
INFUB-13 Algarve, Portugal, 19-22 April 2022 
 

Method for calculating the urea release and 
decomposition in the NOxOUT process in the context of a 

live optimization approach 
D. Beerbaum1, D. Bernhardt1, T. Jakobs2, M. Beckmann1, T. Kolb2 

daniel.beerbaum@tu-dresden.de 
1EVT, TU Dresden, Germany 
2ITC, Karlsruhe Institute of Technology, Germany 

 
Abstract 
 
The motivation for this work is the development of a live optimization tool to control the additive input of 
the selective non-catalytic reduction (SNCR) process. An essential component of the model is the 
description of the additive input by technical spray nozzles. This approach aims to provide sufficiently 
accurate results through targeted simplifications with short computation times. Established CFD 
calculation methods do not meet this requirement. 
Based on an already developed semi-analytical approach to calculate the mass transfer of technical 
sprays into a reaction environment [1], this paper demonstrates the feasibility of a future potential 
implementation via comparison with a CFD study. In preparation for a practical application, the evolution 
of the existing model to consider urea injection and decomposition under typical SNCR conditions is 
also presented. Initially, the drying and formation of a solid urea crust is considered. Followed by 
complete particle drying, the release occurs due to the thermal decomposition of the urea. Part of the 
assumptions made based on experimental studies of single droplet evaporation of urea-water solutions 
(UWS) in an ultrasonic levitator. 
The extension of the model to include the reaction kinetics of the subsequent Nitrogen oxide (𝑁𝑁𝑁𝑁) 
reduction reactions is still to do at this point. 
 
Introduction 
 
The SNCR process is an important tool for the cleaning of flue gases, especially for small plants such 
as biomass and waste furnaces. For nitrogen oxide reduction, ammonia (𝑁𝑁𝐻𝐻3), urea (𝐶𝐶𝑁𝑁3𝐻𝐻4𝑂𝑂) or 
isocyanic acid (𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻) is sprayed into the hot flue gas via cooled lances. Technical innovations can be 
found in the areas of temperature monitoring [2, 3], nozzle positioning [4] and additive addition [5], as 
well as the use of numerical CFD calculations to design or optimize the process [6, 7]. 
Changes in the composition of the flue gas due to permanently changing fuel composition (waste 
incineration plant) as well as the specific distribution of the pollutants over the boiler cross-section (grate 
firing) have so far been neglected in the control of SNCR plants. The inclusion of these operating 
parameters has the potential for a more targeted operation of the SNCR, which would reduce the 𝑁𝑁𝐻𝐻3 
slip and save additive quantities. 
In addition to knowledge of the fuel composition [8] and the resulting 𝑁𝑁𝑁𝑁 distribution [9] a fast 
computational approach to determine the optimal additive distribution is needed for live optimization of 
SNCR. 
An already developed semi-analytical model approach for the determination of the mass transfer from 
technical spray nozzles [1] s tested for this purpose in a comparative observation with a CFD study. 
Based on this, a further development of the approach for the consideration of the use of urea in the 
NOxOUT process [10] has taken place. 
 
 
 
 
 
 
 
 
 
 



Brief Summary of the fundamental Model approach 
 
The initial point of the model is the linked description of the droplet evaporation with the droplet 
movement. This provides a differential equation system whose solution defines the spatial and temporal 
distribution of the evaporated spray medium in a reaction chamber. [2] 
The approach to droplet motion is a description of the droplet path via the equilibrium of the forces acting 
on the droplet. Gravitational, buoyant and aerodynamic forces are taken into account, as well as the 
force effect of a flow of the surrounding gas phase. The solution of the resulting differential equation 
(equation 1) provides the time-dependent location and velocity of the drop. 
The basis for the development of the evaporation models is the description of the single droplet 
evaporation by the well-known D² law (equation 2). The D² law assumes a limitation of the evaporation 
rate by the heat transport in the droplets and a limitation by the mass transport from the phase boundary 
into the environment [11, pp. 399 - 406]. This approach been further developed during model evolution 
and supplemented by additional theories [12, 13, 14, 15] The resulting model approach (equation 3 - 7) 
takes into account a velocity difference between the droplet and the gas phase, as well as the sensible 
heating of the liquid. 
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The drop radius is determined as: 
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To validate the formulated model approaches, experimental investigations of single-droplet evaporation 
carried out on an ultrasonic levitator. For this purpose, a single droplet is held in a resting floating position 
via a standing resonance wave (see figure 1), so that the investigation of complete evaporation is 
possible. A special feature here is the minimization of possible interfering influences. 



 
Figure 1: Floating drop in the levitator 

 
Figure 2 shows a top view of the measurement setup at the four openings of the levitator. A temperature-
controlled heating cartridge with air flowing through it heats the near ambient air at the levitating droplet. 
Another reference temperature measured behind the drop. The evaporation of the drop recorded with a 
high-speed (HS) camera. The decrease of the droplet diameter over the evaporation time is determined 
by analyzing the recorded image material. 

 
Figure 2: Measurement setup on the Levitator (top view) 

 
Comparative view with a CFX studie 
 
For a first application test, results of the complete simplified spray model compared with a simplified 
non-validated CFX calculation of a SNCR injection. This comparative observation therefore does not 
represent a validation of the model, but rather shows the applicability of the model by providing an 
example. 
The injection of water via four spray nozzles into a boiler pass with vertical flue gas flow is calculated. 
Initial data such as velocities, temperatures, geometric dimensions and nozzle characteristics taken 
from the CFX calculation.  
Figure 3 shows the influence of the nozzle characteristics on the calculation. The simplified description 
of the nozzle characteristic via an RRSB distribution (data from CFX calculation) compared here with 
the radially distributed characteristic of the same nozzle determined by measurement. The reaction 
chamber divided into 10x10x10 volume elements. A colored sphere in the plots represents the volume 
elements with portions of the evaporated spray medium. The coloring provides information about the 
normalized proportion of the evaporated fluid mass. When analyzing the graphs, it must taken into 
account that the color scale is logarithmic. In both calculation cases, the main part of the spray medium 
is evaporated in the volume element located downstream of the nozzle. Subsequently, the discharge 
takes place with the flue gas flow in the Z-direction. The much broader and deeper distribution in the 



calculation case with the measured data is due to small proportions of large droplets in the size 
distribution of the spray. These penetrate deeper into the reaction chamber. 
 

 
Modell calculation with nozzle data from CFX 

input 

 
Modell calculation with measured nozzle data 

Figure 3: Comparison of the calculation of an SNCR injection for different nozzle data 
 
The comparison of the calculation results of the simplified model and the CFX calculation shows 
similarities in the global view. For example, the total amount of spray medium temporarily present in the 
reaction space is the same in both calculations. In addition, the expansion of the spray over the height 
is the identical in both calculations (see figure 4). 
In the more detailed examination of figure 4, deviations in the model results become clear. Figure shows 
relatively constant distribution of the mass of evaporated water over height from nozzle level for both 
spray characteristics while the CFX calculation shows an increase with increasing height. One reason 
for this may be the early beginning of the outlet, which leads to a redirection of the flue gas flow. The 
simplified model neglects this deflection of the flue gas flow. 
 

 
Figure 4: Water mass fraction in flue gas versus height 

 



In a further observation, the resulting distribution of the evaporated water mass in the spray plane of 
both models was compared. For better comparability, the mass fraction for 10 x 10 representative 
volume elements was generated from the results of the CFX calculation (see figure 5). With a 
subsequent adjustment of the color scale, a direct comparison of the results is now possible (see figure 
6). The figure shows that discrepancies arise also with this more detailed observation. In the simplified 
model, as can already be seen in figure 3, the main part of the droplet mass evaporates in the volume 
element after the nozzle. The physical explanation for this is that the droplets are largest here and thus 
offer the largest area of transmission. In addition, the largest velocity difference between droplet and 
gas phase is located here, which is also a critical variable for droplet evaporation [3]. Furthermore, a 
symmetry of the individual nozzles can see in the simplified model. In the result of the CFX calculation, 
the distribution of the evaporated water is asymmetrical. The maxima here are located at a greater 
distance from the nozzles and are not as distinct as in the simplified model. Overall, there is a broader 
distribution of the evaporated medium in the plane. A main cause for this distribution is horizontal flow 
components from the vortexing of the flue gas. This detailed modeling of the flue gas flow not 
implemented in the simplified model. 

   
Figure 5: Transformation of the local water mass distribution (spray nozzle level) from CFX 

calculation into a 10 x 10 structure 

 

 

Figure 6: Comparison of the distribution of evaporated water at the spray nozzle level (on 
the left: simplified model, on the right: CFX calculation) 
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Evaporation and Thermolysis of Urea 
 
In the following, the boundary conditions of the substance input will examined for SNCR operation with 
urea. The injected UWS has a urea mass fraction in a range of 40 − 45 %. The temperature window for 
SNCR operation with urea is in the range 850 −  950 °𝐶𝐶. [16] 
The following specific properties of urea considered for the extended model approach: 
 

• Urea has a high solubility in water. [17] 
• The vapor pressure of urea is significantly lower than that of water. [18] 
• The melting point of urea is 133 °C. [18] 
• In the course of evaporation of urea 𝐶𝐶𝑁𝑁3𝐻𝐻4𝑂𝑂it thermally decomposes to 𝑁𝑁𝐻𝐻3 and 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻: [19] 

 
𝐶𝐶𝑁𝑁3𝐻𝐻4𝑂𝑂  𝑁𝑁𝐻𝐻3  +  𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 

Δℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 3088,8 
kJ
kg

 (8) 

 
The exact decay conditions are not completely known. In the literature, various data can found, e.g. on 
the decomposition temperature. [20] 
In a recent work, Bernhardt et. al. showed that urea can to a large extent change into the gas phase at 
temperatures up to 153 °𝐶𝐶. [21]. In the present work, the thermal decomposition of urea is considered 
from a temperature of 152 °𝐶𝐶 or 425 𝐾𝐾 according to Schaber et. al. [22]. 
For further consideration, temperature and concentration changes in the droplet are neglected in the 
sense of a rapid mixing model approach. Furthermore, the droplets are described by a spherical 
geometry. For the determination of temperature and substance values at the phase boundary, the 
established 1/3 rule of Hubbard et. al. is applied: [23] 
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To determine the urea release, the description of the evaporation of the UWS divided into three phases: 
 

• Phase I: Pure water evaporation until urea solubility limit is reached 
• Phase II: Formation of a urea crust, calculation of crust growth as well as particle drying 
• Phase III: Thermal decomposition of the urea crust 

 
Phase I: 
 
First, the drop appears as a drop of pure water. Due to the low vapor pressure of urea, this is permissible 
to a good approximation. Phase I ends as soon as the solubility limit is reached in the droplet. The 
calculation of the pure substance evaporation follows based on the already developed model approach 
(equation 3 - 7).  
The evaluation of experimental tests with UWS drops on the ultrasonic levitator show that the 
approximation of the first evaporation phase with a pure substance model for water is legitimate. The 
model reproduces the evaporation behavior very well (see figure 7). 
For the evaluation of the model description of the following evaporation phases, the experimental 
methodology is not suitable. This is on the one hand due to the fact that the method records the decrease 
of the radius. This remains initially constant during crust formation. Moreover, the conditions for urea 
decomposition cannot currently be set in the experimental setup. 



 
Figure 7: Result comparison of the pure substance model for water with the evaluation of a 

single drop evaporation experiment in the ultrasonic levitator 
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Phase II: 
 
After reaching the solubility limit, a solid urea crust forms on the surface of the droplet. Inside is a moist 
core of aqueous saturated urea solution. The second evaporation stage describes the growth of the 
crust as well as the drying of the particle. The water evaporates through pores in the crust. A porous, 
dry crust with a solid surface develops. The wet core – the area where the pores are filled with solution 
– (figure 8) becomes progressively smaller until the particle is completely dried. 

 
Figure 8: Scheme of wet particle dehumidification [24] 

 
In experimental studies using the ultrasonic levitator, the formation of a solid urea crust was observed 
during the evaporation of a UWS droplet under ambient conditions. Figure 9 shows snapshots of the HS 
camera image of the crust formation. Figure 10 shows the completely dried urea particle in the levitator. 
 



 
Figure 9: Snapshots of the crust formation of a UWS droplet at ambient atmospheric 

conditions taken with a high-speed camera 
 

 
Figure 10: Urea particle resulting from drying in the reflector of the levitator 

 
Phase II describes the crust formation and drying of the urea. The inhibited evaporation of the water 
takes into account the current crust thickness and the porosity of the urea. The water evaporation cools 
the urea crust. The melting temperature of the urea is not exceeded. The release of the urea is negligible 
in this phase. The simplified assumption of complete drying is made. 
 
To describe the evaporation in phase II, a model approach of suspension drying is adapted. In their 
model approach, Abuaf et. al. represent the porosity of the crust via the simplified concept of pores as 
straight channels through the crust [25]. Mass transport through the channels is done considering a 
semi open Stefan's system. A comprehensive review for modeling suspensions and dissolved solids is 
provided by Mezhericher et. al. [24]. Evaporation with the additional diffusion resistance through the 
crust is calculated using equation 11. 
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For the temperature of the wet core 𝑇𝑇𝑊𝑊𝑊𝑊 it assumes in a good approximation that the established 
equilibrium temperature from phase I is maintained. The crust surface experiences a temperature 
increase. This increase can be determined via a simplified energy balance for the crust: 
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The temperature increase occurs almost promptly under SNCR conditions (see figure 13). It ends when 
the melting temperature of the urea arrives. For the temperature of the crust 𝑇𝑇𝐶𝐶𝐶𝐶 the melting temperature 
can be used as a good approximation. 
The crust radius𝑟𝑟𝐶𝐶𝐶𝐶 corresponds to the drop radius at the end of phase I. The radius of the wet core 
changes with the evaporated water mass. The relationship can be determined to: 
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The dissolved mass fraction in the liquid of the wet core corresponds to the solubility limit. The drying of 
the particle thus simultaneously determines the crust growth: 
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 (16) 

 
Based on an adaptation of the pure substance model, the evaporation of urea under the conditions 
mentioned was estimated. In the figure 12, after the crust formation, it can be seen that the urea 
evaporation is negligible. Especially considering that it gets overestimated by neglecting the evaporating 
water flow. 
 
Phase III 
 
Phase III describes the release of the urea. It begins as soon as the urea particle is completely dry. The 
release of the urea occurs by thermal decomposition (equation 17) at 425 𝐾𝐾. The evaporation of the 
urea becomes neglect. The description of the thermal decay follows an approach after Ström et. al.: [26] 
 

𝑑𝑑𝑚𝑚𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
=
𝜋𝜋 ⋅ 2 ⋅ 𝜆𝜆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ⋅ 𝑟𝑟𝐶𝐶𝐶𝐶(𝑡𝑡) ⋅ 𝑁𝑁𝑁𝑁

𝑐𝑐𝑝𝑝𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
⋅ ln �1 +

𝑐𝑐𝑝𝑝𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓⋅(𝑇𝑇∞−𝑇𝑇𝐶𝐶𝐶𝐶)

𝛥𝛥ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
� (17) 

 
The Frössling approach for determining the Nusselt number Nu is applied: [27] 
 

𝑁𝑁𝑁𝑁 = 2 + 0,552 ⋅ 𝑅𝑅𝑅𝑅
1
2⋅𝑃𝑃𝑃𝑃

1
3 (18) 

 
For the calculation of the relevant substance data, empirical approaches from the literature [18, 17, 28] 
were applied, and a commercial substance data add-in for MATLAB [29] was used. 
 
Results and Discussion 
 
The results of the simplified spray model for the exemplary calculation of an SNCR injection show both 
a global view of the spray input and the local resolution of individual planes. The resolution remains 
coarser as in the comparable CFX calculation, but significant statements could still made. Compared to 
the CFX calculation, the simplified model offers the advantage of a much shorter calculation time (10 
min with 8 GB RAM, 4 cores versus 14 h with 32 GB RAM, 16 cores). Since both calculation approaches 
have not yet undergone full validation, only limited conclusions can be drawn about the validity of the 
results. A major influence on the results of both models is the spray characteristics used. Simplified 



assumptions as initial spray data can lead to erroneous results. The strong influence of smoke gas 
turbulence on the distribution of the spray medium must be taken into account in the future. However, 
this can only be done based on assumptions, since a three-dimensional flue gas velocity profile in a 
running boiler plant cannot be measured and is not stationary. Known flow effects such as stranding 
can certainly take into account in the simplified model. 
Based on the successful application test, further development of the simplified model continued. For the 
description of the NOxOUT process, the material input and thermal decomposition of the additive urea 
is described by an extension of the known model approach. 
 
The figure 11 - 13 show the result of the described model calculation for the evaporation of a urea water 
droplet under SNCR conditions. The three model phases can be seen via the marked boundaries of 
crust formation and urea decay. The mass decrease is initially determined by the evaporation of water. 
As a result of a minimal heating period, this initially starts slowly and increases to reach the equilibrium 
temperature at 355,5 𝐾𝐾 (see figure 13). As a result of crust formation, the evaporation rate levels off until 
complete drying is reached. Urea evaporation in this region is negligible due to the low partial pressure 
(see figure 12). The crust that forms undergoes a rapid increase until the melting temperature of the 
urea is reached. After the crust is completely dry, with the absence of evaporative cooling and the 
melting enthalpy overcome, the crust temperature is assumed to increase rapidly until the urea 
undergoes thermal decomposition. The mass decrease during the decay is determined by the 
transferred heat and primarily by the transfer area represented by the instantaneous radius of the crust 
𝑟𝑟𝐶𝐶𝐶𝐶(𝑡𝑡). 
 

 
Figure 11: Normalized droplet mass versus time 

(𝑟𝑟0 = 200 𝜇𝜇𝜇𝜇;  𝑇𝑇∞ = 1223 𝐾𝐾; 𝑝𝑝∞ = 1,0133 𝑏𝑏𝑏𝑏𝑏𝑏; 𝜉𝜉𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈,0 = 0,4; �𝑑𝑑𝑥𝑥
𝑑𝑑𝑑𝑑
− 𝑈𝑈��⃗ ∞� = 10 𝑚𝑚

𝑠𝑠
; 𝜉𝜉𝐻𝐻2𝑂𝑂,∞ = 0.015; 

𝜉𝜉𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈,∞ = 0) 
 



 
Figure 12: Normalized evaporated droplet mass versus time of water and urea fraction 

(𝑟𝑟0 = 200 𝜇𝜇𝜇𝜇;  𝑇𝑇∞ = 1223 𝐾𝐾; 𝑝𝑝∞ = 1,0133 𝑏𝑏𝑏𝑏𝑏𝑏; 𝜉𝜉𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈,0 = 0,4; �𝑑𝑑𝑥𝑥
𝑑𝑑𝑑𝑑
− 𝑈𝑈��⃗ ∞� = 10 𝑚𝑚

𝑠𝑠
; 𝜉𝜉𝐻𝐻2𝑂𝑂,∞ = 0.015; 

𝜉𝜉𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈,∞ = 0) 
 

 
Figure 13: Temperature versus time of the liquid phase and the crust 

(𝑟𝑟0 = 200 𝜇𝜇𝜇𝜇;  𝑇𝑇∞ = 1223 𝐾𝐾; 𝑝𝑝∞ = 1,0133 𝑏𝑏𝑏𝑏𝑏𝑏; 𝜉𝜉𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈,0 = 0,4; �𝑑𝑑𝑥𝑥
𝑑𝑑𝑑𝑑
− 𝑈𝑈��⃗ ∞� = 10 𝑚𝑚

𝑠𝑠
; 𝜉𝜉𝐻𝐻2𝑂𝑂,∞ = 0.015; 

𝜉𝜉𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈,∞ = 0) 
 
 
 
 



Outlook - Validation with data from SNCR process 
 
To follow up the calculation tool, the urea approach is to implement in the existing model. In addition, 
the reduction mechanisms DeNOx (𝑁𝑁𝐻𝐻3) and RapReNox (𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻) are to be integrated into the 
calculation following the urea decomposition [10]. Furthermore, the validation of the simplified spray 
model at a SNCR plant is intend. For this purpose, the model approach must first supplement with the 
mechanism of 𝑁𝑁𝑁𝑁 reduction. Then, by comparing the clean gas 𝑁𝑁𝑁𝑁 values and the ammonia slip at the 
plant with the model results, a simple statement can be made about the validity of the model calculation. 
The raw gas 𝑁𝑁𝑁𝑁 value is required as an important initial value for this purpose. It is the plan to obtain 
this by briefly shutting down the SNCR. 
 
Summary 

 
This paper presents an optimization concept for an improved additive feed of the SNCR process. First, 
the potential of an already developed calculation concept has already successfully proven in an 
application test by comparison with a CFD calculation of a spray process. The advantage in terms of 
short calculation times is clear.  Following on from this, a model approach for the release and thermal 
decomposition of urea has developed for SNCR operation. For this purpose, three successive release 
phases are described: The evaporation of pure water, the buildup and drying of a urea crust, and the 
thermal decay of urea. In parts, the developed calculation methodology could already validated by 
experimental tests in an ultrasonic levitator. 
In a concluding outlook, the further development of the model as well as the planned validation of the 
intended optimization tool are briefly discussed. 
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Symbols and indices 

 
Table 1: Symbols 

𝑎𝑎 Thermal diffusivity �
𝑚𝑚2

𝑠𝑠
� 

𝐵𝐵𝑀𝑀 Spalding Number [−] 

𝑐𝑐 Specific heat capacity �
𝐽𝐽

𝑘𝑘𝑘𝑘𝑘𝑘
� 

𝐶𝐶𝑁𝑁3𝐻𝐻4𝑂𝑂 Urea  

𝐷𝐷 Diffusivity �
𝑚𝑚2

𝑠𝑠
� 

𝐹⃗𝐹 Force [𝑁𝑁] 

ℎ Specific enthalpy �
𝐽𝐽
𝑘𝑘𝑘𝑘
� 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 Isocyanic acid  
𝑚𝑚 Mass [𝑘𝑘𝑘𝑘] 
𝑁𝑁𝐻𝐻3 Ammonia [−] 

𝑁𝑁𝑁𝑁 Nusselt number [−] 

𝑁𝑁𝑁𝑁 Nitrogen oxides 
(nitrogen monoxide) [−] 

𝑝𝑝 Pressure [Pa] 
𝑃𝑃𝑃𝑃 Prandtl number [−] 
𝑟𝑟 Radius [𝑚𝑚] 

𝑅𝑅 Specific gas constant �
𝐽𝐽

𝑘𝑘𝑘𝑘 ⋅ 𝐾𝐾
� 



𝑅𝑅𝑅𝑅 Reynolds number [−] 
𝑡𝑡 Time [𝑠𝑠] 
𝑇𝑇 Absolute temperature [𝐾𝐾] 

𝑈𝑈��⃗  Velocity �
𝑚𝑚
𝑠𝑠
� 

𝑉̇𝑉 Volume flow �
m3

s
� 

𝑥⃗𝑥 Location [𝑚𝑚] 

∆ℎ Enthalpy change �
𝐽𝐽
𝑘𝑘𝑘𝑘
� 

𝜀𝜀 Porosity [−] 

𝜆𝜆 Heat conductivity �
𝑊𝑊

𝑚𝑚 ⋅ 𝐾𝐾
� 

𝜉𝜉 Mass fraction [−] 
𝜗𝜗 Temperature [°𝐶𝐶] 

𝜌𝜌 Density �
𝑘𝑘𝑘𝑘
𝑚𝑚3� 

 
 

Table 2: Indices 
𝐶𝐶𝐶𝐶 Crust surface 
𝑊𝑊𝑊𝑊 Wet surface 
𝐷𝐷 Droplet 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 Decomposition 
𝑒𝑒𝑒𝑒 Evaporation 
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 Film composition 
𝐻𝐻2𝑂𝑂 Water 
𝐻𝐻𝐻𝐻 Heat Cartridge 
𝑙𝑙 Liquid 
𝑝𝑝 Constant pressure (isobar) 
𝑆𝑆 Surface 
𝑣𝑣 Vapour 
0 Initial 
∞ Ambient 
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