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Abstract - A mass transfer cavitation model for binary alkane mixtures is proposed, implemented into the in-house CFD code hydRUB 
and applied to a hydrofoil test case. A binary n-dodecane/n-heptane mixture at two different temperatures is considered. The saturation 
pressure of n-heptane and n-dodecane differs more than two orders of magnitude, so the evaporation rate of the lighter n-heptane is much 
higher than the one of the heavier n-dodecane. Therefore, cavitation leads to an enrichment of n-heptane in the vapor phase. This is 
associated with a slight densification, i.e., enrichment of n-dodecane in the liquid phase, which means that local segregation of both 
species occurs. With increasing temperature, the amount of n-dodecane in the vapor phase is substantially increased since the saturation 
pressures of both species approach. Therefore, species mass transfer deviates much less and segregation is less pronounced for the higher 
temperature compared to the lower one. 
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1. Introduction 

In hydraulic systems, cavitation can lead to complications such as noise, vibration, and cavitation erosion. A distinctive 
feature of these systems is the working fluid, e.g., fuel, which consists of several hundred species. In addition to temperature 
and pressure, thermophysical properties of a mixture also depend on local composition. In 3D Computational Fluid Dynamics 
(CFD) approaches for cavitating flow, single-species surrogate fluids are usually utilized as working fluids. For example, 
[1 - 7] utilized a pure alkane or a single-species surrogate fluid to approximate the properties of fuel. 

For single-species surrogate fluids it is assumed that the composition of the mixture is invariant so that the properties of 
the fluid solely depend on temperature and pressure. Local property changes due to a locally varying fluid composition are 
neglected. However, in experimental studies by [8] and [9] on cavitating fuel significant differences in cavitation structures 
occurred compared to single-species, which may indicate that local segregation of the fuel was occurring. As pointed out by 
[9], the saturation pressure of individual species in fuel varies by three orders of magnitude. This in turn may be associated 
with a staggered evaporation and re-condensation of the individual species, i.e., a local segregation of species. Since the 
saturation pressure is also temperature dependent, we suppose that temperature may significantly impact the segregation 
process. 

Few simulation studies consider a cavitating mixture of multi-species and their segregation. [10] and [11] studied the 
injection of mixtures under supercritical and transcritical conditions. [12] focused on a high-pressure injection of an alkane 
mixture into nitrogen but did not present local concentration of the species. [13 - 15] investigated vapor-liquid equilibrium 
of multi-species mixtures, but no spatially resolved fuel concentration was given. Furthermore, [16] presented saturation 
curves of multi-species mixtures and their changes due to fuel segregation. In contrast to a pure species, the saturation 
temperature increased due to successive evaporation of the high-volatile species and densification of the remaining liquid. 
All cited studies applied homogeneous equilibrium models, which assume a very rapid relaxation process of pressure, 
temperature, and chemical potential. The time required to reach thermodynamic equilibrium is assumed to be much smaller 
than the numerically resolved hydrodynamic time scales [17]. However, studies by [18 - 20] indicate that relaxation times 
might be significant. 

In this study, we propose a mass transfer cavitation model for binary mixtures. Therefore, we consider an n-heptane/n-
dodecane mixture flow over a NACA 0015 hydrofoil and a temperature variation. Phase transition from liquid to vapor phase 
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and vice versa is considered by a source term in the vapor mass fraction transport equation, as an extension of the 
cavitation model of [21]. We assume kinetic, mechanical, and thermal equilibrium and a homogeneous distribution of 
all species in the computational cell, while a vapor mass source term replaces the chemical equilibrium assumption.  
 
2. Model formulation 

We propose the solution of conservation of mixture mass, mixture momentum, and mixture energy. Furthermore, 
we introduce a transport equation for mass fraction of species (index 1) 𝑌𝑌1 = 𝑚𝑚1/𝑚𝑚 and vapor (index 𝑣𝑣) 𝑌𝑌𝑣𝑣 = 𝑚𝑚𝑣𝑣/𝑚𝑚, 
where mass 𝑚𝑚 refers to a CFD cell. The equations are given by  

                 
∂𝜌𝜌
∂𝑡𝑡

+ div(𝜌𝜌 𝐮𝐮) = 0 , (1) 
𝜕𝜕𝜌𝜌
𝜕𝜕𝑡𝑡

+ div(𝜌𝜌𝒖𝒖⊗𝒖𝒖 + 𝑝𝑝𝐈𝐈) =  𝟎𝟎 , (2) 

        
𝜕𝜕𝐸𝐸tot
𝜕𝜕𝑡𝑡

+ div(𝐻𝐻tot𝒖𝒖) = 0 , (3) 

                          
𝜕𝜕𝜌𝜌𝑌𝑌1
𝜕𝜕𝑡𝑡

+ div(𝜌𝜌𝑌𝑌1𝒖𝒖) = 0 , and (4) 

           
𝜕𝜕𝜌𝜌𝑌𝑌𝑣𝑣
𝜕𝜕𝑡𝑡

+ div(𝜌𝜌𝑌𝑌𝑣𝑣𝒖𝒖) = �̇�𝑚 , (5) 

 
where 𝑡𝑡 is time, 𝜌𝜌 is density, 𝒖𝒖 is velocity, p is pressure, and 𝐸𝐸tot and 𝐻𝐻tot are total energy and enthalpy of the mixture. 
Viscous effects and interdiffusion of species within each phase are neglected. Furthermore, �̇�𝑚 is the mass relaxation term 
described by the bubble dynamic mass transfer cavitation model introduced in the following. 

The model for mass transfer is adopted from [21], where the vapor phase is assumed to consist of homogeneously 
dispersed bubbles in the liquid, which are small compared to the computational cell. Mass transport is based on a 
simplified assumption for bubble growth in terms of the Rayleigh equation [22]. In our study, the far-field pressure in 
the fluid around the bubble and the local pressure inside the bubble are determined by the local CFD cell pressure 𝑝𝑝 and 
the equilibrium pressure 𝑝𝑝eq, respectively. We refer to the pressure at which two mixture phases are in equilibrium as 
𝑝𝑝eq. According to [23], the mass transfer term �̇�𝑚 as introduced by [21] is written as 

�̇�𝑚 = 𝛼𝛼ℓ(1− 𝛼𝛼ℓ)�6𝜌𝜌ℓ
𝜌𝜌𝑣𝑣
𝜌𝜌

��𝑝𝑝eq − 𝑝𝑝�

𝑟𝑟
sign�𝑝𝑝eq − 𝑝𝑝� , (6) 

where 𝛼𝛼ℓ is the volume fraction of the liquid phase, 𝜌𝜌ℓ and 𝜌𝜌𝑣𝑣 are the density of the liquid (index ℓ) and vapor phase, and 𝑟𝑟 
is the bubble radius. 
 A liquid-vapor mixture of two species in two phases comprises a system of three fluids. The mixing rules for density 𝜌𝜌 
and specific internal energy 𝑒𝑒 are obtained using mixing theory (see, e.g., [24]) and are closed by the Noble-Abel Stiffened-
Gas Equations of State (NASG-EOS) [25]. The NASG-EOS parameters for n-heptane and n-dodecane are evaluated by a 
minimization method by [25] to best match experimental data by [26]. The local composition of the phases is determined by 
Rault's and Dalton's law as 

                   𝑝𝑝𝑣𝑣,𝑗𝑗 = 𝑥𝑥ℓ,𝑗𝑗𝑝𝑝sat,𝑗𝑗           and (7) 
𝑝𝑝𝑣𝑣,𝑗𝑗 = 𝑥𝑥𝑣𝑣,𝑗𝑗𝑝𝑝eq , (8) 

where 𝑝𝑝sat,𝑗𝑗 is the saturation pressure and 𝑝𝑝𝑣𝑣,𝑗𝑗 is the partial pressure in the vapor phase for species 𝑗𝑗 = n-dodecane (dod) or 
n-heptane (hep). The partial mole fraction 𝑥𝑥𝑖𝑖,𝑗𝑗 = 𝑛𝑛𝑖𝑖,𝑗𝑗/𝑛𝑛𝑖𝑖 relates the amount of substance of species in the respective phase 
𝑛𝑛𝑖𝑖,𝑗𝑗 to the amount of substance of the respective phase 𝑛𝑛𝑖𝑖 for 𝑖𝑖 = ℓ or 𝑣𝑣. 𝑝𝑝sat,𝑗𝑗 is obtained by the NASG-EOS and by using 
basic thermodynamic relationships the system of equations is closed. The equilibrium pressure 𝑝𝑝eq is used in Eq. (6) and 
constitutes the extension of the cavitation model source term from a single species to a species mixture.  
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Fig. 1 shows the phase diagram for an n-dodecane/n-heptane mixture, where Eq. (7) and Eq. (8) are evaluated for two 
different temperatures, i.e., 300 K and 350 K. The partial mass fraction 𝑦𝑦𝑖𝑖,𝑗𝑗 = 𝑚𝑚𝑖𝑖,𝑗𝑗/𝑚𝑚𝑖𝑖 is introduced accordingly to 𝑥𝑥𝑖𝑖,𝑗𝑗. For 
example, a species mass fraction of 𝑌𝑌dod = 𝑌𝑌hep = 0.5 is marked. For a small amount of vapor, it consists of n-heptane to 
the very largest extent for both temperatures. The temperature difference of 50 K yields an increase of equilibrium pressure 
of about one order of magnitude (indicated by Δ𝑝𝑝eq in Fig. 1) and an increase of n-dodecane content in vapor phase of the 
mixture 𝑦𝑦𝑣𝑣,dod by a factor of four (indicated by Δ𝑦𝑦𝑣𝑣,dod in Fig. 1). 
 

 
Fig. 1: Isothermal phase diagram of n-dodecane/n-heptane VLE at 300 K and 350 K. 

 
3. Simulation method 

The in-house CFD code hydRUB [3, 27 - 29] is utilized. Finite volume discretization with collocated variable storage 
in the cell center is applied in a compressible density-based solver. An inviscid low-Mach-number consistent numerical 
Godunov flux function in combination with an optimized four-stage low storage explicit Runge–Kutta time scheme [30, 31, 
32] is applied. Second-order accuracy in space is achieved by reconstruction with the monotonic Total Variation Diminishing 
limiter MINMOD [33]. First, the mass relaxation term �̇�𝑚 in Eq. (6) and the composition of the single phases using Eq. (7) 
and Eq. (8) are determined. Thereafter, the conservation equations Eq. (1) to Eq. (5) are solved. Finally, the EOS is employed 
to calculate the primitive variables from the conservative ones. 
 
4. Results 

An unsteady 2D cavitating flow of a binary alkane mixture over a NACA 0015 hydrofoil is considered in the following. 
We adopt the case of [21] with an angle of attack of 6°, a cavitation number 𝜎𝜎 = �𝑝𝑝 − 𝑝𝑝eq�/(1/2𝜌𝜌ℓ𝑢𝑢2)   = 1, and an Euler 
number of Eu = (𝑝𝑝in − 𝑝𝑝out)/�1/2𝜌𝜌ℓ𝑢𝑢in2 � ≈ 2.4. In contrast to [21] we use a n-dodecane/n-heptane mixture as working 
fluid. Two different temperatures, i.e., 300 K and 350 K, with a species mass fraction of 𝑌𝑌dod = 𝑌𝑌hep = 0.5 are studied. A 
CFL number of CFL ≤ 0.9 and a computational grid with 180 × 30 cells is employed. 

In Fig. 2, the simulation results are presented in terms of vapor mass fraction 𝑌𝑌𝑣𝑣, partial mass fraction of n-dodecane in 
liquid and vapor phase 𝑦𝑦ℓ,dod and 𝑦𝑦𝑣𝑣,dod, as well as n-dodecane mass transfer rate related to the entire mass transfer rate 
�̇�𝑚dod/�̇�𝑚. An example time step within the periodic cavitation shedding cycles is shown. For 300 K, in the cavity at the 
leading edge vapor mass fraction rises to 𝑌𝑌𝑣𝑣 ≈ 0.02 (Fig. 2a). A look at 𝑦𝑦𝑣𝑣,dod (Fig. 2b) reveals an essentially constant value 
of 𝑦𝑦𝑣𝑣,dod ≈  0.003  within the cavity, which means that vapor consists of about 99.7 % n-heptane at any location irrespective 
of the amount of vapor. Vapor contains a larger amount of n-heptane due to its high volatility in terms of high saturation 
pressure 𝑝𝑝sat,hep, which means that n-dodecane evaporation rate is low (Fig. 2c). A constant 𝑦𝑦𝑣𝑣,dod distribution is 
substantiated by �̇�𝑚dod/�̇�𝑚 ≈  0.003  (Fig. 2c), whose spatial variation is also insignificant. The significantly higher mass 
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transfer of n-heptane compared to n-dodecane leads to segregation in the liquid phase, which is illustrated by 𝑦𝑦ℓ,dod 
(Fig. 2d). The liquid is enriched by n-dodecane, indicated by regions with 𝑦𝑦ℓ,dod > 0.5.  
 For 350 K, 𝑌𝑌𝑣𝑣 slightly increases (Fig. 2e). Albeit the difference of 𝑌𝑌𝑣𝑣 to the colder case is low, the vapor composition 
changes significantly. In the vapor phase 𝑦𝑦𝑣𝑣,dod ≈ 0.01 (Fig. 2f) and �̇�𝑚dod/�̇�𝑚 ≈ 0.01 (Fig. 2h), i.e., the content of n-
dodecane increases about one order of magnitude. Enrichment of n-dodecane in the liquid phase and, therefore, segregation 
is slightly stronger for the higher temperature. 
 

 
Fig. 2: Example shedding cycle time step for a n-octane/n-heptane mixture flow around a NACA 0015 hydrofoil for 300 K and 350 K. 
(a, e) Vapor mass fraction, (b, f) partial vapor mass fraction of n-dodecane, (c, g) ratio of n-dodecane mass transfer, and (d, h) partial 

liquid mass fraction of n-dodecane. 
 
5. Conclusion 
 A cavitation model to account for species segregation in binary alkane mixture has been proposed and applied to a 
hydrofoil test case. The composition of the vapor phase is substantially affected by temperature. Local segregation, which is 
a deviation from the initial liquid mixture composition, is traced back to different mass transfer rates of both species during 
evaporation. Since the total amount of vapor is small in the considered case, the densification of liquid phase is low, which 
means that segregation affects a deviation from the initial liquid mass fraction by less than 1 %. We trace this moderate value 
back to the observation that considering a single bubble, segregation is confined to the proximity of the liquid-bubble 
interface, where it can rise to a considerably higher level, according to [34]. However, the phase interphase is not resolved 
by our homogeneous mixture approach and we observe a smearing effect of local segregation at the interfaces of the bubbles 
averaged over the computational cell.  
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