water input
temperature inside the tube (Tid(1)) as well as the mass flow rate (mid). The lye solution mass flow rate
entering at the top of the heat exchanger (med(N+1)) is triggered so that the solution concentration at the
outlet of the desorber remains at a constant value. The desorber pressure (and saturation temperature)
matches to the pressure in the condenser minus the pressure losses between the two units and is therefore
linked to the saturation temperature of the fluid outside of the tubes at the bottom of the condenser
(Tec(1)). During the heat storage charging process, the worst working conditions are expected to occur at
the end of summer, when the average heat sink (borehole) temperature is at its highest expected value due
to the running time during summer where heat already transported to the ground. At the same time the
solar collectors heat will have to be used for reaching a high solar fraction (see Fig. 1.(a)).
from NaOH storage
wt(N+1) = 30%
Ted(N+1) = 18 °C

Desorber

from NaOH
storage
wt(N+1) = 50 %
Tea(N+1) = 18 °C

med(N+1) # 0.0239 kg/s

Absorber

mea(N+1) = 0.0056

Condenser

mid = 0.53 kg/s
mid = 0.3 kg/s

Tid(1) = 95 °C

mia = 0.1 kg/s

Tia(1) =14 / 25 °C
to NaOH storage
wt(1)= 30%

to NaOH storage
wt(1) = 50 %
med(1) = 0.0064 kg/s

Evaporator

Tia(N+1) = 32 °C
Tia(N+1) = 33 °C

Tid(N+1) = 84 °C

Pd = 7050 Pa
Qd = 15 kW

m (N+1) = 0.008

(a)

Pa = 590 / 1380 Pa
Qa = 8 kW

(b)

Q = 7.9 kW

Fig. 1. (a) Schematic of the heat and mass exchanger unit during the heat storage charging ; (b) during discharging process for room
heat and domestic hot water (DHW) production, right. Conditions and requirements in worst working conditions.

During the heat production process (discharging), the mass flow rate of sodium lye outside of the
Absorber’s tubes (mea(N+1)) is determined by the amount of heat that should be delivered to the building
(Qa) and, in order to achieve a significant usable temperature level at the outlet of the Absorber (Tia(N+1),
the water mass flow rate inside of the tubes (mia) is limited. Inside of the tubes, the temperature at the
inlet (Tia(1)) is determined by external conditions and the vapour pressure in the whole container by the
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saturation temperature reached in the evaporator. In the discharging process the worst working conditions
are expected to occur at the end of winter after a long period without sun. Due to the heat already drawn
out of the ground, the ground bore hole temperature will be lower than at the beginning of the winter and
the building heating energy demand as well as DHW production should be covered by the sodium lye
storage (no heat coming from the solar panels or remaining in the buffer storage).
For DHW production, the evaporator is supplied with heat at medium temperature level stored in the
buffer storage. Due to a higher pressure level in the whole reaction zone, heat at a higher temperature can
be produced in the absorber (see Fig. 1.(b), right numbers).
2.2. Model description
As explained in the introduction, the falling film heat and mass exchanger technology was chosen
because of the large contact area between vapour and the liquid fluid, what enables to decrease the
volume of the reaction zone. Such type of heat exchangers are not often used in the industrial domain and
our reaction zone requirements of working with caustic soda and low mass flow rates made it necessary to
develop our own models for the design of the reaction zone exchanger. These models consider only one
vertical tube column. For each tube (or tube row) with index n (see Fig. 2.(a)), the inside heat exchange
coefficient (hi) is calculated according the Sieder and Tate or Colburn correlation [3].

L

De

Te(n+1), met(n+1), wt(n+1)

Di

Ti(n)
Tw(n), he(n), hi(n)
Te(n), met(n),

wt(n)

Ti(n+1)

mi, Pi

(a)

(b)

Fig. 2. (a) Schematic of the tube bundle model with the indicated parameters; (b) average temperatures, solution concentration and
mass flow rate evolution in function of tube number.

On the outside of the tube, the heat exchange coefficient (he) is calculated with two different
correlations which are taking into account the flow mode as well as the physical properties of the fluid
(Owens [4] and Hu [5], [6]) and a linear regression carried out on the experimental data gathered by Lee
[7]. The convergence behaviour of the models using the different correlations was studied and at this
occasion the correlations are limiting the prediction of the heat transfer coefficient appearing under low
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mass flow rates. Therefore it was decided to work with the linear regression for the desorber/absorber
sizing. The global heat exchanges for each tube are given by equation (1):
Q = htotπ De L∆Tav

(1)

with the global heat transfer coefficient given by equation (2),
htot =

1
 De 
ln   De
D
De
1
+  i  + + Rclo
hi Di
2λ
he

(2)

the average temperature given by equation (3)
∆Tav =

∆T2 − ∆T1
 ∆T 
ln  2 
 ∆T1 

(3)

and ∆T1 and ∆T2 the fluid temperature differences at both tube ends. Then, a heat balance is completed
on each tube and enables to calculate the water temperatures inside (Ti) and outside (Te) of the tube as
well as on the tube wall (Tw). Coupled to a mass balance, it also enables to calculate the sodium lye mass
flow rate (met) and sodium lye concentration (wt) outside of the tube.
As the heat and mass exchangers work like counter-current heat exchangers, a looping up has to be
done; in fact, the fluid temperature inside of the last tube depends on the heat amount exchanged outside
of the tube, depending itself on the tube wall temperature (and, therefore, of the heat exchanged on the
preceding tubes). The fluid properties inside and outside of the tubes are calculated in conditions
determined at the former iteration with functions using the data previously gathered. The looping up is
stopped as soon as the temperature inside and outside of the tube are stabilized - as the simulated
temperatures have converged within a deviation lower than +/- 10-3 K at the following simulation step.
2.3. Results
The four heat and mass exchanger models are considered to form the reaction zone. In this design
process, the number of tube columns and tube rows constituting the tube bundle as well as the length,
diameter and spacing of the tubes are defined with the BC fixed in paragraph 2.1.
Fig. 2.(b) shows typical results in terms of temperature, concentration and mass flow rate obtained for
the desorber modelling with a tube bundle of 4x16 tubes arrangement where the 17th tube represents the
nozzle manifold fluid outlet, on top of the tube bundle. According to this figure, the fluid coming from the
solar collectors regularly cools down inside of the tubes. In the same time, the temperature outside of the
tube increases dramatically at the top of the heat exchanger until reaching the saturation temperature.
Then, partial evaporation occurs, leading to a decrease of the mass flow rate outside of the tubes and a
concentration increase; Te follows the mixture saturation temperature. The wall temperature Tw is closer
to Ti than to Te; in fact the heat transfer coefficient outside of the tube is much lower than inside as shown
in Table 1.
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Table 1. Desorber/Absorber main characteristics according to the modelling in worst working conditions.

mi
∆P
Ti(1)
Ti(N+1)
hi
Pe
me(N+1)
me(1)
Te(N+1)
Te(1)
he
Q

[kg/s]
[Pa]
[°C]
[°C]
[W/(m2.K)]
[Pa]
[kg/s]
[kg/s]
[°C]
[°C]
[W/(m2.K)]
[kW]

Desorber

Absorber

0.300
16767
95
83.8
7401
7050
0.0108
0.0064
18.0
79.8
1042
14.18

0.100
2222
14
32.8
1847
590
0.0048
0.0080
18.0
45.7
459
7.87

Absorber
(DHW)
0.060
818
25
56.0
1500
1380
0.0048
0.0080
18.0
60.1
481
7.77

As shown in Table 1, the required heat flux of about 15 kW for the desorber and 8 kW for the absorber
is reached during charging and in room heat as well as DHW production mode by a tube bundle
configuration of 4 columns and 16 rows for the desorber/absorber heat and mass exchanger unit. The
individual tube has a length of L = 300 mm and an outside diameter of De = 12 mm. For this sizing, the
auxiliary energy consumption of a pump to overcome the pressure loss inside of the tubes bundle was also
taken into account.
For the evaporator/condenser unit (not presented in this study), the tube bundle configuration (same
diameter De and length L=700 mm) will be of 12 columns of 12 rows. This unit will be operated with
fluid recirculation. The current investigations are leaded in order to build the prototype of heat and mass
exchanger.
3. Wetting and fluid distribution testing on a preliminary experimentation
The caustic soda is reactive - beside of others - to water vapour and to carbon dioxide. To reduce the
hazards linked by handling experiments with caustic soda, the optimisation of the exchanger was
performed in air with a substitution fluid of similar relevant fluid physical properties. In particular, the
tube surface texturing and manifold type were studied experimentally in order to increase the tube outside
surface wetting which strongly influences the heat and mass transfer.
3.1. Setup description
In order to test the wetting of the heat exchanger tube surfaces without facing the carbonation of
NaOH with CO2 contained in air and corrosion and handling problems expected with caustic soda, this
first experiment was carried out with sucrose solution as a substitution fluid.
In the given boundary conditions, the physical properties like viscosity, density and surface
tension relevant for the flow of this solution are quite similar with those of caustic soda (Olsson [8];
Mathlouthi and Rieser [9]). To ensure the similarity of the experiment to the conditions of the real heat
and mass exchanger working with caustic soda, the measurement setup presented in Fig. 3 was built. In
this isothermal experiment, several different temperature levels and mass flow rates can be achieved,
corresponding to different positions in the real heat and mass exchanger.
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Nozzle manifold
Distance 2m

Tube bundle
(3 x 6)
Pump

Back lamp

Light diffusor

CCD camera

Front lamp

Fig. 3. Sketch of the experimental set up for the tube bundle wetting experiments.

The core of this experiment is the tube bundle heat and mass exchanger. In Fig. 3, the 3x6 tube bundle
is symbolised as 3x6 circles. The substitute fluid pumped by a dosing pump flows through a nozzle
manifold from top to down over all 3 tube bundle rows. The flow pattern is measured by a CCD camera
taking and averaging pictures to a mean representation, Fig. 6.
3.2. Measurement process
The quantification of the wetting of the heat and mass exchanger tube arrangement was enabled by
developing an optical (visual) method. While the liquid sucrose flows downward over the tube bundle
pictures of the heat and mass exchanger tubes are taken with a camera equipped with a CCD sensor (Fig.
4. (a)). The tubes are illuminated from the front (Spotlight) and from the back (Diffuse Backlight) as
showed on Fig. 3. In the pictures, the dark areas between the tubes show the presence of fluid droplets.

(a)

(b)

Fig. 4. (a) Photos of the wetting experiments. Instantaneous picture (left) ; (b) minimal light intensity value field obtained by doing
statistics on 1000 pictures (right).

In order to ensure a high repeatability of the calculated tube bundle surface wetting fraction, statistics is
done on sets of 1000 pictures taken at a frequency of 2 Hz and with an exposition aperture opening time
of 10 µs per single photo (Fig. 4. (b)).
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3.3. Surface wetting improvements on the heat and mass exchanger
The optical imaging method enabled us to compare the effect of different parameters on the surface
wetting of the tube bundle. The parameters are: Distance between the nozzle manifold and the tubes,
texturing (roughness) of the tubes outer surface, type of manifold for fluid distribution over the tube
bundle with different distances and diameter of the nozzles or groove in the lower plate of the manifold.
The tube texturing was studied in a first time. It was found that fluid-solid couples with a small contact
angle presenting a better wetting fraction ratio; in fact, the nature of the materials coupling is considered
hydrophilic for contact angle Θ lower than 90° and hydrophobic for Θ>90° (Gennes et al. [10]) .

90.0

contact angle (°)

80.0

70.0

60.0

50.0

brushed2; 65%

brushed1; 65%

smooth; 65%

as received; 65%

brushed2; 50%

brushed1; 50%

smooth; 50%

as received; 50%

brushed2; 25%

brushed1; 25%

smooth; 25%

brushed2; 0%

as received; 25%

brushed1; 0%

smooth; 0%

as received; 0%

40.0

stainless steel 1.4404

Fig. 5. Contact angle Θ evolution for different combinations of sucrose solution (concentrations of 0, 25, 50 and 65 % wt) and
smooth or textured stainless steel sample surfaces.

The results presented in Fig. 5 were obtained with various kinds of 1.4404 stainless steel alloy flat plate
samples. This high quality alloy could be used for the parts in contact with the concentrated sodium
hydroxide lye. The roughness of the samples is increasing from as received to “brushed2” as well as the
contact angle decreases (not depending on the fluid concentration). It is shown in the experiments that a
decreasing of ∆Θ of 3 % of the contact angle (obtained by increasing the surface texture) matches to an
increase of the surface wetting fraction ratio measured of 30 %.
Most of the work that was done for increasing the wetting fraction ratio was achieved with the
manifold built of nozzles. In these experiments the nozzles spacing (distance) was varied.
After development, the last developed version of manifold was tested with a 30 % concentration
caustic soda solution. As shown by Fig. 6, the wetting fraction ratio is in this case higher just under the
manifold, at the top of the heat and mass exchanger (6th tube row) than at the bottom of the heat and mass
exchanger (2th tube row). This was not the case in the experiments with the first manifold versions,
showing the improvements achieved.
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65.0%

NaOH 30% wt

wf = 0.0525ln(me) + 0.4156
R² = 0.9566

Wet surface fraction wf, [-]

55.0%

6th 2nd

45.0%

4th 2nd
2th 2nd
35.0%

Log. (6th 2nd )
Log. (4th 2nd)
Log. (2th 2nd)

25.0%

15.0%
0

5

10
15
20
Mass flow rate per tube column me, [l/h]

25
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Fig. 6. Wet surface fraction wf along the tube bundle in function of the mass flow rate me.

4. Conclusion
According to the present work, the design of a compact absorber/desorber reaction zone and a
condenser/evaporator unit is possible in accordance with the seasonal thermochemical storage
requirements. In particular, at the current status of development, fluid recirculation can be avoided for the
absorber/desorber unit.
To build the prototype, a final reaction zone design is currently carried out by doing iterations between
system simulation and heat exchanger modelling as well by taking into account costs considerations.
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