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Heat sinks are used in many systems to keep components within their required 
temperature ranges. Independent from the heat transfer mechanisms (conduction, radiation, 
convection), the heat sink must always be lower in temperature than the heat source. This 
can either be accomplished by transporting the heat away via a dedicated heat exchanger or 
by using the thermal inertia of the heat source which however, leads to a continous 
temperature increase of the heat sink and thus, in a continous decrease of the heat flow 
between the source and sink. Heat sinks staying at a constant temperature over a certain 
time (Constant Temperature Heat Sink = CTHS) even with varying heat input can be 
realised by using the energy of phase change (from solid to liquid or from liquid to vapour; 
in case of sublimation from solid to vapour). Another principle which can be used for a 
CTHS, is the thermochemical heat storage. More specifically, this paper deals with the 
energy of desorption. Although the desorption is in concern for the CTHS, the adsorption is 
considered as a possibility to turn the heat sink into a heat source, which can be useful under 
strong variations in the thermal environment of the system. This paper presents an invention 
called SORTECA (SORption based TEmperature Conditioning Assembly) of which german 
and european patents are pending,4, 5 

Nomenclature 
Acon = Cross-Sectional Area of Conduction 
Asurf = Surface Area of Packed Bed 
aads = Specific Surface Area of Adsorbent 
B = Shape Factor for Particles 
Cp = Specific Heat Capacity 
Cp, liq = Specific Heat Capacity of Liquid Phase 
Cp, ads = Specific Heat Capacity of Adsorbent 
H = Enthalpy 
HX = Heat Exchanger 
hbed = Depth of Packed Bedmmax 
k = Thermal Conductance 

mfrac = Mass Fraction  

mliq = Mass of Liquid Adsorbate 
mmax = Maximum Adsorption Mass Fraction 
msil = Mass of Silica 
mtot = Total Mass of Adsorbent and Adsorbate 
mwat = Mass of Water 
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Nomenclature (Continuation) 
P = Pressure 
Q = Total Heat Transfer 

 = Rate of Heat Transfer 
T = Temperature 
TC = Thermocouple 
V = Volume 
V’ = Volume Volume Fraction 
∆hads = Heat of Adsorption 
∆heff = Effective Heat of Vaporisation 
∆hvap = Latent Heat/Enthalpy of Vaporisation 
Λ = Thermal Conductivity 
λ 2ph = Thermal Conductivity in Adsorbed Condition 
λads = Thermal Conductivity of Adsorbent 
λfluid = Thermal Conductivity of Fluid Adsorbate 
λp = Ratio of Thermal Conductivities 
ρ = Density 
ψ = Shape Function for Packed Beds 

I. Introduction 
n the use of electronic components in space flight, heat sinks are required to reject the waste heat. If this heat is 
not adequately dealt with, the component temperatures may exceed acceptable limits with the consequence of 

failure or even destruction. In terrestrial systems, this heat rejection can be achieved in situ through the use of open 
evaporator systems. Through the process of vaporisation, heat can be extracted from a source at constant 
temperature. This vapour can then be transported to an exhaust to the external environment. However, in micro-
gravity and under acceleration, as is found in space flight and launch vehicle systems, this liquid cannot be assured 
to maintain contact with the heat source. 

An evaporative cooling system was developed that utilised the phenomenon of adsorption in order to prevent 
loss of liquid. This system was tested under laboratory conditions with the aim of fulfilling the requirements of 
thermal control of electronics for the upper stage of Ariane 5, of which the former Astrium GmbH is prime 
contractor. A series of thermal tests were conducted to justify the concept as applicable for thermal use. This testing 
required a constant surface temperature in contact with the heat source, as per standard cold plate systems, and 
maintaining this temperature with input levels as defined under the Ariane 5 flight plan. Through testing, the system 
proved the concept is suitable for further development. It was found by literature research, however, that there is a 
significant lack of empirical research in the subject of vaporisation from static packed beds. 

A thermo-mathematical model was developed to determine an appropriate method of simulating desorption and 
vaporisation processes. Through validation of the proposed modelling method, it was possible to highlight further 
research and development methods to increases performance and continued simulation of the device. 

The work presented here covers an analysis of such an in-situ thermal control system. The system under 
consideration, named SORTECA, is based on the usage of an adsorbent. An exploded design view of SORTECA is 
shown in Figure 1. Adsorption is a process through which a fluid 
(the adsorbate) becomes bound to the surface of a solid (the adsorbent). This 
can be a physical process, under relatively low energy conditions, or a 
chemical process, under relatively high energy conditions. This process, in 
both cases, is exothermic, releasing heat of a value described as the enthalpy 
of adsorption. Thus, in order for the fluid to be desorbed, an equivalent level 
of thermal energy must be introduced to the system. 

The system shown is intended to utilise adsorption to prevent a loss of the 
liquid under vacuum and micro-gravity conditions. The intent is for this 
system to be applied to future launch vehicles, and specifically developed in 
the immediate future for the Ariane 6. The adsorbent will ensure that there is 
no fluid loss prior to vaporisation, thus ensuring that the heat of vaporisation 
can be used to reject heat from the electronic components. This proof of 
concept SORTECA device uses an adsorption pairing of Silica-Gel and Water. 

I 

Figure 1. Vapour Cooling System 
Utilising Adsorption. 
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II. Therotecial Study 

A. State of the Art 
This section presents the current status of the Ariane 5 cooling system, and relevant state of the art for adsorption 

and vaporisation cooling. This was used as a basis for SORTECA and describes the current lack in research that 
suggests this study. 
1. Current Solution 

The Ariane 5 launch vehicle employs the 
use of Aluminium plates as a heat sink for 
electronics during flight. Figure 2 shows the 
relevant plate within the design of the upper 
stage of Ariane 5. This aluminium has a total 
mass of 46 kg, and it is this mass that is 
intended to be reduced. Absorbing the 
maximum heat dissipation from the electronics 
box of 70 W, the aluminium plate offers 
substantial heat sink capability. Comparatively, 
vaporisation of water offers similar cooling at 
much reduced mass. In order to achieve the 
same energy transfer over the time of the flight, 0.22 kg of water would theoretically achieve this level. This is 
shown in Table 1. 

 

Table 1 does not take in to account the 
required housing for the water to be 
vaporised, however this will amount to a 
much smaller mass than that required for the 
aluminium plate as a heat sink. The housing 
need not provide a large capacitance in order 
to absorb heat energy. Given the volume 
required to house this liquid water in an 
aluminium box with walls of 50 mm 
thickness, the resulting mass is approximately 
5 kg. The vaporisation system thus can 
provide 90 % reduction in the mass of the 
thermal control system. 

2. Adsorption and Vapour Cooling 
The process of adsorption is exothermic, and hence desorption endothermic. Due to this nature of sorption 

processes it is possible to use them as a means of thermal control. By utilising the desorption process in a bed 
containing an adsorbate/adsorbent pairing, heat can be removed from the surrounding environment and absorbed 
while inducing desorption. In general, the cycle for adsorption cooling technologies contains five stages, beginning 
with a bed with a vapour pre-adsorbed to the adsorbent: 

1. Heat from a secondary source, (waste heat from industrial process, solar heat, etc.) is introduced to the adsorbent bed, 
raising the temperature and partial pressure towards the equilibrium point for desorption 

2. Heat is still added, this heat is used in desorbing vapour from the adsorbed liquid in the bed at a constant pressure 
3. The desorbed vapour is then condensed and further moved to an evaporator under reduced pressure conditions 
4. The heat that is intended to be removed from the system is introduced in the evaporator, with heat being removed 

from the environment and used in vaporising the liquid 
5. It is then re-adsorbed at the beginning of the cycle at a reduced temperature in order not to induce temperature rise 

This cycle is often performed utilising two adsorption beds, which allows a constant cooling process. As one bed 
is in an adsorption phase (step 5), the second bed is in a desorption phase (step 2). A system of valves is used in 
order to switch the action of each bed to maintain cooling. Such a system is shown in Figure 3, as presented by 
Wang et al (2005). 

 

 

Figure 2. Ariane 5 Electronics with Aluminium Plate 

Table 1. Comparison of Cooling Between Aluminium Plate and 
Water Vaporisation 
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As the above process 
describes, the actual 
mechanism for removal of 
heat from the primary heat 
source is vaporisation. The 
adsorption system is utilised 
as a means of reducing 
required input electrical 
power. In a standard vapour 
compression cycle, the 
cooling process is instigated 
by input power through 
compression and pumps. 
Adsorption cooling systems 
reduce the total input power 
requirement as the mass 
storage and flow is controlled 
by a secondary heat source 
and the compression cycle 
being completed by the 
adsorbent bed. 

B. Adsorption 
Adsorption is the process by which a fluid, as either a gas or a liquid, becomes attached the surface of a solid 

body, or the surface of a liquid. The fluid that becomes adsorbed to the solid is referred to as the adsorbate, while the 
solid body is referred to as the adsorbent. Ruthven (1984) describes two methods of adsorption: 

Physical Adsorption (attributed to van-der-Waals Forces), where the molecular structure of the materials does not change, 
and results in a weak force of attraction 
Chemisorption, where there is a chemical bond between the adsorbate and the adsorbent, resulting in a strong attraction 

Chemisorption, as it relies on a chemical bond, involves chemical reactions that can change the molecular 
structure of the adsorbate and adsorbent. For this to occur, however, there must be large heat energy inputs to the 
system. In most cases, physical adsorption occurs much more readily. Mostinsky (2011) notes that due to the 
requirement for chemical reaction in between adsorbate and adsorbent, chemisorption will only occur on the very 
first layer of the fluid. As will be described, physical adsorption differs from chemical adsorption as it can continue 
to adsorb beyond the first molecular layer. 

This paper focuses on the process of physical adsorption only, as the system to be analysed will utilise the 
mechanics of physical adsorption. It is not expected that heat levels in the system will catalyse a chemical reaction 
between the adsorbate and adsorbent, or induce chemical desorption of any pre-adsorbed molecules. 

C. History of Adsorption 
The history of adsorption (both experimental and theoretical) and different types of adsorbents are described in 

the thesis,3 performed as a collaboration between the former Astrium GmbH and the Royal Melbourne Institute of 
Technology (RMIT). The thesis describes in detail the experimental history, the theoretical history and the different 
types of adsorbents. In the frame of this paper, only the Silica-Gel and water systems are described as this is used for 
SORTECA. 

D. Silica-Gel and Water Systems 
SORTECA utilises Silica-Gel (SiO2) and liquid water (H2O). This selection was made due to the low saturation 

conditions of water and the ease of sourcing affordable silica-gel. As an adsorbent, silica-gel has been used 
extensively in cooling systems, as well as a desiccant for the removal of moisture from a system. 

Ruthven (1984) highlights that Silica was first developed for use in gas masks in the First World War. As 
previously mentioned, however, application of activated carbon for this use proved much more effective and 
continues to this day. 

 

 

Figure 3. Two-Bed Adsorption Cooling Cycle (Wang et al, 2005) 
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It was further used during the Second World War for the preservation of penicillin and of military armament. 
Following these periods, Unger and Kumar (2000) describe an intensive development phase during 1950 – 1970. Of 
specific importance was the development of Silica-Gels that were designed for adsorption technology. These could 
be produced with varying levels of porosity and dimension of gel beads. The control of these characteristics has 
allowed reasonable prediction of the performance of the substance in adsorption technologies. 
1. Heat of Adsorption 

Hubard (1954) showed, through experimentation, that for a silica gel and water system, the heat of adsorption is 
dependent on water content. Thus, in order to theoretically estimate the heat of adsorption for the system in question, 
analysis of these results should be performed. 

Close and Banks (1974) used the data from Hubard’s work to produce a set of polynomials to describe the heat 
of adsorption with respect to water content. The resulting equations were presented as: 

 
(1) 

These results produced a value of heat of adsorption as a ratio of heat of vaporisation. The upshot of which 
would allow this value to be carried through varying environmental conditions, with any change in vaporisation 
enthalpy leading to a direct correlation with heat of adsorption. 

The work performed by Bullock and Threlkeld (1966) took a different approach to the problem of heat of 
adsorption. By utilising data on the heat of wetting of a surface, polynomials were fit that would allow calculation of 
heat of adsorption by differentiating the given equations. These equations were given as: 

 
(2) 

In order to produce a working mathematical model of a desiccant cooling system, Barlow (1982) produced a set 
of linear equations to best fit the competing sets of data. The resulting plot for heat of adsorption is presented in 
Figure 4. Heat of vaporisation in this plot was taken to be 2260 kJ/kg. 

As the theoretical value of heat of adsorption is to be used only for reference and comparison with the 
experimental values, the linear equations of Barlow will be applicable for use in this analysis. They are presented 
here: 

 
(3) 
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Figure 4 shows that the linear 
approximations given by Barlow fit the 
experimental data of Close and Banks to 
within ± 3 %, and the data of Bullock and 
Threlkeld to within ± 5 %. 

For mass fraction values above 0.3, 
experimental data is inconsistent. Application 
of the Close and Banks solution show 
consistency with the experimental data up to 
mass fraction values of 0.35. The linear 
approximation of Barlow loses accuracy when 
approaching saturation of Silica and Water. 
This accuracy will be analysed when 
estimating adsorption enthalpy and the 
relevant vaporisation equations. 

 
 

2. Limit of Adsorption Mass 
Determination of the maximum mass fraction of adsorbate/adsorbent is of great importance in optimising a 

thermal system employing sorptive processes. This mass fraction was employed when solving for the solution of 
heats of adsorption in the previous section, and for this reason alone it is necessary to determine the mass fraction 
possible in order to control the latent heat values.  

The Langmuir equation gave the first indication that there was a limit to the adsorption capacity in any 
adsorbate/adsorbent pairing. Although the exact solution using the Langmuir equation would be erroneous under the 
assumption of monolayer adsorption, the extension of the Langmuir equation to multilayer adsorption by Brunauer, 
Emmet and Teller (BET) does still indicate a limit to adsorption capacity. The model of adsorption in both cases 
does show a reliance on the surface area of the adsorbent, as this is the limit of adsorption sites in monolayer 
adsorption and by extension the limited spread of each consequential layer. 

For silica gel systems, no specific reference data exists for adsorption capacity. Industrial competitiveness 
maintains a hold on publication of the curves for adsorption quantities. However, previous adsorption cooling 
systems have taken varying values on the adsorption capacity of silica-gel and water systems. Data published by 
manufacturers give values of 30-40 % kg/kg for water to silica-gel. 

Deng (2006) and Chua et al (1999) both quote 40 % as the maximum value of adsorption, however the value 
given by Chua et al is in reference to a perfectly dry mass. Silica-Gel contains, in atmospheric conditions, 
approximately 5 % water as standard (Deng, 2006). This 5 % mass value is adsorbed to the silica-gel under chemical 
adsorption conditions. The interest in this study is to determine the applicable capacity of water additional to the 
chemically adsorbed component, i.e. that of the physically adsorbed water. In the case of Chua et al; this would 
indicate a value of 35 %. 

Contrary to this, Rezk (2012) assumes a max capacity of 30 % when reviewing Silica-Gel and water systems. 
Gantenbein (2001) is in agreement with the assumptions of Rezk, presenting curves fitting a maximum adsorption 
capacity of approximately 31 %. 

Alfonso and Silveira (2005) did produce a set of solutions following experimentation on Silica-Gel and water. 
Through the application of the Freundlich equation, a maximum adsorption capacity was approximated to be 35 %. 
The experimental results obtained during this phase, however, showed a maximum adsorption of 30.6 %. The exact 
nature of this Silica-Gel was not presented, however it was described as having pore diameters of 2-20nm. These 
values are, as described, a rather wide range and standard for many Silica-Gel types. 
3. Thermal Properties of Packed Beds 

Further to the Silica-Gel and water properties already discussed, the thermal behaviour of such systems must be 
determined in order to accurately model them. In the system to be analysed, the Silica-Gel set up is often referred to 
as a packed bed. This describes beds of particles in which a fluid will pass through. It is a system more often applied 
to flowing fluids for use in purifying said fluid, as described by Thomas and Crittenden (1998). 

 

 

Figure 4. Theoretical Heat of Adsorption 
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They state that the oldest and most widespread use of adsorption utilising flowing fluid is in the drying of natural 
gases, and further applied recently to the removal of acids from gaseous mixtures. 

The first property to be determined in this system is the specific heat capacity of Silica-Gel and water. As the 
adsorption process in this analysis occurs while the water is in a liquid phase, we are to assume the specific heat of 
the fluid is that of liquid water. This assumption follows Suzuki (1990), who states that even as adsorption of vapour 
occurs, the adsorbed particles will behave thermally as if in their liquid state. Chua et al (2004) provide a solution 
for specific heat capacity of adsorption systems when liquid state adsorption is assumed via the following: 

 
(4) 

Where ads is the solid adsorbent and liq is the liquid adsorbate. It is this formulation that will be used in the 
analysis of the system, and the changing mass fraction due to vaporisation will enforce a change in the overall 
specific heat capacity. 

The second thermal property to be determined for the analysis is the thermal conductivity of packed bed systems. 
This property is important as an inaccurate solution of this parameter will cause errors in the heat flow to the Silica-
Gel and water bed, and thus the vaporisation rate will be in error.  

Zehner and Schlünder (1972), and then Bauer and Schlünder (1978) produced a theoretical model for the 
solution of thermal conductivity through packed beds. The below equation is what was given: 

 
(5) 

Where ψ is a function dependent on the shape of the particles in the bed and λc is dependent on the conductivities 
of the two materials. 

 
(6) 

Where B is a value described by the shape of the particle. For the Silica-Gel, in which particles are non-perfect 
spheres, this value is greater than unity. For long, thin, needle like particles this value is less than unity. At the point 
B = 1, this equation describes a bed of perfect spheres. In this system, the bed represents a B value between 1 and 2, 
as presented by Wakao and Kato (1969). The value for λc is determined from: 

 
(7) 

Where N is dependent on the shape (B) and ratio of thermal conductivities: 

 
(8) 

 
(9) 

Tsotsas and Martin (1987) used this approach to compare the theoretical values obtained with experimental data 
provided by many experimenters utilising varying forms of packed bed layouts. In this comparison, the model of 
Zehner et al provided accuracy against all experimental data to within ± 30 %. This data also is to within an 
accuracy of ± 10 % for thermal systems displaying similar characteristics as this silica gel and water system (kp = 
2.33, ψ = 0.27). The model of Zehner assumes a packed bed completely immersed in the surrounding fluid, which 
will not be the case in the system to be analysed here. However, this value can be compared to experimental data to 
verify assumptions of thermal conductivity. 

 



 
International Conference on Environmental Systems 

 

 

8

It can be seen from the derivation above that the final determination of the thermal conductivity of the bed is 
wholly dependent on the ratio of thermal conductivities and the shape of the particles that make the bed. For a 
similar bed to the one to be analysed, that of spherically tending particles and some spherical particles, Wakao and 
Kato showed a B value of 1.96. For this system, the B value was assumed as 1.5, as the crystal structure of Silica 
tends towards spherical shaping. Applying conductivity for water at 0.6 (Ramires et al, 1994), and for silica gel at 
1.4 (Burzo et al, 2003) the process proposed by Zehner et al gives the following result for thermal conductivity of 
the two phase system: 

 
(10) 

These derivations were used as the basis for experimentation conducted by Gurgel et al (2001). This study 
provided empirical values for thermal conductivity of Silica-Gel and water systems in order to verify the validity of 
the Zehner et al model. The work of Gurgel et al gives an effective thermal conductivity of a Silica-Gel and Water 
adsorption system as a function of the mass fraction of the water. The resulting best fit equation from the 
experimental data is: 

 
(11) 

Where mfrac is the mass fraction of water to Silica-Gel. It should be noted that this equation provides a linear 
relationship to the mass fraction, indicating that in a system of water vaporisation the conductivity of the bed, and 
thus the rate at which heat can enter and vaporise the water will decrease over time. An understanding of this case 
would indicate that the greatest cooling efficiency will be obtained at the highest value of mass fraction of water. 

Gurgel et al further conducted experimentation on the dry bed of silica gel to determine the thermal conductivity 
under dry air conditions. This result provided an approximate value of 0.65 ± 0.15 W/(mK). In the analysis 
conducted here, the assumed value of thermal conductivity for the bulk phase of silica gel in a packed bed should 
still fit the linear equation stated above. In order to do so, the equation was modified in order to fit the intercept at 
mfrac = 0 (given 1.4 W/(mK) as a bulk phase, the reduced volume returns 0.68 W/(mK)). The resulting modified 
Gurgel equation is thus: 

 
(12) 

This equation is expected to hold true across all mass fractions below the maximum adsorption capacity. Gurgel 
et al did not produce experimental data beyond this maximum mass fraction. Above the adsorption capacity of the 
silica gel, an additional term for conduction through the free standing water 
must be introduced. The unit cell for calculation of this system is displayed 
in Figure 5. 

In order to determine a solution following the work of Gurgel et al, this 
unit cell needs to be broken in to two distinct phases. The volume 
contained by the silica gel particles will further include adsorbed water. 
The layers of this adsorbed water will be negligible in volume outside of 
the contained volume of the silica-gel, and the remaining volume of the 
cell comprises solely of free standing water. 

 
Thermal conduction through the silica-gel and adsorbed water volume 

can be assumed to follow the empirically derived equation from Gurgel. 
The thermal conduction through the reduced volume of water not adsorbed 
in the silica is then represented by the equation: 

 

 
                  (13) 

 Where the term for the volume fraction of the water can be determined by: 

 
(14) 

Figure 5. Unit Cell of Silica-Gel and 
Water for Thermal Conductivity 
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Applying this to the earlier equation gives the final modified solution: 

 
(15) 

Applying the situation followed in solution of the Zehner equation, the Modified Gurgel equation gives thermal 
conductivity for the two-phase bed with a full volume of free standing water as: 

 
(16) 

This solution leads to an error from the solution of Zehner of -3.2 %. A comparison of the methods is shown in 
Figure 6. 

E. Conclusions 
Following the described theoretical study, 

conclusions were made as to the physical 
process and the characteristics of the system. 
These conclusions are shown in this section, 
and describe the assumptions to be made 
when analysing the system in both the 
experimental and numerical simulation 
states. 

It can be seen in the study that adsorption 
research has mostly centred on the processes 
involved between gasses and solids. In the 
system proposed here, the requirement is an 
understanding of the adsorption of liquid 
water on to silica gel. It has been seen that 
the fluid does not undergo any change on a 
chemical level when experiencing physical 
adsorption. 

 
Following this, it is reasonable to assume that the thermal cycle of a cooling system as has been suggested will 

behave much like a standard evaporative cooling system. The introduction of an adsorbent to the system will not 
alter the chemical process during cooling. 

The exact physical processes that will occur during desorption and vaporisation phases of the cooling system is 
beyond the scope of this paper. In order to model and analyse it effectively, it will be assumed that the adsorption 
process alters only the thermal properties of the liquid and vapour water. This assumption is justified by the research 
conducted, as the following properties have been shown to be altered while in adsorbed conditions: 

Thermal Conductivity 
Specific Heat 
Latent Heats of Vaporisation and Desorption 

1.  Adsorption Capacity 
Following the values presented earlier, it will be assumed that the Silica-Gel and water system will reach 

maximum adsorption capacity at approximately 35 %, a value averaged over previous research data. In order to 
justify this assumption, qualitative testing will be performed to approximate the mass fraction at which adsorption of 
water reaches saturation levels. It is determined that qualitative testing will provide enough detail to ensure this 
assumption, as higher-level optimisation is not yet required in the design of this system, and thus quantitative 
analysis is not yet desired and would require a large time budget beyond the scope of this project. 

 

Figure 6. Comparative Thermal Conductivities 
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2. Thermal Conductivity 
The comparison of the theoretical value obtained through the proposal of Zehner et al with the experimental 

conclusion from Gurgel et al gives a reasonable estimation of the thermal conductivity in the analysed adsorption 
system. As the provided experimental solution falls to within 10 % of previous experimental work, it is assumed that 
the thermal conductivity of the silica-gel and water system will follow the solution of the proposed Modified Gurgel 
equation. This solution is thus: 

 
(17) 

3. Specific Heat 
Following the assumption of the adsorption phase maintaining thermal properties of the liquid water state, the 

work provided above suggests the specific heat of the system to follow a linear function dependent on the change in 
mass fraction. The assumed function is, as provided above: 

 
(18) 

4. Effective Enthalpy of Vaporisation 
During the process of desorption and vaporisation, it will be impossible to determine the exact instant that both 

of these phases occur. In order to apply a heat of vaporisation to a silica-water adsorption system, the total heat will 
be called the “effective enthalpy of vaporisation”. 

In the present study, it will be assumed that the silica-water system to be studied will have the highest possible 
mass ratio in order to maximise vaporisation time. Following the conclusions drawn in this chapter, the maximum 
water mass will be assumed as 35% of the silica mass. 

Using the equation for enthalpy of adsorption, the direct solution yields: 

 

However, in an evaporative system, the mass fraction will be constantly changing. In order to predict this 
constant change the applied theoretical mass loss will be estimated following this iterative equation, with respect to 
a calculation time-step ‘tstep’: 

 
(19) 

Applying the values found in Table 2 
to Equation 19, three sets of data were 
created to estimate variation in heating 
levels. The Q values refer to total input 
heat in to the system, and assume that 
heat loss occurs only through 
vaporisation. 

 
 

The data set is displayed in Figure 7 on the page overleaf. The mass considering the estimated error for the value 
of ∆hads from Barlow (± 5 %) is given in Figure 8 on the page overleaf. 

 

Table 2. Solution Inputs for Prediction of Mass 
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The best fit curve for the mass change equation under Barlow follows a quadratic form; however it is clear to see 
that the coefficient of the quadratic term is extremely small. In the case of the direct solution data set for Q = 30 W, 
the equation for the polynomial curve fit is: 

 
(20) 

The coefficient in this case is given in the order of 10-5. The error on a linear simplification on this curve would 
therefore be negligible in comparison to the error obtained through the solution assumptions. When comparing these 
results, quantitative assessment will be made of this error. 

This accuracy is seen in Figure 7, as the equations of both Close and Banks and that of Bullock and Threlkeld 
are within the 5 % margin under the linear approximation. In the case of predicted mass loss and the applicable heat 
of adsorption/vaporisation, it is thus justified to apply the linear solution of Barlow in numerical and experimental 
comparative analysis. 

III. System Analysis 
The following chapter describes the design of SORTECA and the expectations on the heat flow. Further to this, 

experimentation was performed on the proof of concept model to determine applicability to the proposed flight 
vehicle. During design and analysis, the proposed application of this system is for cooling of electronic equipment in 
the upper stage of the launch vehicle Ariane-5 as presented in Chapter II. The results of this test campaign were to 
be compared to numerical analysis described in chapter IV. 

A. System Design 
During chapter II, the process of phase change for cooling 

purposes was covered. In the context of cooling capacity, it is 
advantageous to utilise the phase change from liquid to vapour in 
place of the change from solid to liquid. The much higher latent 
heat of vaporisation ensures that the phase change absorbs heat to 
the greatest extent possible. For stationary systems, this presents 
no problem; a liquid coolant can be kept in the system and added 
heat can be easily converted to the work of vaporising the 
material. This concept is shown in Figure 9. 

In order to optimise this heat flow, conduction between all 
elements must be obtained. Heat flow due to conduction is 
governed by the following equation: 

 
(21) 

 
Figure 8. Comparison for Error Range of Barlow at 
Q = 30 W 

 

Figure 7. Predicted Mass Loss under Effective 
Vaporisation Enthalpy 

 

Figure 9. Vaporisation Thermal Control 
under Influence of Gravity (A - Heat Source, 
B - Liquid Coolant, C - Vapour) 
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With Q representing the heat flow in Watts, ∆T representing the temperature difference between the two desired 
points of measurement, and k representing the thermal conductivity of the link between the points in [W/K]. k is 
given by the following: 

 
(22) 

Where A is the contact cross-section area, l is the length between the points and λ is the thermal conductivity of 
the material [W/(mK)]. It is therefore most efficient to increase the conduction area of all physical points of contact, 
and to minimise the length that the heat must flow. 

Applying the vaporisation cooling concept to accelerating bodies, or bodies under micro-gravity gives rise to a 
number of issues. 

Without the ability to ensure the liquid is kept in contact with the projected path of heat flow, the system loses its 
capacity for cooling, as the eventual contact area will be reduced. It is imperative, therefore, to maintain contact 
between the desired phase change material and the heat source. 

The system under consideration here will attempt to solve this issue through the use of the previously discussed 
theory of adsorption. By taking advantage of the inherent force involved in the adsorption process, it is intended that 
the liquid can be held in contact with the surrounding elements to maximise heat flow. This process can then be used 
for thermal control of space systems, exploiting the high latent heat of vaporisation of selected liquid coolants. 

Figure 10 shows a cross-section of the system design. 
 

Figure 11 further shows SORTECA in a detailed exploded 
view. The outer structure of SORTECA (1) was constructed of 
Aluminium 3.4364 (Aerospace Standard), equivalent to Al-7075. 
The base and side walls were constructed as one element in order 
to ensure a watertight construction. In order to maximise the heat 
transfer from the aluminium housing in to the water, copper heat 
exchangers were placed via thermally high-conductive glue on 
the base (2). 

These contained a set of 35 fins per unit, with spacing of 0.8 
mm per fin. This ensured a large contact area for transfer in to the 
bed of water and silica. The Silica and Water mixture is to be 
placed inside the fins of the copper heat exchangers, with 
vaporisation then occurring within this structure. In order to 
ensure the silica remains in this position, a thin mesh (3) is placed 
over the Cu exchangers. This mesh is then held in place by an 
aluminium frame (5), and protected from this frame by a rubber 
seal (4). At the contact point between the base structure and the 
aluminium lid (9), a rubber seal (6) is placed to ensure 
airtightness in the system. 

Figure 10. Cross-section of SORTECA Design 

 

Figure 11. Detailed Part Construction 
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Between the upper lid and the structure is a set of channels for the insertion of water into the system. Below the 
lid is a seal (8) to prevent leakage in this flow, while a lower lid section (7) separates the incoming water to be 
evenly dispersed in the silica below. Water is inserted through an input valve in the upper lid section, while the only 
means of removal is through a port intended to lead to a vacuum source in the upper side of the outer structure.  

Figure 12 shows the manufactured base with copper HX. The copper exchangers were manufactured using 
Cu11000, with an example shown in Figure 13. 

1. Sizing 
The desired thermal control parameters as described earlier are as follows: 

70W of input heat to be dissipated 
Flight time of 6 hours 

For the proof of concept SORTECA system, sizing optimisation was performed very simply. Assuming that all 
heat removed from the system is through the vaporisation of the enclosed liquid water, the device was designed to 
hold enough water for the total required input energy. 70W delivered over a period of 6 hours gives a total energy 
input of 1512 kJ. The determination of required liquid water in the system is thus: 

 
(23) 

SORTECA was then sized to accommodate the required mass of water and the silica needed to adsorb this mass 
at a capacity of 35%. The proposed values are given in Table 3. 

 
 
 
 
 
 
 

B. Heat Path and Expected Op. Cycle 
The process by which this cooling system 

achieves its aim differs from the evaporators 
and adsorption coolers described in Chapter II. 
In order to determine the applicability of 
adsorption in the cooling system of a launch 
vehicle, the designed system currently 
operates without completing a cycle as the 
system need only achieve cooling for the life 
of the flight. Figure 14 shows the flow of heat 
from the source (1) to the vacuum (7). 

 

Figure 12. Aluminium Container with Copper HX 

 

Figure 13. Cu11000 Heat Exchanger 

Table 3. Mass Values for Sizing of SORTECA 
 

 

 

Figure 14. Cross-section of SORTECA Design 
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Heat flow through the system is achieved via conduction. In defining conductivity through packed bed systems, 
Bahrami et al (2006) described the nature of both the radiative heat exchange and the convective heat exchange in 
packed bed systems to be negligible. As the water can be assumed to be adsorbed to the silica, flow through the 
system is regarded as non-existent, leaving convection at negligible levels. Further, radiation between the spherical 
particles remains small, and due to high levels of conduction across small distances, it can be assumed that 
conduction is the dominant form of heat transfer through the system. 

Heat Source 1-2 
The base plate of the system is to be directly attached to the heat source (1). The flat plate will ensure the 

greatest conduction by maximising the conduction area, as shown through the Equation 3-2. 
Box to Copper Heat Exchangers 2-3 
The heat flows from the outer box of the system and in to the heat exchangers inside (3). These exchangers are 

again placed flat with the base to increase contact area with the box. This connection is made nearest to the heat 
source to reduce the distance that the heat must flow. Thermally high-conductive glue serves for the mechanical 
fixation of the exchangers to the box and act as interface filler. The design of the copper heat exchangers, with 
radiator style fins, allows the heat to be dispersed further by again increasing contact area. 

Heat Exchanger to Silica Bed 3-4 
The contact of the silica bed with the fins of the copper exchangers ensures greatest heat flow in to the bed. This 

heat is then held in the silica and used for desorption and vaporisation of the water. 
Vaporisation 4-5 
The heat in the bed of silica is absorbed by the water in the phase transition and desorption. This occurs at a 

constant temperature for the water, and results in water vapour exiting the silica bed. The value of this heat is equal 
to the latent heat of vaporisation and desorption. The vapour remains in the box until it is removed by the vacuum. 

Vapour to Vacuum 5-7 
The pressure gradient between the inside and outside of the box induces flow of the vapour to the outside of the 

system. The vapour carries with it the thermal energy used to vaporise the water. 
In flight configuration, the capacity of SORTECA to provide a point of heat sink to the connected electronic 

components will be limited by the exhaust line dimensions. As heat is removed from the system via exhaust water 
vapour, the rate at which this vapour flows is the determining factor in steady state cooling capacity. 

Standard cold plate designs for space flight applications, as per former Astrium GmbH analysis, maintain a 
steady state temperature at the contact surface of approximately 36 °C. In order for SORTECA to replace current 
thermal control methods, a similar value should be maintained. This was achieved via a valve system at the exhaust 
nozzle. The upshot of which provides protection from continuous exposure to the vacuum of space during flight. 
Such exposure is likely to cause flash vaporisation of the water in the system. The water would be lost at a rate far 
higher than is desired. 

In order to achieve this, the valve system switches open and closed based on temperature readings from 
SORTECA. It is foreseen that the valve will monitor temperatures at the baseplate (contact point) of the system, 
creating two very distinct phases of operation: 

1. Temperature at the baseplate reaches 36 °C – valve is opened thus allowing vapour to escape and the system to enter 
a phase of cooling due to reduced thermal energy in the system. The rate of cooling, as mentioned, will be a function 
of the pressure gradient and nozzle dimensions. 

2. Temperature at the baseplate reaches a lower limit (e.g. 34 °C) – valve is closed, remaining vapour is contained in the 
volume of the SORTECA. Temperatures within the device begin to rise, while pressure levels in the system follow 
the relevant saturation curve. Water continues to vaporise to maintain the saturation point. 

This two phase system of operation achieves two key goals: 
1. Temperature at the ‘cold plate’ is maintained within the standard range for thermal control systems, allowing the 

SEA device to be integrated in current systems. 
2. The control of mass flow allows optimisation of the system to achieve desired maximum heat flow and total time of 

flight. 

IV. Thermal Testing of SORTECA 
The thermal testing of SORTECA is described in this section. SORTECA as designed, and described, in chapter 

A of paragraph III was enclosed in an insulation box manufactured from the material Styrodur. This material is very 
similar to Styrofoam, or other such foam materials.  Thermal testing followed a cycling of input heat values through 
the base plate of the system to simulate the conditions of an electronics box attached to the cooling system. 
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C. Test Set-Up 
The setup is configured following Figure 15 and in part shown in Figure 16. Labelled parts are as follows: 
 
 
 

a. Cooling System 
b. Water Reservoir 
c. Pressure Gauge 
d. Pressure Control Valve 
e. Manual Valve 
f. Condensing Cold Trap 
g. Vacuum Source 
h. Heat Source 
i. Mass Balance 

 
 
 
 
 
 
 
 

1. Working Process in Test Configuration 
The heat path and working process for SORTECA has been discussed previously; however the process the 

device follows in test configuration involves input from external devices in order to simulate flight conditions as 
best as possible. Numbering and naming used in the previous figures 15, 16 will be considered. 

Element a. displays SORTECA. Liquid water is added from a reservoir b. Adsorption occurs at this time, and the 
system is at rest for a minimum of 24 hours before the test is continued, thus allowing the heat released during 
adsorption to dissipate in to the environment. SORTECA is attached to a heating element h. and placed on a mass 
balance i. to measure mass loss through testing. Flow of water vapour out of the system passes a pressure gauge c. 
that provides pressure values of the internal volume of SORTECA. This gauge is connected to the first valve d. 

Valve d. is used to control mass flow as described earlier. This valve has three possible methods of control: 
Temperature Measured at Reference Point, SORTECA Internal Pressure, and Manual Switching. The loss of water 
vapour can only be achieved when this valve is open, and thus it is used to maintain desired temperatures of 
SORTECA. 

A second valve e. is inserted beyond this point, allowing manual control of releasing vacuum at test end or 
during possible failure. Vacuum is provided by a pump at g., with a further pressure gauge here to determine 
possible leakages across lines.  In order to prevent damage to the vacuum pump from flowing water vapour, a cold 
trap f. was introduced prior to the pump. This cold trap is maintained at a temperature below freezing point, 
condensing and freezing the passing vapour. The result is a greatly diminished vapour levels passing through the 
pump. 
2. Instrumentation 

Temperature, pressure, 
mass and power input 
measurements were taken. 
Positions of each 
measurement point are 
given in Table 4, with 
positions on the box itself 
shown further in Figure 17. 
Shown further in Figure 18 
is SOTECA with TC 
connections in copper 
elements visible. 

 

Figure 15. Test Setup 

 

Figure 16. Preparation for Testing 

Figure 17. Experimental Measurement 
Positions 

 

Figure 18. SORTECA  with TCs 
Displayed 
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D. Results of Test Campaign 
The test campaign for SORTECA included various test runs under different conditions. These tests are labelled 

and the conditions defined in Table 5. In order to determine the effect of the silica on the cooling capacity, testing 
was first performed on the system using only a bed of water. 

 
 
 
 
 
 
 
 
 
 
 

Test labelling was started at 008 due to issues with measuring equipment in early testing sequences. Following a 
restructuring of the electronic equipment, testing was restarted while numbering was continued. SORTECA 011 was 
conducted as a preparation for test sequence 012. These results are not included as no heat was introduced and no 
sorption process conducted. 

During pre-processing of results, a theoretical value for mass loss was calculated. This approach used the 
measured input value for heat flow in to the base of the system. The solution assumes heat is lost through 
vaporisation of the water, radiation to the environment, and convection from the outer surface of the insulation. The 
radiative and convective values were determined by the measurements of the insulation material (having a uniform 
thickness all along the surfaces) from the inside to outside, and this value of heat transfer is removed from the input 
heat value. The resulting applied equation for this theoretical mass value is as follows: 

 
(24) 

Results from experimental testing are presented using three graphs: 
1. Temperatures: All temperature measurements from the system, including heat input from source. 
2. Delta Mass: Measured and theoretical values for mass of water in system. 
3. Pressure:  Measured internal pressure and open/close status of valve. 

Table 4. Experimental Measurement Positions 
 

 

Table 5. Experimental Test Campaign Conditions 
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1. SORTECA 0012 
Figure 19 shows the entire process of 

vaporisation and the temperature values 
associated with this system. A constant input 
heat of 33 W was applied, with a starting mass 
fraction of water equal to 80 %. 

SORTECA 012 was chosen as the test for 
analysis due to the complete cycle used in the 
experiment. Inclusion of initial water mass far 
above the adsorption levels for the silica allowed 
the determination of physical properties during 
two distinct phases. During the first phase, up to 
a test time of 20 hours, the system can be 
assumed to be vaporising free standing water 
that has not been adsorbed in to the silica. This 
first phase can be used to validate the thermal 
properties assumed in the numerical model and 
thus for use in future designs. 

Of import is the second phase, after a test 
time of 20 hours, where the mass fraction of 
water has reached the adsorption capacity of the 
silica. It was seen that the oscillation of the 
temperature was altered when reaching the 
period of desorption. It is this section that was 
analysed with respect to verifying the thermal 
acceptance of the SORTECA as a cooling 
device. 

While analysing the mass loss over the test, 
it was immediately obvious that the rate of 
vaporisation decreases at the lower end of the 
mass fraction. This relationship is shown in 
Figure 20. It is assumed this is attributed to the 
layout of the particle bed and the mass diffusion 
properties of the water vapour through the silica 
particles. Testing and optimization of this 
behavior is described in detail in chapter V. 

What can also be seen is that the theoretical 
value for mass loss is within the ± 2 % 
previously seen, shown in Figure 21. The 
theoretical value for this test utilises the 
increased heat of adsorption over the latent heat 
of vaporisation. The resulting calculations show 
that it is quite possible to simply estimate the 
mass loss rate over long test periods. 

 
 
 
 
 
 

V. Numerical Analysis 
The numerical analysis for SORFTECA and ist correlation to the test results are described in the thesis,10. 

Generally, the numerical analysis was confirmed by the test results and the approach (using ESATAN-TMS 
software) confirmed to be suitable for design and verification of a flight ready sytem. 

 

 

Figure 21. SEA 012 Total Water Mass 

Figure 19. SEA 012 Temperatures 

 

Figure 20. SEA 012 Mass Flow vs Mass Fraction 



 
International Conference on Environmental Systems 

 

 

18 

VI. Conclusions 
The objective of the work presented here was to provide validation of the proof of concept SORTECA device. 

Experimental work performed on the SORTECA has shown that the concept has the capacity to provide a thermal 
control system for electronic components. However, the system was only able to provide 30 W of cooling over the 
desired time. It is expected that SORTECA is to be used in future launchers such as Ariane 6, requiring a 6 hour 
flight with 70 W of heat dissipation. In order to achieve this, there are several areas that need improvement, and 
these are highlighted by the recommended research and design changes.  

A. System Design 
The SORTECA system in its current layout shows promise as a device to attain the desired cooling capacity. There 
is issue, however, that the system was unable to provide the required 70 W of cooling. There are areas of research 
suggested in order to improve this cooling capacity described in section C of this chapter. The physical design of 
SORTECA, as tested, was created with focus on the volume required for containing the desired silica and water 
masses. Optmisation of the geometric properties of the packed bed are recommended in order to gain the maximum 
possible diffusion rate through the Silica-Gel. In the current design, no such optimization was performed. 
Experimental study in to this optimization is detailed in section C of this chapter. Through maximizing the diffusion 
rate and thus the total mass flow rate out of the system, the total cooling capacity of SORTECA can be increased. 
Further it is suggested that deeper research is conducted as to the possibility of utilising zeolite or a silica gel laden 
with calcium chloride in place of silica-gel. With the goal of increasing the cooling capacity of SORTECA, previous 
research by Wand and LeVan (2009) and then again by Rezk (2012) show an increase in the latent heat of 
desorption for zeolites and water over a silica-gel and water sorption pair. The values attained in both studies show 
approximately 4000 kJ/kg for zeolites, an increase of 60%. This increase would increase cooling capacity at the 
current desorption and diffusion rates. 

Combining these two efforts, it is predicted that the required performance of 70W can be achieved. The required 
research is detailed in this chapter, while an analysis of the materials is further performed in the thesis. 

B. Numerical Model 
In its current state, the ESATAN model of SORTECA is highly dependent on certain physical values determined 

by the experimental model. The rate of vaporisation was taken directly from the experimentation, and the 
dependence of this value of the mass fraction was calculated as a result of the experimental results. Further, the 
pressure levels during vaporisation and the changing phases of SORTECA were taken as time-averaged variables 
from the experiment. It is seen as possible that these values can be determined theoretically given the physical and 
environmental data. Deeper research in to this is suggested, and a requirement that a calculation method for the 
pressure be integrated deeper than in the current ESATAN model. 

Despite these dependencies, the model performed well, showing good accuracy in the representation of the 
SORTECA in test conditions. The assumptions made and the research performed on the packed bed and adsorption 
theories has shown that it is quite possible to create a model of the SORTECA with a high degree of confidence. The 
approach used in desorption and vaporisation of the water in the ESATAN model followed the research approach 
given in this thesis, and the results show consistently that the model is accurate within expected limits. 
1. Thermo-Physical Properties of Adsorbent 

The assumptions made during numerical modelling were taken from previous work conducted on Silica-Gel and 
Water working pairs. It should be possible in future models to determine the following for the pair to be used: 

Specific Heat of substance with respect to mass values 
Thermal Conductivity of substance with respect to mass values 

The process used here was representative of previous silica gel research, though further research conducted in to 
the applied sorption pair is suggested for greater accuracy. 

C. Further Research 
In the design and development of the SORTECA, as well as the application of the numerical model, there are a 

number of theoretical topics that need further exploration. In order for SORTECA to move beyond the present stage, 
physical parameters determining the performance of the device need to be evaluated. There is also a requirement to 
prove the concept can be applied to flight vehicles under the expected acceleration loadings. Proposals for future 
research topics and avenues of experimentation are presented here. 
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1. Acceleration Testing 
Although the SORTECA has shown to be thermally acceptable within the proposed limits, it is yet to be proven 

if the system can obtain the desired results while under acceleration loads. In order to fulfil this task, and thus to 
conduct acceptance of the concept mechanically, a testing campaign is proposed. 

A centrifuge test has been proposed, in which a mass of silica and water are contained within a walled container. 
A mesh surface on the external side of the rotating container would allow discharged liquid water to be removed 
from the adsorption site. Measurement of the mass loss would determine the capacity of adsorbed water under 
acceleration loading. 
2. Optimisation Equation 

The optimisation of this system is highly dependent on the rate at which the water can be vaporised. No literature 
was found covering the vaporisation of liquid water in a stagnant packed bed of particles, and it is this research that 
is recommended for future study. A campaign of experimentation is proposed to determine the effect that the bed 
geometry has on the mass rate at which water is vaporised. 

A vaporisation test is proposed, in which a mass of silica and water are contained in an open topped container. 
The open wall should allow free vaporisation of the water from the bed of silica. By changing the bed dimensions 
and measuring the rate of mass loss with respect to the contained mass fraction, it will be possible to derive the 
desired optimisation equation for the SORTECA, represented here: 

 
(25) 

It is further proposed that optional test parameters be included, that of the physical properties of the adsorbent. 
Through the addition of these parameters to the testing and the desired equation, a deeper theoretical determination 
of optimised adsorbent material as well as particle bed dimensions can be obtained. Alteration of the expected 
resulting equation given above to contain this additional information gives: 

 
(26) 

Following the proposed experimental method, the equation is expected to take the form: 

 
(27) 

3. Heat of Adsorption 
As the heat of adsorption is the key value for determining the energy absorbed when desorbing and vaporising 

the water in SORTECA, it is important to explicitly define this value for accurate numerical modelling. In the model 
used in this thesis, previous research was used in order to find a general value for the heat of adsorption of silica gel. 
However, in order to justify the use of a numerical model for validation of the system for future use, a more accurate 
value needs to be obtained. 

A testing procedure has been proposed to determine an accurate equation showing the relationship of the heat of 
adsorption to the mass fraction of water. This testing introduces varying amounts of water in to a bed of silica and 
the thermal response of the system is measured in order to determine the heat released during the adsorption process. 
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