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Abstract. The aim of this study is to perform the calculations of pressure drops regarding the flow of spherical capsule-water mixture in a computer program without conducting any experiments. This needs to make a preliminary study of modeling and resolving the flow of spherical capsule-water mixture. A preliminary study has been made about the software UDF and the formation and usage of dynamic mesh model which is required for the numerical solution of capsule flow problem. User Defined Function (UDF) is used in numerical solution. It is observed that the results obtained through UDF are consistent with the results obtained through the graphical interface of FLUENT.
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1. INTRODUCTION

Although there are a number of theoretical and experimental studies on capsule flow (Ellis 1964, Ellis- Bolt 1964, Newton et al. 1964, Round-Bolt 1965, Ellis-Kruyer 1974, Ellis et al. 1975, Vlasak 1999, Vlasak-Berman 2001, Latto et al. 1973, Latto-Lee 1978, Kruyer-Ellis 1974, Kroonenberg 1978), studies on numerical solutions of spherical capsule flow are still on the onset. Khalil et al. (2011) made a numerical solution of the turbulent flow surrounding a long cylindrical capsule inside a pipeline. He compared the experimental results through three different turbulence models he obtained. In practical terms, capsule flow is not composed of a single capsule. There is a continuous capsule flow and capsules are said to interact with each other during the flow. This makes the solution complicated, and therefore only a single spherical capsule will be considered in the first step of the solution.
2. PROBLEM DEFINITION
Capsule flow is a flow problem of macroscopic solid particles-in motion within a fluid. Since the solid particle is in a macroscopic level, it differs from conventional two-phase flow of microscopic particles. In the experiments, a continuous flow of water is circulated through a linear pipeline with a diameter of 0.1 m., and then spherical capsules with a diameter of 0.08 m. are incorporated into this flow. Both surfaces of the pipes and capsules are hydraulically smooth. Having a lower density than that of water (specific gravity s=0.87) they moved along at low-velocities under rotational motion through contacting the upper walls of pipe. 
3. METHOD
The aim of this study is to make numerical solutions of pressure drops occured in the flow of spherical capsule-water mixture without conducting any experiments but only changing the parameters impacting on pressure drops. Previously, the pressure drops related to the mixture flow were theoretically and experimentally found out for various concentrations, velocities, and piping geometry (Ulusarslan-Teke 2005, 2006, 2007, 2009). The capsule flow analyzed in this study requires going beyond the scope of classical method. This is because a relatively much bigger solid particle (capsule) compared to the cell size is on the move in the mesh which the flow goes through. In the case of this time-dependent solution, the mesh which provides the solution of flow pattern has to be reformed at every time step. As a result, it is impossible to use a static mesh and the module Dynamic Mesh in the FLUENT program is used to solve this problem. Having used this model causes a problem in which the solid particle will no longer touch the wall of linear pipeline. This is because the mesh reformed at every time step necessitates at least one cell layer to be between the sphere and the wall. User Defined Function-UDF is used to solve this problem. 

3.1 FORMATION OF SOLID PARTICLE
Solid modeling of the problem was carried out by the GAMBIT program. For the capsule flow, it was planned that a two-dimensional model was constituted first and the flow solution was carried out in a two-dimensional way. The model constituted here consists of a rectangle, which is the vertical section of the pipeline, and a circle inside it. This circle will be moving inside the pipeline section. At the beginning, uniform velocity distribution is given, the direction of water flow is from left to right (in the positive         x direction), while the rotational motion of the capsule is from left to right (in the positive z direction). Magnus force is not taken into account.
3.2 FORMATION OF THE MESH
A triangle component was used here due to the fact that the pattern of capsule-water flow has a dynamic mesh model and that nodes have to be predetermined at each time step. In this study, cells were chosen to have a small volume along the capsule and hence being dense; on the other hand, they were chosen to have a decreasing density growing in size at a certain rate to the exterior. The mesh and its condition around the capsule are seen in Fig. 1. Additionally, the limits of the pipeline were adapted, and the borderline cells were first divided into four and then the lower layer cells were divided into two. The adaptation procedure will both help the boundary layer to be resolved better and make the dynamic mesh function smoothly. The size of the components along the spherical section walls of mesh is 0.01 units. As for the inwards, the size of the components reaches a maximum of 1 unit at an increase of a ratio of 1.15. 
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Fig. 1 The Mesh around the Capsule

3.3 DYNAMIC MESH MODEL
In FLUENT, dynamic mesh method can be performed in three ways:  Method of Layering , Method of Smoothing, Method of Remeshing.
3.4 PARAMETERS USED IN THE METHOD OF DYNAMIC MESH
In Fig. 2, the parameters requested from users to be defined are seen. The first of these is the numerical value of spring constants in the spring system we mentioned before. The value of spring constant must be between 0 and 1. The spring constant in the study was chosen to be very small, hence providing the mesh to stretch greatly in the region where the impact force is applied on. The value 1 used in the second parameter, on the other hand, shows under what kind of an ‘under-relaxation’ definition the borderline nodes will be positioned according to the positions in other time steps relative to the previous time step. As for the third and fourth parameters, they show the number of iterations and convergence interval which were used in the configuration of mesh as approaching to the other time step.
In Fig. 3, the parameters requested from users to be defined for method of remeshing are seen. There are some options related to the enhancement of size function and skewness in the options part above. Size function provides the cells, which will be marked for the method of remeshing, to be configured according to the function we defined. By this means, it prevents the ascending cell size from being deviated from the borders to the exterior. As to the continuous enhancement of the skewness taken part in the second option, it assures that the cells which were marked to be reformed will be reformed only if the skewness values are much better at the next time step. There are minimum and maximum units of length and maximum skewness ratios of cells below the options part. The size remesh interval determines how often and in how many time steps the remeshing procedure will be applied according to the size criteria defined. As for the three options taken part in the undermost, they are the parameters of size function. These three parameters are those which largely define the structure of our dynamic mesh. The resolution of size function is the intensity of another background network used in the method of remeshing. The variability and rate of size function are the constants used in the formulas in the program. The first of these is the parameter related to the maximum cell size allowed, and varies between -1 and + ∞. The latter, on the other hand, determines how the cell size varies in proportion to the adjacent cell size, and varies between -0.99 and +0.99. If 0.00 is taken, then it means that a linear change will be configured; however, at greater values than this, the cell sizes will be seen to grow slowly along the borders and grow quickly to the inwards.
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Fig. 2 Parameters used in Smoothing
3.5   USER DEFINED FUNCTION (UDF)
The main macro used in this study is DEFINE ON DEMAND. This macro will provide a basis for the results to be filed at will in accordance with the code we defined. The superiority of this macro is that the ultimate time step is also taken into consideration. The main function of the UDF used in this study is to constitute a deposit of knowledge about the UDF software related to the capsule-water flow and to form a pre-phase for the problem solution. What we expect from the current code is to find the pressure, viscous, and total forces acted upon the sphere along with the pressure, viscous (based on shear stress), and total moments around the center of gravity of the sphere, and to track the coordinates of the center of gravity of the sphere. At the pre-phase of the resolution, the movement of sphere will be given as described before. Thus, a profile of linear and angular velocities was used. This profile was chosen in the manner that it would prevent the sphere from hitting the upper wall and make it possible to approach there in the closest distance. 
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Fig. 3. Parameters used in Remeshing
UDF needs to be compiled in order to be used by the FLUENT. The compile option exists in the graphical interface and the code is inserted into the FLUENT by the help of a C compiler installed on the computer. Apart from that, the UDF code can also be used by means of interpreting. In such a case, there is no need for a C compiler; however, this method was not preferred for the resolutions since the code would be rearranged by the FLUENT at every step and there are also some restrictions in coding. It makes it possible for UDF to contribute the problem solution through filing all time steps-related results along with the total time by the command of ‘Execute on Demand’. Developing the UDF in the progressive steps of the resolution, it is planned that the sphere’s own action force on the pipeline wall will be given itself as if it was a reaction force exerted on the sphere wall by the time the sphere is about to come into contact with the pipeline wall before it goes further away the given coordinate, hence avoiding to destroy the upper cell layer, which is a restriction of dynamic mesh model we described before.

4.   STUDIES OF ANALYSIS
In order to perform studies of analysis, the spherical section was moved within the pipeline section by the aid of linear and angular velocities described earlier. A flow of water with a velocity of 1 m/s  (Re= 1x105, flow regime is turbulent) at a fixed distribution is provided on entry, and the system opens into the atmosphere on exit. In the first place, the iteration was carried out until the system reached to the convergence defined without increasing the number of time steps so as to make the initial conditions to be physical, and in the end the pressure distribution was obtained as seen in Fig. 4.
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Fig. 4 Pressure Distribution at the Initial State
The situation of the system at 1 s. is seen in Fig. 5. The sphere, in this case, reached to the maximum possible height within the limits of the profile we described. In our problem, if we assume that the liquid flow is in the +x direction and the spherical section rotates in the +z direction, the fluid will be pushed in the +x direction at the bottom of the sphere due to the boundary layer interaction, while it is pushed in the –x direction at the top. In this case, velocity vectors will be added at the bottom, they will be, however, subtracted from each other at the top. Regarding the principle that pressure should be low where the velocity is high, the pressure is expected to be low at the bottom of the sphere, while it is expected to be high at the top. The result of the analysis study confirms this.  

Fig. 5  Pressure Distribution in 1 second
5. EVALUATION OF RESULTS
By means of the UDF code, as stated earlier, the pressure, viscous, and total forces acted upon the sphere, and the pressure, viscous, and total moments around the sphere center, and the coordinates of the center of gravity of the sphere were found out and the results were compared to those obtained by the graphical interface of the FLUENT. 
Table 1
The pressure, viscous, total forces exerted on the sphere and total moments around the sphere center with respect to the results obtained in UDF
	
	F (x)
	F (y)
	F (z)

	Pressure Forces (N)
	-2035.442749
	-419.488770
	0.000000

	Viscous Forces (N) 
	-0.828264
	-1.770304
	0.000000

	Total Forces (N)
	-2036.270508
	-421.259155
	0.000000


	
	M (x)
	M (y)
	M (z)

	Pressure Moments (N.m)
	0.000000
	0.000000
	-0.000245

	Viscous Moments (N.m)
	0.000000
	0.000000
	1.539779

	Total Moments (N.m)
	0.000000
	0.000000
	1.539534


According to the results obtained in the graphical interface of the FLUENT, the coordinates of the center of gravity of the sphere were found out to be CG position
(x, y, z) = (1.505000, 0.090900, 0.000000)

Table 2
The pressure, viscous, total forces exerted on the sphere and total moments around the sphere center with respect to the results obtained in the graphical interface of the FLUENT
	
	F (x)
	F (y)
	F (z)

	Pressure Forces (N)
	-2035.4427
	-419.4888
	0.000000

	Viscous Forces (N) 
	-0.82826424
	-1.7703043
	0.000000

	Total Forces (N)
	-2036.271
	-421.2591
	0.000000


	
	M (x)
	M (y)
	M (z)

	Pressure Moments (N.m)
	0.000000
	0.000000
	-0.00019739634

	Viscous Moments (N.m)
	0.000000
	0.000000
	1.5397798

	Total Moments (N.m)
	0.000000
	0.000000
	1.5395824


Looking at the results obtained in the UDF at the 100th time step, in other words at 1 s. and the results obtained in the graphical interface of the FLUENT, it is seen that the results are consistent. However, it appears that there are some differences between the moments on the order of 1/10000s. Rounding and truncation errors or the differences on the orders of numerical method used are assumed to cause these differences to show up. Nevertheless, there is a chance to figure out the reasons and to fix this precisely through a more comprehensive research. The center of the spherical section is at the coordinate 0.0909 +y. As stated earlier, a layer of cells was put between the upper side of the sphere and the upper wall owing to the reasons emerged from the dynamic mesh model, thus this prevented the coordinate of our sphere from being 0.1 +y. In the first step of the numerical solution in capsule flow, the results attained by the dynamic mesh model and UDF code were taken into consideration rather than the physical results. After going through this phase, the physical results will be discussed in the further studies.  

6. CONCLUSION
A preliminary study was carried out here about UDF coding and formation and usage of dynamic mesh model required for the numerical solution of the flow of capsule-water mixture. The capsule section was moved with the velocities determined by the user; the results obtained by the dynamic mesh model and by the UDF code were analyzed. It has been observed that the dynamic mesh also preserves the required size rates in the required regions as time steps proceed and the UDF code gives the expected results. The results obtained here are preliminary to further studies.
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The coding of UDF is as follows: 
#include "udf.h"
#define  ZONE_ID  3
void fm_cross(real a[], real b[], real c[]); FILE *file_diag;
DEFINE_ON_DEMAND(force_on_dem)
{
Domain *domain = Get_Domain(1);
Thread *thread = Lookup_Thread(domain, ZONE_ID); Dynamic_Thread *dt = THREAD_DT(thread);
int i; face_t f;
real x_cg[ND_3]; real S[ND_3];
real r[ND_3], xc[ND_3];
real c_time_step; real c_time;
real Force[ND_3], Force_viscous[ND_3], Force_pressure[ND_3], Force_viscous_tot[ND_3], Force_pressure_tot[ND_3], Force_tot[ND_3], A[ND_3]; real Moment[ND_3], Moment_viscous[ND_3], Moment_pressure[ND_3], Moment_tot[ND_3], Moment_viscous_tot[ND_3], Moment_pressure_tot[ND_3];
/* Initialize forces and moments */ N3V_S(Force,=,0.0); N3V_S(Force_tot,=,0.0); N3V_S(Force_viscous,=,0.0); N3V_S(Force_pressure,=,0.0); N3V_S(Force_viscous_tot,=,0.0); N3V_S(Force_pressure_tot,=,0.0); N3V_S(Moment,=,0.0); N3V_S(Moment_tot,=,0.0); N3V_S(Moment_viscous,=,0.0); N3V_S(Moment_pressure,=,0.0); N3V_S(Moment_viscous_tot,=,0.0); N3V_S(Moment_pressure_tot,=,0.0);
N3V_S(xc,=,0.0);
N3V_S(x_cg,=,0.0);
N3V_S(r,=,0.0);
N3V_S(A,=,0.0);
begin_f_loop (f,thread);
F_AREA(A,f,thread);
F_CENTROID(xc,f,thread);
/* Get CG position */
for (i = 0; i < ND_ND; i++) x_cg[i] = DT_CG(dt)[i];
N3V_VV(r,=,xc,-,x_cg);
N3V_S(Moment_viscous,=,0.0);
N3V_S(Moment_pressure,=,0.0);
/* Get wall shear force and pressure force on face */ N3V_VS(Force_viscous,=,F_STORAGE_R_N3V(f,thread,SV_WALL_SHEAR),*,-1.0); N3V_VS(Force_pressure, =, A, *, F_P(f,thread));
/* Compute viscous and pressure moments */ fm_cross(Moment_viscous,r,Force_viscous); fm_cross(Moment_pressure,r,Force_pressure);
/* Add forces */
N3V_VV(Force, =, Force_viscous, +, Force_pressure); N3V_VV(Moment,=, Moment_viscous, +, Moment_pressure);
/* Accumulate viscous/pressure forces */ N3V_V(Force_viscous_tot, +=, Force_viscous); N3V_V(Force_pressure_tot, +=, Force_pressure); N3V_V(Force_tot, +=, Force);
N3V_V(Moment_viscous_tot, +=, Moment_viscous);
N3V_V(Moment_pressure_tot, +=, Moment_pressure);
N3V_V(Moment_tot, +=, Moment);
end_f_loop (f,thread);
/* Accumulate terms over all COMPUTE Nodes */
/* This function also passes global summation value to each compute node */ /* for(i=0;i<3;i++)
{
Force_viscous_tot[i] = PRF_GRSUM1(Force_viscous_tot[i]); Force_pressure_tot[i] = PRF_GRSUM1(Force_pressure_tot[i]); Force_tot[i] = PRF_GRSUM1(Force_tot[i]); Moment_viscous_tot[i] = PRF_GRSUM1(Moment_viscous_tot[i]);
Moment_pressure_tot[i] = PRF_GRSUM1(Moment_pressure_tot[i]); Moment_tot[i] = PRF_GRSUM1(Moment_tot[i]);
}
/* Get current flow-time and current time step */ c_time = CURRENT_TIME;
c_time_step = N_TIME;
file_diag = fopen ("forces6.txt","a");
if (file_diag == NULL)
{
printf("File could not be opened \n"); exit(1);
}
/* Print forces, moments and center of gravity to file */
fprintf (file_diag, "\n\n time = %f", c_time); fprintf (file_diag, "\n time_step %f", c_time_step);
fprintf (file_diag, "\n\n Fp(x) = %f", Force_pressure_tot[0]); fprintf (file_diag, "\n Fp(y) = %f", Force_pressure_tot[1]); fprintf (file_diag, "\n Fp(z) = %f", Force_pressure_tot[2]); fprintf (file_diag, "\n\n Fv(x) = %f", Force_viscous_tot[0]); fprintf (file_diag, "\n Fv(y) = %f", Force_viscous_tot[1]); fprintf (file_diag, "\n Fv(z) = %f", Force_viscous_tot[2]); fprintf (file_diag, "\n\n Ftot(x) = %f", Force_tot[0]);
fprintf (file_diag, "\n Ftot(y) = %f", Force_tot[1]); fprintf (file_diag, "\n Ftot(z) = %f", Force_tot[2]);
fprintf (file_diag, "\n\n Mp(x) = %f", Moment_pressure_tot[0]); fprintf (file_diag, "\n Mp(y) = %f", Moment_pressure_tot[1]); fprintf (file_diag, "\n Mp(z) = %f", Moment_pressure_tot[2]); fprintf (file_diag, "\n\n Mv(x) = %f", Moment_viscous_tot[0]); fprintf (file_diag, "\n Mv(y) = %f", Moment_viscous_tot[1]); fprintf (file_diag, "\n Mv(z) = %f", Moment_viscous_tot[2]); fprintf (file_diag, "\n\n Mtot(x) = %f", Moment_tot[0]);
fprintf (file_diag, "\n Mtot(y) = %f", Moment_tot[1]); fprintf (file_diag, "\n Mtot(z) = %f", Moment_tot[2]);
fprintf (file_diag, "\n\n CG position(x) = %f", x_cg[0]); fprintf (file_diag, "\n CG position(y) = %f", x_cg[1]); fprintf (file_diag, "\n CG position(z) = %f", x_cg[2]);
fclose(file_diag);
}
void fm_cross(real a[], real b[], real c[])
{
/* Returns a = b x c for 3-vectors ONLY */
a[0] = b[1]*c[2] - b[2]*c[1]; a[1] = b[2]*c[0] - b[0]*c[2]; a[2] = b[0]*c[1] - b[1]*c[0];
return;
}
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