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Absorption and secretion of nutrients in the gut (small intestine) occur at the epithelial lining of the gut mucosa. The epithelium is a layer of surface cells covering multitudes of “villi,” fingerlike protrusions ~ 100 m in scale which line the mucosal surface. The function of the gut implies the transport of nutrient molecules at cm scales from the bulk flow to epithelium, and molecules secreted from the villus crypts to the bulk flow, over physiological time scales. Using combinations of multi-scale modeling with dynamic magnetic resonance imaging (MRI) of the motions of the gut lumen and villi, our objective is to study the hypothesis that gut function requires the coupling of macro-scale mixing motions at the cm scale, with micro-scale mixing generated by villi motions at the 100 m scale. In this poster we describe the modeling methodology to be applied to the macro and micro scale motions in the gut and, in particular, the coupling between velocity and passive scalar fields on macro-scale and micro-scale grids using the lattice-Boltzmann framework with moving boundary conditions and passive scalar.
Objectives. Our objectives for the current work are to (1) develop a two-dimensional numerical method to compute coupled macro and micro-scale fluid flow and scalar mixing on multi-scale grids in the presence of arbitrary moving boundaries, (2) compare the macro mixing patterns in a simplified gut model with purely peristaltic deformations,  with purely segmental contractions, and with a mix of peristaltic and segmental contractions; and (3) study the multi-scale mixing associated with interaction between a macro-scale swirling flow and a micro-scale mixing layer induced by the coordinated motions of micro finger-like protrusions.
Methods. Two numerical models were developed based on the lattice-Boltzmann method (LBM) for low Mach number two-dimensional flows. One model was developed for internal flow with arbitrary moving boundaries at the macro scale and including a passive scalar. The additional momentum associated moving boundary was added at each boundary node using the method of Ladd (1994) with the Aidun, Lu  & Ding (1998) modification for boundary density required to conserve mass. Two passive scalar models were explored and found to give equivalent predictions. The simpler algorithm of Merks, Hoekstra, and Sloot, (2002) was adopted. A geometry model was developed as a summation of two basic mode shapes, one purely peristaltic and one purely segmental. The geometry model was parameterized using data from our companion MRI study of rat gut motility (see poster). A second numerical model was developed based on a multi-grid strategy within the lattice-Boltzmann framework. The particle mass distribution functions on the micro and macro grids were coupled using the method of Yu, Mei, and Shyy (2002). We adapted the passive scalar model of Merks et al.(2002) to the multi-grid strategy by developing a macro-micro coupling method specific to the passive scalar. Boundary conditions for passive scalar on a moving surface were based on fixed arbitrary flux or fixed arbitrary scalar. The velocity prediction in the LBM codes was validated against the lubrication theory prediction of peristaltic transport, the scalar prediction against analytic solutions of diffusing scalar in unbounded fluids, and the multiscale strategy was validated using a cavity-driven flow from the literature. Multi-scale mixing is being analyzed in a cavity-driven flow at the macro scale with micro-scale finger-like protrusions from the lower boundary under controlled motion.
Results with Discussion. The numerical algorithms all perform extremely well (in 2-D). The LBM predictions of velocity and passive scalar matched analytical solutions with high precision, and there is no perceptual change in flow and scalar patterns across the boundaries between the coupled macro and micro scale grids. Cavity flow tests in which cavity flow with a fine grid everywhere was compared with a coarse grid except over the corner vortices displayed excellent agreement between the two simulations. We are currently developing strategies to improve the treatment of moving surfaces by relaxing the first order bounce-back criterion that requires the surface to reside effectively midway between “solid” and “fluid” nodes. Simulations of macro-scale mixing with systematic variation in parameters are in process. Animations of the predicted passive scalar concentration field variations over time suggest that mixing from segmental contractions is more effective than mixing from peristalsis and that the time dependency of the mixing process has a strong effect on mixing details. Initial coupled macro-micro mixing in cavity flow suggests that the moving micro-fingers can be effective mixers at the micro scale, especially when groups of protruding fingers (simulating the villi) move in a coordinated, but out-of-phase fashion. As importantly, villi motion appears to be essential for secretions to mix with the bulk flow. Having solved the coupling problem with moving boundaries and scalar, we anticipate rapid advances in the application of the macro and multiscale algorithms to simulation and analysis of multiscale mixing associated with villi function in realistic gut physiology.
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