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Abstract 

In the last years intensive research work on the topic of adsorption storage and heat pump systems has been 
carried out at Fraunhofer ISE. The results of this work showed the need for not only optimising the adsorber but 
also the evaporator. For most of the materials used in adsorptive cooling machines with solar or waste energy, 
water is used as refrigerant. Water is evaporated in a temperature range between 4 an 20 °C, which corresponds 
to a pressure of 0.81 to 2.34 kPa. Even though there is extensive literature on evaporation of water, data on the 
characteristics of water evaporation under vacuum conditions are still scarce. 
In 2006 a test rig, usable for characterisation of different heat exchanger structures under vacuum conditions, 
was build. Finned and tube bundle heat exchanger were characterised and compared at different evaporation 
rates and temperature conditions. 
The results of the “evaporator test rig” are influenced by internal and external heat transfer characteristics of the 
heat exchanger, geometrical factors and operational conditions. These results are helpful and necessary on the 
component level, but not detailed enough for optimisation of heat exchanger surfaces. Therefore in 2007 a 
complementary test rig was designed and set up. The “boiling test rig” allows the evaluation of boiling on 
different surfaces. Various structured surfaces can be fixed on an electrical heater, the vapour sink is realised by 
condensation. Design, measuring principles and first results will be reported in the paper. 
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INTRODUCTION 
In the last years intensive research work on the topic of adsorption storage and heat pump systems has 
been carried out at Fraunhofer ISE. The focus of investigations was and still is the improvement of 
heat and mass transfer within the adsorber of an adsorption cooling machine. Current work in this field 
shows the potential of cycle times lower than 100 seconds with loading gradients of 10 to 20 %. [1, 2, 
3, 4] 
As the adsorber works with higher adsorption rates, the evaporator has to be enlarged or made more 
efficient. Enlargement seems not really targeting, since it would compensate the improvement in 
power density. Therefore optimisation of the adsorber consequently results into a need of optimising 
the evaporator.   
For most of the materials used for adsorptive cooling with solar or waste energy, water is used as 
refrigerant. Water is evaporated in a temperature range between 4 and 20 °C, which corresponds to 
pressures between 0.81 to 2.34 kPa. Even though there is extensive literature on evaporation of water, 
data on the characteristics of water evaporation under vacuum conditions are still scarce. 
 
Existing evaporators mainly use pool boiling or falling film concepts [5, 6, 7]. Falling films result in 
effectively evaporating thin water layers, but they do need an additionally circulation pump. 
Especially adsorption systems do not need internal pumps at all and therefore falling film concepts are 
not really interesting.   
The important pool boiling regimes for water as refrigerant are the region of convective and nucleate 
boiling, whereas convective boiling is the typical boiling regime for existing evaporators in pure water 
atmosphere. 
The boiling regime is partly given by the geometry of the heat exchanger, but also limited by the 
temperature difference between heat exchanger fluid and evaporation temperature. This “driving” 
temperature difference is directly connecting the evaporation and therefore the adsorption pressure and 
the cold water temperature. Evaporation at 1 kPa leads, with 5 Kelvin temperature difference, to a cold 
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water temperature of 12 °C. Lowering the temperature difference would directly result in lower cold 
water temperatures or higher adsorption pressure; both would improve the system performance. 
   
Therefore improvement of water boiling at low pressures has to be done by respecting a maximum 
temperature difference of 5 Kelvin. Optimising the evaporation, nucleate boiling would increase the 
heat transfer coefficients significantly and represents the first path of development. But as there is no 
experimental data available, it is not sure that the nucleate boiling regime with temperature differences 
lower than 5 Kelvin could be realised. The second path of development therefore focuses on 
improving the regime of convective boiling. 
This work reports about a test facility to investigate the behaviour of different structures and filling 
levels under low-pressure conditions. First results will be shown and discussed. 
 
EARLIER STUDIES 
Nucleate boiling has been one of the most investigated phenomena in thermal science over the last 70 
years.  
In spite of collecting a lot of data and developing different theoretical models it is not possible to 
predict nucleate boiling very accurately.  
Some of the experimental research, dealing with water at different pressures and surface structures, has 
been summarized in Table 2. Most of the experiments have been proceeded under atmospheric 
pressure. Especially in low pressure regions data on the characteristics of water evaporation are scarce. 
 
Enhancement of nucleate boiling heat transfer is mainly reached by introducing micro and macro 
surface structures. But as bubble formation, growth and detaching rate are very sensitive to absolute 
pressures the existing results are not directly transferable to surface enhancements for subatmospheric 
pool boiling of water. Raben et. al. [12] and McGillis et. al [13] were the first who performed 
experiments under subatmospheric pressure conditions. 
 
In the following section a few basic equations, describing the heat transfer process, will be mentioned. 
Generally the average related heat flux can be described by: 
 

T
l

kNuThq Δ⋅
⋅

=Δ⋅=&        (1) 

 
In the region of convective pool boiling the Nusselt number can be calculated by an empirical 
correlation [8]: 
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Knowing temperature difference and heat flux by experimental results, the heat transfer coefficient (h) 
can be computed. 
Main parameters affecting nucleate pool boiling are the local heat flux ( q& ), saturation pressure (p), 
properties of the working fluid (cp, k, μ, σ) and the characteristics of boiling surface and material. 
Parameters like bubble departure diameter (dB) or frequency of vapor bubble departure (fB) are also 
mentionable. 
Therefore correlations to predict heat transfer coefficients for nucleate pooling boiling are more 
complex. Parameters like fB and dB are only accessible empirically. 
 
The standardized heat transfer coefficient is defined as [9]: 
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where CW means the properties of the heating surface, like thermal effusivity and roughness. F(p*) is 
an empirical function addicted to the standardized pressure p*, which is defined as the ratio of current 
and critical pressure. For water F(p*) could be described with equation (4) [9]: 
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So the heat transfer coefficient for nucleate pool boiling can be calculated by using the following 
equation [9]: 
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Comparisons of heat transfer coefficients based on experimental data and theoretical calculations will 
be shown in “results and discussions”. The convective pool boiling regime will be described by 
equation (2), the nucleate pool boiling regime by equation (5). 
First research on about nucleate pool boiling was done by Fritz and Ende 1936 [10]. To predict the 
bubble diameter they used the following equation: 
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Beside this correlation other equations to compute the departure diameter exist.  
Another correlation to predict the diameter was e.g. proposed by Stephan et al. [11]. The experimental 
known influence of the saturation vapour pressure is in the following equation considered within the 
Jakob-number: 
 

5,02 1
Pr

1
)(

25,0
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛+

−
=

Ar
Ja

g
d

Vl
B ρρ

σ
  (7) 

 
The fluid properties are characterized within the Prandtl-number (Pr). The Jakob-number (Ja) describes 
the relation between specific heat capacity and enthalpy of vaporization. Ar stands for the Archimedes-
number, the ratio between lift and internal friction. 
 
 
EXPERIMENTAL SETUP 
The experimental test facility shown in Figure 1 and 2 is a pool boiling setup. The setup is designed to 
study the boiling heat transfer of horizontal surfaces. The surfaces are fixed removable; therefore 
different smoothed and structured surfaces can be investigated. In future research on tubes will also be 
possible.  
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Figure 1. Sketch of the boiling test rig                         Figure 2. Picture of the test facility 
 

Figure 1 shows the process flow diagram of the boiling test rig, Figure 2 shows a picture of the 
experimental set up. The main components are the vacuum chamber or boiling vessel with the boiling 
surface using a heater assembly, the condenser for liquefying the evaporated water and the peristaltic 
pump, transporting the liquefied water back to the vacuum chamber. The condenser is controlled by an 
external thermostat. Via the condenser temperature the appointed thermostat temperature defines the 
system pressure.  
All components are suitable for vacuum conditions. Nevertheless after changing samples a vacuum pump 
is needed for generation of vacuum.  

 
The cylindrical boiling vessel inside the vacuum chamber is made of acrylic glass (Polymethyl - 
Methacrylate/ PMMA) and holds the water on the heating surface. To maintain different and constant 
filling levels over the boiling surface a construction using an overflow for the water has been designed.  

 
The heater assembly consists of a copper block, where an electric heating wire is spirally introduced 
between the two parts. A scheme of the heater can be seen in Figure 3. The electrical heater has a 
maximum power of 140 W for uniform heating of the copper cylinder. The side and bottom of the 
cylinder are insolated by vacuum and polyamide with a low heat conductivity to facilitate unidirectional 
heat flow towards the top of the copper block. The power supply is still varied by manual control. 
 

                                 
Figure 3. Assembly of the heater                  Figure 4. Heating surface with fins 

 
To measure the average temperature of the test plate two PT – 100 temperature sensors with a diameter of 
1 mm are embedded inside the copper block through its bottom surface. They are placed 3 mm below the 
heating surface to get the accurate temperature.  
Power input to the heater and voltage signals from the thermocouples are analysed using an Agilent 
34970A data acquisition system and a personal computer with the software LabView. 
The boiling temperature is calculated from the saturation vapor pressure. Therefore no more gas is 
allowed inside the test facility and a special evacuation procedure was performed. 
The heat flux is determined by recording the voltage and current input to the heater. Of course the 
thermal conductivity of the copper is recognized. 
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The surface characteristics have a strong influence on the nucleate boiling heat transfer. Thus 
different surface structures have been measured. The results of the experiments are shown in 
the next section. In the experiments, copper plates of 38 mm diameter have been taken as the heating 
surfaces. The plates are part of the heater assembly and were fixed to the copper block by pressing 
with small elbow fittings at the border. 
The copper surfaces investigated in this paper were two unstructured surfaces, one machine-made with 
a roughness of 0.169 μm and the second with a sand blasted surface with a roughness of 5.8 μm.  
Beside these surfaces a finned structure was used. The gaps between the fins are 0,4 mm, the fins itself 
are 1,8 mm wide. The height is 2,5 mm (figure 4). This structure was designed in the style of 
researches done by McGillis [13]. He did experiments with different finned surfaces in the range of 4 
– 9 kPa. 
 
 
RESULTS AND DISCUSSION 
The experiments take place under stationary conditions. For receiving a measuring point an average value 
of 15 minutes was taken out of both sensors in the copper block and the measured heat flux. 
For the different structures measurements at 1 and 2 kPa were performed. The unstructured surfaces were 
additionally measured at two different filling levels. 
 
Influence of the filling level 
Figure 5 shows the boiling characteristic for both unstructured copper surfaces at 2 kPa evaporation 
pressure and two different filling levels. The region up to 20 Kelvin temperature difference is dominated 
by convective pool boiling. For higher temperature differences a significant change in the slope can be 
seen, which indicates the nucleate pool boiling regime. For that region only the results of the sand blasted 
structures are depicted.  
Interestingly, the heat flux for a higher filling level is better than for the lower one, for both the 
convective and even more significantly for the nucleate boiling range. If the heat transfer for the 
convective pool boiling would be dominated by conduction through the water layer one would suggest a 
little higher heat flux for the lower filling level. For the regime of nucleate boiling the bubble formation 

depends on the hydrostatic pressure, 
therefore the lower filling level was 
also suggested to perform better. 
The reason for the difference 
between expected and measured 
results could be found in a 
secondary convection flow in the 
area beside the heated surface. 
Between the wall of the reservoir 
and the heated surface a gap of 26 
mm is used by the cold water to fall 
down and reach the heated surface 
from the side. For higher filling 
levels the convection-flow becomes 
much stronger. 
 

Figure 5. Influence of the filling level 
 
Influence of surface-treatment 
Figure 6 shows the results for all three structures at a filling level of 22 mm for two different 
pressures (1 and 2 kPa). The highest performance was measured for the macro structured 
surface with finns (cp. Figure 4). For a wall superheat of 4 Kelvin the finned surface reaches 
the nucleate boiling with a heat flux of 0.4 W/ cm². At measurements with 2 kPa saturation 
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pressure first bubbles are formed from 0.25 W/ cm² on. Throughout the whole bubble boiling 
regime only one or two bubble sites were observed to be actually active.  
Fin gaps were found to have a strong effect on the heat transfer performance. McGillis [13] declares 
that smaller fin gaps exhibit significantly higher heat fluxes for a given wall superheat. He assumes 
that at smaller fin gaps only a restricted flow between the fins exists. As a result the heated water does 
not get carried away quickly and therefore the temperature for bubble growth is reached easily.  
The raw copper and sand blasted heating surfaces perform nearly linear graphs in the convective 
boiling regime. The nucleate boiling starts at higher wall superheat than for the macro-structured 

surface. Nevertheless the 
influence of surface roughness 
can be seen clearly. The sand 
blasted structure turns around 20 
Kelvin temperature difference 
into nucleate boiling, whereas 
the raw copper starts between 25 
and 30 Kelvin. 
The transition range between 
convective and nucleate boiling 
is not exactly defined, for all 
surfaces. The gradients in this 
region can’t be expressed 
exactly. 
 
 

Figure 6. Influence of pressure and surface structure 
 
Influence of pressure 
From Literature [13] it is well known, that the heat flux rises with the saturation pressure. 
This effect can be found in the measured data (Figure 6). In the region of convective boiling 
the difference of the heat flux is fundamentally lower than in the region of nucleate boiling. 
Doubling the pressure from 1 to 2 kPa results nearly into doubled heat fluxes at same wall 
superheats for nucleate boiling. 
 
Influence of bubble diameter 
To observe the boiling process there are transparent glasses in the vacuum chamber. Thus it was 
possible to monitor the bubble departure diameter visually. 

Calculation of the theoretical bubble diameter with 
equation 6 and 7 gave values of 81.3 and 72.6 mm. 
There is nearly no difference in using a saturation 
pressure of 0.81 or 2 kPa for the calculations.  
The maximum bubble diameters observed were in a 
range between 40 and 60 mm. Figure 7 shows a 
picture of vapor channels on the finned surface.  
For unstructured surfaces the diameter of the heater 
(40 mm) will limit the bubble formation. But as the 
experiments focus on structured surfaces with 
limited filling levels, those will dominate the 
bubbles and not the chosen heater.    
  

Figure 7. Bubble channel on the finned surface 
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Comparison of experimental and theoretical heat transfer coefficients 
Table 1 shows the heat transfer coefficients calculated by experimental data and theoretical 
correlations. As one would assume by knowing the experimental results, the heat transfer coefficients 
of the nucleate boiling regime are higher than for the convective boiling. Additionally they became 
higher with higher range of surface structure and pressure. 
  

raw copper sand blasted finned 22 mm 
filling level 

 
W/m²K experimental theoretical experimental theoretical experimental 
αfc 439 419 456 423 - 1 kPa 
αnb 1292 1026 1642 1643 3019 
αfc 541 622 568 630 - 2 kPa 
αnb 1438 1231 1836 1971 3877 

Table 1: Experimentally measured heat transfer coefficients 
 
Comparing the heat transfer coefficients, based on experimental data, with those calculated by theoretical 
correlations, they show a very good agreement. 
 
CONCLUSION AND OUTLOOK 
The aim of this paper was to present a test rig, which allows the characterization of boiling behaviour of 
water at low pressures on different heated surfaces. 
The presented experimental results show in tendency a good agreement with literature [13], even though 
experimental results for water boiling at pressures lower than 5 kPa are very scarce.  
The “best” performance was carried out for a surface structured sample, where the region of nucleate 
boiling was reached in a range between 3 and 5 Kelvin wall superheat. 
The comparison between heat transfer coefficients, based on experimental results and theoretical 
correlations showed a good agreement. Within the data range of experimental results the theoretical 
correlations can be used by expecting an error range of 5 – 20 %. Looking on these first results nucleate 
boiling of water at low pressure seems to be possible even in a range of small wall superheats. Further 
developments therefore will focus on the optimization of surface structures. Further steps will bring out 
more detailed studies on relevant parameters (volume specific surface, porosity, hydrophilicity and 
hydrophobicity, etc.). 
Additionally the effect of secondary convective flow will be analysed. Actually the test rig is modified in 
a way that avoids those secondary flows. Comparing the results will give helpful hints on optimization of 
the convective pool boiling regime. 
Looking more detailed to the whole apparatus in future the transfer of boiling characteristics on 
horizontal surfaces to whole heat exchangers will become important. Within this transfer the highly 
instationary conditions in the beginning of the adsorption phase have to kept in mind. 
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NOMENCLATURE 
 
cp  specific heat, J/(kg K) 
CW  properties of the heating surface 
dB  bubble departure diameter, m 
fB  frequency of vapour bubble departure, 1/s 
Gr  Grashof-number 
h  heat transfer coefficient, W/(m2 K) 
hv  specific enthalpy of evaporation, kJ/kg 

Greek symbols 
β coefficient of volumetric thermal expansion, 1/K 
Δ difference [-] 
μ viscosity, kg/(m s) 
ρ density, kg/m3 

σ surface tension, N/m 
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k  thermal conductivity, W/(m K) 
l   characteristic length, m 
Nu  Nusselt-number 
Pr  Prandtl-number 
p*  standardized pressure 
q  heat flux, W 
Ra  arithmetic value of surface roughness, μm 
T  temperature, °C 
v  velocity, m/s 

Subscripts 
fc free convection 
l liquid 
nb nucleate boilling 
v vapour 
W wall 

Dimensionless quantity 
Ar  = Δρ·g·l³/(ρl·μ²)  Archimedes-number 
Gr  = g·β·ΔT·l³/μ²   Grashof-number 
Ja  = ρl·cp l·ΔT/(ρv·Δhv)  Jakob-number 

Nu = h·l/kl   Nusselt-number 
Pr = μ·ρ·cp/k   Prandtl-number 
Re = v·l/ μ        Reynolds-number 
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author pressure [kPa] heating surface specials 
McGillis et al. (1991) [13] 9 copper finned 
Raben et al. (1965) [12] 4 - 100 copper  
Pioro et al. (2004) [14]   different filling levels 

  2,9 -50 copper  Ra = 1,37 μm  
  0,8 -100 aluminium  Ra = 3,61 μm  
  1,6 -113 brass  Ra = 0,47 μm  
 ≥ 100 chrome  
 4,3 - 113 stainless steel  polished, Ra = 0,75 μm 

Das et al. (2006) [15] 101,3 copper  Ra = 0,097−0,134 μm 
  copper micro-drilled 

Choon et al. (2006) [16] 18 copper-foam  

Van Stralen und Zijl (1978) [17]  78,8 copper  

Wells et al. (2000) [18] 101,3 aluminium different surface-morphologies 
Zhao et al. (2003) [19] 101,3 copper different copper-foil 

Rajulu et al. (2004) [20] 101,3 copper different tubes 
Hetsroni et al. (2004) [21] 7 - 47 copper different tubes 

Droeschel (1998) [22] 101,3 ceramics SiC and Al2O3 
Buchholz (2005) [23] 101,3 copper different heating surfaces and 

   fouling-levels of water 
Leiner (1990) [24] 101,3 copper different roughnesses, grids 
Loesing (1986)[25]  101,3 stainless steel, PTFE Planar surfaces and wires 

Mitrovic (1984) [26] 3 – 101,3 copper flate plate with channels, tubes 
Table 2: experimental studies in nucleate boiling 


