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Extended Abstract 
Suppose a fluid of two components of different densities is placed on a cool surface maintained at a uniform 

temperature, the component with the higher solidification temperature solidifies first and settles at the bottom of the 

container if it is the heavier one [1]. After that, because of the solidification process a layer appears at the bottom of the 

container near the cold surface. This layer is known as a mush and contains both the light fluid component and the heavy 

solid crystals [2].  As solidification continues, the mushy layer becomes thicker, and the experiments indicate that there is a 

strong interaction between the mushy layer and the fluid above this layer [3]. As a result, the interface between the two 

becomes unstable and plumes rising from the mushy layer appear [4-8].  

The solidification process depends on temperature, pressure, gravity, and concentration, in addition to the different 

coefficients of diffusion of viscosity, thermal diffusivity, and material diffusivity. There are many studies dealing with the 

mushy layers. Early studies dealt with solidification of fluid alloys. This type of solidification occurs in a wide range of 

environmental, geophysical, and industrial applications, including sea ice [9-11], salt fingers [12-17], mantle plumes  [18-

20] , Earth's inner-core boundary [21-24], crystal growth [25-26], and iron casting [1, 27-28]. 

The experiments of researchers were motivated by the need to understand the imperfections known as freckles in iron 

castings. By using a solution of water and ammonium chloride (NH4CL) near eutectic composition, the experimental work 

by Copely et. al [27] was the first experiment that studies the freckle chains. They placed the melt on a cool surface. The 

melt started to solidify in the vertical direction (directional solidification), and this leads to a region of mixed phase (solid 

and liquid) which is the mushy layer and it is unstable. Then this process leads to appearance of thin plumes from the 

mushy layer and rose to the liquid layer and they concluded that these plumes are related to freckles [27, 29-30]. 

The dynamics of compositional plumes has been investigated experimentally and theoretically. The experimental work 

showed that the compositional plumes are stable [3,31-34], while the theoretical work showed that it is unstable for all 

non-zero values of Grashoff Reynold number [4,35]. This was found to be true even if more than one plume is present and 

in the presence/absence of vertical boundaries, rotation and magnetic fields [36-41]. These theoretical studied on the 

stability of compositional plumes were held in the absence of material diffusion. We think that the presence of material 

diffusion might play an important role in the stability analysis because diffusion is normally a stabilizing factor. Also the 

profile of the basic concentration of light material was taken to be very simple and there is no doubt a more realistic form 

may lead to different results. So in this paper, we extend the previous work on the stability of compositional plumes to 

include the material diffusion. The analysis carried out on the dynamics of compositional plumes assumed the Boussinesq 

approximation and used the equations of conservation of mass, momentum, heat, concentration of light material and state. 

In this case the equations take the form 

 
 . 0 ,u   (1) 

 
2

0 0
ˆ[ ( . ) ] ,

u
u u p u z

t
   


      


g  (2) 

 
2. ,

T
u T T

t



   


 (3) 

mailto:khaled.almashrafi@asu.edu.om


 

115-2 

 
2. ,m

C
u C C

t



   


 (4) 

 
0 0 0[ 1 ( ) ( )] ,T T C C         (5) 

where u is velocity vector, p is pressure, T is temperature, C is concentration, t is time, v is kinematic viscosity, is 

density  is local acceleration of gravity, ẑ  is unit vector along z-axis,   is thermal diffusivity, m  is material 

diffusivity,   is coefficient of thermal expansion,   is coefficient of compositional expansion, and Subscript 0 denotes a 

constant reference value. 

It is found that the presence of material diffusion reduces the growth rate but the plume remains unstable for all values of 

the parameters.  
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