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Abstract：This study deals with fully resolved simulations of particulate flows with conjugate heat transfer on the particle-fluid interface. We performed two-dimensional simulations of the single-particle sedimentation in a vertical channel by the previously developed Cartesian cut-cell method. The particle is idealized as a circular cylinder. Similar problem configurations have been treated by many researchers within different frameworks of grid system, either the body-fitted or Cartesian. To the author’s knowledge, this study is the first-time effort in terms of the Cartesian cut-cell approach. The present result agrees well with earlier numerical data in terms of the particle velocity variation with time.
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1 Introduction
There have been plenty of researches on multiphase flows in many industrial and natural processes. The interfacial activities, e.g., phase change, chemical reaction, and conjugate heat transfer (CHT), by which it means that the heat transfers in the solid and fluid are coupled such that the temperature and heat flux are continuous across the interface, have been more or less neglected. Engineering design thus currently depends highly on empirical correlations. However, these interfacial physical mechanisms influence to a great extent the operation and performance of chemical process equipments such as boilers, combustors, and slurry reactors. Therefore, it is urgent to study thoroughly these interfacial activities. The difficulties in this kind of study are caused by the coupling among various physical mechinisms (fluid flow, heat and mass transfer, and chemical reaction) occurring near and at moving/deforming interfaces between the dispersed (particle, drop, or bubble) and continuous phases. Also, a large number of particulates cause impractically dramatic increase of computational cost if a fully resolved simulation (FRS), or direct numerical simulation (DNS), is required.
Focusing on the field of numerical modelling, moving and/or deforming particles have been involved in a limited amount of literature. Huang and Ayyaswamy[1] calculated the transient motion of a condensing spherical spray drop mixed with vapour and non-condensables. Juric and Tryggvason[2] and Shin and Juric[3] numerically simulated film boiling near a heated plate and predicted well the detachment of vapour bubbles and the complex transient topological changes of interface.
Gan et al.[4] employed the finite element method (FEM) to solve the incompressible two-dimensional Navier-Stokes equations and the energy equation for solid particles suspended in Newtonian fluid. The motion of particles was tracked by the arbitrary Lagrangian-Eulerian (ALE) method and the particle temperature kept constant. Yu et al.[5] extended the distributed-Lagrange-multiplier/fictitious-domain (DLM/FD) method to simulate the particulate flows with CHT. Feng et al.[6] developed an immersed boundary method (IBM) for small-Biot-number particulate flows where each particle has uniform temperature which is allowed to change with time. Hashemi et al.[7] applied the lattice Boltzmann method (LBM) to simulate three-dimensional particulate flows, implementing the thermal boundary condition by the non-equilibrium extrapolation method. Kang and Hassan[8] incorporated the direct-forcing IBM into the thermal LBM to treat the heat transfer problems embedded with moving boundaries. Hu et al.[9] developed the smoothed profile-lattice Boltzmann method (SP-LBM) to treat the fluid-solid interactions occurring on the interface, including the condition of CHT.
This study is the first step toward FRS of particulate flows with CHT. We performed two-dimensional simulations of the motion of a catalyst particle in a box containing fluid. We compare the present results with those in earlier works to examine the effectiveness of our method. To the knowledge of the author, the present work is the first numerical study featuring the CHT condition implemented by the Cartesian cut-cell approach.
2  Mathematical Model
2.1  Governing Equations of Fluid Flow and Solid Heat Conduction
In view of potential applications, we consider simulations of two dimensional flow and thermal fields involving multi-fluid and multi-solid problems with dynamic and thermal fluid-solid interactions. The density variation affects only the buoyancy force through the Oberbeck–Boussinésq approximation. The viscous dissipation is neglected. Other thermodynamic properties of the fluid and those of the solid are assumed to be constant. The nondimensional integral governing equations include the continuity equation,
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and the Navier-Stokes equation with constant dynamic viscosity,
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for the fluid phase and the energy equation for both the fluid and solid phases,
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where cv and cs denote the control volume and control surface, respectively; n is the outward unit vector normal to the control surface; u(x,t) = u(x,t) i + v(x,t) j is the fluid velocity vector, p = p(x,t) the static pressure, T = T(x,t) the temperature, g the gravitational acceleration vector, x = x i + y j the position vector, and t the time. Vector i (j) is the unit vector directed toward the positive x (y) coordinate axis and ( the gradient operator. The superscript “T” denotes the transpose of a matrix. Vcv is the volume of the control volume. The nondimensional physical quantities are defined as
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where “~” denotes the dimensional counterpart of a dimensionless quantity; (ref (referential mass density of fluid), U, and L serve as the characteristic mass density, velocity, and length respectively. The temperature difference (T can be defined in many ways, depending on the problem settings. For prescribed solid-boundary temperature (Tb) and reference temperature (Tref), we prefer (T ( Tb - Tref; for prescribed heat flux (
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; and for prescribed volumetric heat generation rate (
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. Among various dimensionless quantities, ( is the dynamic viscosity, ( the kinematic viscosity, ( the thermal expansion coefficient of the fluid phase; the symbols (, c, and ( denote respectively the mass density, specific heat, and thermal conductivity of the fluid or solid phase. The Peclet number is defined as the product of Reynolds number (Re) and Prandtl number (Pr), i.e., Pe = Re(Pr. The volumetric heat generation rate (in the fluid or solid phase) is represented by 
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. In Eq.(2), Tini is the dimensionless initial temperature. The subscript “ref” designates the referential value of the associated variable. In Eq.(3), the advection term, as well as others, generally contributes to changing the temperature distribution if the solid is arbitrarily moving. Erroneous results would be incurred if we take it for granted to discard this term.
2.2  Equations of Solid Motion
The dimensionless governing equations for the particle motion are
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In the above equations, m is the mass of particle; xc and yc denote the coordinates of the centroid of the particle in the x and y directions; Fx,hydro and Fy,hydro are the hydrodynamic forces exerted by the ambient fluid to the particle respectively in the x and y directions; dot symbol represents the time derivative. Izc is the mass moment of inertia (rotational inertia) with the axis of rotation at the centroid and perpendicular to the x-y plane; (c denotes the angular displacement of the particle about the axis of rotation; Mzc,hydro is the moment applied by the hydrodynamic forces to the particle about the axis of rotation.
2.3  Numerical Method
The governing equations, Eqs.(1)-(3), constitute a nonlinear and coupled system of differential equations. A cell-centered collocated finite volume method is applied to discretize this set of coupled equations. The coupling between the divergence-free constraint and the pressure gradient in the momentum equation for fluid is solved by a pressure-free projection method[10, 11]. We implement boundary conditions on imbedded solid-body surface by the cut cell approach. Details of cell merging, interpolation strategy at cut-cell-face center can be found in Chung[12]. Also Refer to Chung[13] for the strategy of adaptive mesh refinement (AMR) and for details of implementing the Generalized CHT conditions within the framework of the cut-cell approach.
The spatial discretization of advection, diffusion and pressure terms at the cell-face center are all treated by the central difference scheme. The Crank-Nicholson scheme is employed to treat the temperal discretization. For each of the solution variables (u, v, p, and T), we can thus establish a system of algebraic equations consisting of discretized equations for all cells. The coefficient matrix of this equation system is sparse and we adopt a free open-source package of libraries, SPARSKIT Version 2, as a tool for matrix computations and iterative solution of the algebraic-equation system (inner iteration). The source code and documentation can be downloaded from the following web page:
http://www-users.cs.umn.edu/~saad/software/SPARSKIT/index.html
Among various solvers in this tool kit, the restarted Generalized Minimal RESidual method[14], called GMRES(m), is selected to solve the linear system. The coefficient matrix is right preconditioned by the incomplete LU factorization with a dual truncation strategy (ILUT). The u and v equations must be solved in a coupled way (coupled inner iteration) because of the implicit convection term in Eq. (2). Finally, the discretized equations for all the variables must be solved in a fully coupled manner (outer iteration). Refer to Chung[13] for the definitions and thresholds of the convergence criteria for all the above-mentioned iterations. Chung[13] provides as well the guide to choose the time step size, (t.
The trapezoidal method, which is a classical second-order implicit method, is used to integrate the equations of solid motion, Eqs. (5-7).
Solution algorithm
Assume there are Nsd solid bodies, the solution algorithm is summarized as follows ((: any solution variable, Nt: the maximum time step).
（1）For n = 1, Nt
（2）Adapt the grid layout according to the AMR strategy
（3）Outer iteration begins with (n serving as the initial guess of (n+1
（4）Update (xc, yc, (c) and
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using the current Fx,hydro, Fy,hydro, and Mzc,hydro for each solid body
（5）For j = 0, Nsd
（6）Solve for pn+1 and un+1 if j = 0 (fluid phase)
（7）Solve for Tn+1
（8） End
（9） Return to Step (4) if the outer iteration has not yet converged

（10）End
3  Numerical Results
We consider the motion of a catalyst particle (modeled as a circular cylinder) in a fluid enclosure assuming that inside the particle there is a uniform volumetric heat generation rate 
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. With (f = cf = (f = 1, other physical parameters are set as Re = 40, Pr = 0.7, Gr = 1000, (s = 1.1, cs = 1, (s = 15, and 
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 which are defined using the characteristic length L = D and characteristic velocity 
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 where D is the diameter of the cylinder and 
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[image: image32.wmf](

)

Fr = 0.51

s

pr

-

. The subscripts “f” and “s” denote referring to the fluid and solid phase respectively. For a cylindrical particle, m = ((/4)(s and Izc = m/8 = ((/32)(s. The rectangular enclosure has dimensions of [0, 8]( [0, 16]. At t = 0, the velocity and temperature in either phase are zero, and the particle is located at the center of the enclosure. For the same problem configuration, Yu et al.[5] has conducted simulations using the fictitious domain method; Feng et al.[6] employed an IBM but assummed that the particle has uniform temperature which is allowed to change with time according to the energy balance equation for the particle.
Fig. 1 presents the temporal variation of the vertical velocity of the particle (
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). The present results are very close to those of Yu et al.[5] and Feng et al.[6], exhibiting a slightly more agreement with the former. Note that higher thermal conductivity means larger uniformity of temperature distribution inside the particle. The chosed large value of (s thus makes little difference between the result of Feng et al.[6] and either of Yu et al.[5] and the present study.
Isotemperature contours at selected times are illustrated in Fig. 2. Discernible nonuniform temperature inside the particle appears only in the early stage of motion. This demonstrates the justification of the assumption of uniform temperature inside the particle made by Feng et al.[6]. The contours are strongly distorted when approaching the top wall due to squeezing the fluid in the gap region between the cylinder and the top wall toward the two side walls. The particle will not eventually touch the top wall because the accumulated hot fluid in the gap region decreases the buoyancy force exerted to the particle and hecnce prevents the particle from moving further toward the top wall. This phenomenon can be confirmed by the observation in Fig. 1 that the particle wanders with small vertical velocities when t > 20, with the expectation of an eventual stop.
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Fig. 1  Temporal variation of the vertical velocity of the particle (
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Fig. 2  Isotemperature contours at selected times. Tmin = 0, Tmax = 1.7, and (T = 0.1.
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