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Abstract. This research focuses on developing a heterogeneous multi-
scale model (HMM) for blood flow. Two separate scales are considered
in this study, a Macro-scale, which models whole blood as a contin-
uous fluid and tracks the transport of hematocrit profiles through an
advection diffusion solver. And a Micro-scale, which computes directly
local diffusion coefficients and viscosities using cell resolved simulations.
The coupling between these two scales also includes the use of a surro-
gate model, which saved local viscosity and diffusion coefficients from
previously simulated local hematocrit and shear rate combinations. As
the HMM model progresses fewer micro models will be spawned. This
is accomplished through the surrogate by interpolating from previously
computed viscosities and diffusion coefficients. The benefit of using the
HMM method for blood flow is that it, along with resolving the rheology
of whole blood, can be extended with other types computational models
to model physiological processes like thrombus formation.
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1 Introduction

The primary function of the human red blood cell (RBC) is to deliver oxygen
to the tissues of the body. From a physiological perspective there are multiple
scales at which a red blood cell interacts with the human body. On the largest
scales is a healthy human, typical size ~ 1-2 meters, which is maintained though
the constant supply of oxygen via the oxygen diffusion from the red blood which
occurs on scales of um. The physiological processes that maintains a healthy
oxygenated human being is a connection of multiple heterogeneous systems that
exists and operate on multiple spatial scales. Mutli-scale computational models
are being developed in order to understand how these individual processes are
coupled together to maintain a working healthy human being [17,18].
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From a rheological perspective whole blood, which travels the through the
cardiovascular system, is a multi-scale process in itself. On the smallest scales
(um), are the deformations of a RBC and the corresponding interactions with
the suspending blood plasma. Because of the cell nature of whole blood, typically
dominated by the deformable RBCs, blood flow on scales below 300 pm exhibits
non-Newtonian Behavior. Such a hallmark of this behavior is the Fahraeus-
Lindqvist effect [13], which is the decrease in the relative apparent viscosity of
whole blood that has been contributed by the lubrication layer on the vessel wall
provided by the existence of a red blood cell-free layer (CFL) [14]. Migration of
RBCs away from the vessel wall has been since observed in multiple in vitro
studies, and has been shown to create two phases over the cross section of a
tube; a central region of mainly RBCs, and an on average a cell depleted region,
the CFL[10]. The shear thinning behavior of whole blood however is not only
limited to the Fahraeus-Lindqvist effect and may not only occur on the micro-
vascular scale. There are also prominent shear thinning effects of whole blood
and has been found to be affected by many things; such as the break up of
rouleaux structures [6], RBC alignment, and RBC stretching in flow [16, 11].
These phenomena have given rise to the fact that whole blood viscosity is also
dependent on shear rate [9)].

In order to properly resolve the non-Newtonian phenomena, cell resolved
blood flow models are required [5,14,27], as they account for the mechanical
deformations of the red blood cells and the subsequent influence on the suspen-
sion rheology. The transport of other blood cells types on these scales are also
influenced by the presence of red blood cells such as the margination of platelets
[28] and white blood cells [15] to the vessel wall. Currently numerical models
that adequately resolve the transport and rheological properties of whole blood
have large amounts of computational overhead and require high performance
computing [3, 23].

Blood flow on scales larger than 300um is consistently modeled as a continu-
ous fluid, as it is computationally more convenient because models no longer in-
clude the individual cell dynamics [20, 24, 25], which greatly reduces the compu-
tational overhead. Continuous models either assume whole blood as a Newtonian
fluid on larger scales or use a non-Newtonian blood viscosity model to approx-
imate the departure of whole from the Newtonian description. Non-Newtonian
models describe the change in blood viscosity with a dependency either on shear
rate like a power law fluid [22] or Carreau-Yasuda [2], or depends on yield stress
like the Casson model [19]. Since such models do not include the dynamics of
the cells they may over estimate the transport behaviors which are a result of
cell-cell collisions within whole blood suspensions. This may lead to an invalid
description of particle diffusivities within whole blood.

In order to capture both the non-Newtonian viscosity change of whole blood
along with the proper treatment of the transport of suspended blood cells a
multi-scale model must be developed in order to correctly account for both
processes on all scales of the cardiovascular system. Because systems of the
body are heterogeneous across multiple scales present in the body we chose to
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develop a heterogeneous multi-scale model (HMM) for blood flow. Though this
research is focused primarily on the rheology and transport properties of blood,
HMM is a more general method for modeling multi scale problems and can be
useful for future development as it can incorporate model beyond strictly fluid
dynamic problems.

2 Heterogeneous multi-scale model

The Heterogeneous Multi-scale Method [1] is a modeling technique used to nu-
merically solve multi-scale problems by coupling multiple sub-models together
that each solve a component separately, but by combining each separate sub-
model together an overall macro model emerges. HMM relies on efficient coupling
between macro and micro models [12]. A macro scale model can be either limited
or too computational expensive to numerical solve an entire problem on its own;
therefore micro models are employed to resolve each component of the problem
separately and return the result to the macro model. Heterogeneous here sug-
gests the problem is multi-physics in nature [8]. Scale separation is a common
exploitation in HMM as many numerical problems are difficult to capture solely
with one single model.
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Fig. 1. Schematic highlighting the physical scales and types of numerical models em-
ployed in the HMM model.

A benefit of such an HMM model applied to blood flow is that on the largest
scales a continuous blood flow solver will be informed by a micro scale cell re-
solved blood flow solver, resolving the cell nature of whole blood by keeping
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computational overhead in mind. The heterogeneity of the models allows for ex-
tension to be added, such as the diffusion of chemicals. A schematic highlighting
the different numerical models and physical scales present in the HMM model is
shown in Figure 1, and a flow chart of the operations through one time-step of
this model is highlighted in Figure 2.
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Fig. 2. Workflow of the HMM blood flow model.

2.1 Macro Model

On the largest scales in this model (Macro-scale) blood flow is modelled as
a continuous fluid using the lattice Boltzmann method (LBM) [7]. Fluid will
be driven by an external body force through a straight vessel geometry. After
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a time-step of the LBM fluid solver the velocity field across the macroscopic
domain will be passed as input to an LBM advection-diffusion solver, which is
also on the macro scale and will compute the transport of RBCs (hematocrit)
given the underlying fluid flow. After this step the Hematocrit field from the
advection diffusion solver and the velocity field (shear rate) from the fluid solver
will be sent to a surrogate model. Here the surrogate model it will determine,
via interpolation, whether a viscosity and diffusion coefficient is known for the
shear rate and hematocrit combination. If there is no such parameter, either
viscosity or diffusion coefficient, then a cell resolved blood flow model is spawned
which will compute the diffusion coefficient and viscosity directly. The macro
scale model will wait for either the surrogate model or the micro-scale model to
return viscosities and diffusion coefficients for the entire domain. The viscosity
field will be return to the fluid solver and the diffusion field will be returned to
the advection diffusion solver. The time-step will then be incremented and the
process will begin again.

2.2 Coupling between micro and macro

To avoid duplicating shear rate and local hematocrit micro-scale simulations for
each iteration of the HMM, we aim to build a surrogate model. This process will
decrease the required number of micro-scale models requested, which in turn
will decrease computation time. Hematocrit fields and shear rate fields will be
passed down from the macro scale. First local hematocrit values and shear rate
values will be combined, then the surrogate will query a database if there already
exists a known viscosity and diffusion coefficient for the combination of hemat-
ocrit and shear rate. The surrogate will also conduct interpolations (based on a
Gaussian process) for similar parameters. If the is a known viscosity and diffu-
sion coeflicients then it will return them to the macro scale. If there are missing
viscosities and/or diffusion coefficients then a micro model will be spawned for
each unknown shear rate and hematocrit combination. A heterogeneous multi-
scale computing framework has recently been developed to handle the scheduling
and sub-model synchronization of such an application in order to efficiently use
computational resources [4].

2.3 Micro Model

The micro scale is modelled with the cell resolved blood flow model HemoCell,
in which plasma is modelled by the LBM, the mechanical model of the RBCs
are described by a discrete element method and are couple to the plasma via
the immersed boundary method [27,26]. From each local hematocrit and shear
rate combination on the macro scale, a cell resolved micro scale will simulate
perfect sheared environments using Lees-Edwards boundary conditions [21]. A
single simulation will be spawned for each unknown diffusivity and shear rate
pair, this will likely result in multiple spawns if there are multiple unknown input
parameters. The resulting diffusion coefficients and viscosities will be computed
from each cell resolved simulation. After each model has finished the results will
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be stored into the surrogate model and passed up towards the macro scale. As
the HMM model progresses through time however a smaller amount of micro
model will be spawned due to the surrogate model.

3 Discussion

The immediate focus of this work is to implement the HMM model for blood
flow in a 3D straight vessel. Validation to known blood quantities such as the
Féhraeus-Lindqvist effect is needed. A correct physical implementation of this
model will allow the determination of the minimum spatial size required from the
cell resolved micro models, in order to preserve accurate viscosity and diffusivity
measurements that will maximize computational efficiency. The determination of
the minimum spatial resolution of local viscosity and diffusivity is also required
on the macro scale in order to accurately and efficiently model blood flow.

The novelty of developing an HMM model for blood flow is that it can be
extended to include models that are not limited to only model fluid dynamics.
Given the heterogeneous nature of this model, computational models which in-
clude the reaction and perfusion of chemical species in the human microbiome, as
well as the models for the smooth muscle cells, for example, can also be included
to contribute to a more complete HMM model for the physiological human.
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