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Abstract - Aortic dissection is a disease caused by the 
occurrence of a rupture in the innermost layer of the aortic wall. 
Due to the pulsation of the heart, blood penetrates through the 
tear between the layers of the aortic wall, which causes a new, 
so-called false lumen (FL). The local haemodynamic conditions 
in the FL significantly contribute to clotting of blood, so the 
formation of a thrombus. The level of thrombosis in the FL 
affects patients’ prognosis and chances of survival, in which a 
complete thrombosis is usually beneficial. In recent studies on 
platelet deposition in the FL, it is demonstrated that 
haemodynamic conditions influence on platelet activation and 
aggregation, effectively boosting in regions of recirculation. 
Blood coagulation has the highest chance of occurrence in these 
recirculation regions within the FL. Considering the dominant 
influence of shear rate in FL thrombosis, the non-Newtonian 
rheological properties and behaviour of blood play a crucial 
role. The most important rheological factor is the volume 
fraction of red blood cells in the blood, i.e., the haematocrit value 
(HCT), which affects the shear rate dependent viscosity and the 
yield stress observed in regions of low shear rate and stress, 
respectively, in the blood flow. In the current work, the influence 
of the haematocrit value on thrombosis in the FL is simulated. 
The simulations are done in idealized aortic dissection phantom 
models employing HCT-dependent non-Newtonian 
haemodynamics. The value for the HCT was varied within a 
physiological range. On the one hand, an increase in the total 
volume of thrombus in time was found for all HCT values. On the 
other hand, with increasing HCT values, less thrombus is formed 
in the FL. This suggests that high HCT values impede thrombus 
formation due to rheological effects and that patients with 
higher haematocrit values have less chance of benefiting from 
complete thrombosis in the FL. 

Keywords: Aortic Dissection, Thrombus Formation, 
Haematocrit, Shear-Thinning Fluid, Carreau Model. 
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1. Introduction
The disease is initiated by the perforation of the 

inner layer of the aortic wall, causing its layers to 
delaminate. As the delamination progresses, a new 
volume, the so-called FL, is created; hence, the blood flow 
bifurcates partially from the main blood flow, in the 
descending part of the aorta (true lumen, TL), into the FL. 
The tear causes the FL propagation due to the pulsation 
of the blood flow and eventually, a second tear (re-entry 
tear) may occur in the descending part of the aorta, 
merging the flows of both lumens. 

The haemodynamic conditions in the FL, including 
flow disturbance, recirculation, and considerable 
variability in wall shear stress (WSS), might contribute 
to the formation and growth of a thrombus [2]. There 
exist three cases of FL thrombosis in TBAD, i.e., patent, 
partial, and complete thrombosis. Tsai et al. [3] showed 
that partial thrombosis is associated with a high 
mortality rate, whereas complete thrombosis of the FL 
improves patients’ prognosis [4,5]. Therefore, it is 
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important to investigate and understand under which 
conditions complete thrombosis of the FL occurs. 

Thrombus formation is a complex phenomenon 
comprising many biological and chemical processes. 
Until now, it is unclear why thrombosis does or does not 
occur during the course of aortic dissection. Thrombosis, 
in the case of aortic dissection, is dominated by 
haemodynamic conditions, and it is enhanced in low 
shear rate regions in the FL [5]. In recent studies on 
platelet deposition it is demonstrated that the change in 
haemodynamic conditions in the FL effectively boosts 
platelet activation and aggregation in regions of 
recirculation [6]. Blood coagulation has the highest 
chance of occurrence in these recirculation regions 
within the FL, where the shear rates are significantly 
lower than in the TL [7]. Considering the dominant 
influence of shear rate in FL thrombosis, the rheological 
behaviour of blood plays a crucial role. Blood is a 
suspension with a non-Newtonian rheological behaviour 
exhibiting shear thinning and yield stress. Blood 
rheology mainly depends on the volume fraction of red 
blood cells, i.e., the haematocrit value [8], which varies 
from person to person, ranging between 30 and 55 
percent. In the current work, we study the influence of 
the haematocrit value on thrombosis in the FL. 

For the thrombus formation simulation, the 
haemodynamic-based mathematical model in the 
present study developed by Menichini et al. ([2,9]) is 
used. In this model, the formation process is primarily 
controlled by haemodynamics, which are determined by 
the rheological properties of blood, making it suitable for 
investigating the influence of HCT variation.  

To describe the shear-dependent behaviour of 
blood, the Carreau model is used [10]. The four 
parameters of the model are obtained by blood 
rheometry. The rheological model incorporates an 
additional rheological phenomenon of blood, the 
tendency of red blood cells to agglomerate and form so-
called rouleaux. Those rouleaux need a minimum of 
shear stress to be broken up; thus, a yield stress is 
accounted for in the model. In our previous study [11], 
we investigated the influence of six different HCT values 
on false lumen thrombosis. Because the results showed 
low sensitivity on the HCT value in the intermediate 
range, we will focus only on three HCT values; low (35 
%), average (45 %), and high (55 %). All the numerical 
simulations are carried out in the open source software 
OpenFOAM. 
The paper is organised as follows: the next section 
presents the model of thrombus formation; section 3 

gives the rheological modelling and section 4 presents 
the problem formulation. In Section 5 the computational 
fluid dynamics are given, followed by the results and the 
conclusions. 

 
2. Governing Equations 
2.1. Fluid dynamics 

The blood is modelled as an incompressible fluid 
with constant density 𝜌 = 1060 kgm−3, such that the 
balance of mass reduces to the solenoidality of the 
velocity field 𝒖, i.e., 

 
𝜵 ∙ 𝒖 = 0. (1) 

 
The flow in the aortic arch and FL is modelled by a 
modified form of the Navier-Stokes equations 

 

𝜌 [
𝜕𝒖

𝜕𝑡
+ (𝒖 ∙ 𝜵)𝒖] = −𝜵𝑝 + 𝜵 ∙ 𝝉 − 𝑘th

𝑐BP
2

𝑐BP
2 + 𝑐BPt

2 𝒖.  (2) 

 
with pressure 𝑝 and the extra stress tensor 𝝉, which will 
be introduced in Section 3. The thrombus model, which 
will be detailed in the next subsection, distinguishes 
three types of platelets, i.e., resting, activated, and 
bounded platelets. A high concentration of bounded 
platelets 𝑐BP indicates the presence of a thrombus. To 
account for the thrombus in the flow field, the right-hand 
`sink term’ in Eq. 2 is introduced, which obstructs the 
flow in high 𝑐BP areas. The quantity 

 

𝜙th(𝑐BP, 𝑐BPt
) =

𝑐BP
2

𝑐BP
2 + 𝑐BPt

2  (3) 

 
is interpreted as degree of local thrombosis. This 
function takes values between 0 and 1, in dependence of 
the bounded platelet concentration relative to the 
threshold value  𝑐BPt, (Table 1). The value of the 
coefficient 𝑘th (Table 2) in the sink term is chosen large 
enough to stop the flow where the thrombus is formed 
[2].  

 
2.2. Thrombus Formation 

The model of Menichini et al. [2] controls the 
formation of the thrombus based on wall shear stress, 
shear rate �̇�, a so-called residence time 𝑇R, as well as the 
concentrations of coagulant 𝑐, resting platelets 𝑐RP, 
activated platelets 𝑐AP and, ultimately, bounded platelets 
𝑐BP. The model achieves reasonable simulation times for 
thrombus growth by modelling the reaction equations 
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partly based on so-called cycle-averaged field variables, 
which are indicated by overbars. The cycle average of a 
field variable 𝑋 is defined as 

 

�̅�(𝑥, 𝑦, 𝑧, 𝑛, 𝑇): =
1

𝑇
∫ 𝑋(𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑡

(𝑛+1)𝑇

𝑛𝑇

, 
 

(4) 

 
where 𝑇 denotes the length of a cardiac cycle, while n is 
the cycle counter starting from 0. An exception to this 
rule is the definition of the cycle-averaged residence 
time �̅�R, which is additionally normalized by the 
maximum value of 𝑇R in the field, at the end of the 
corresponding cycle, 
 

�̅�𝑅(𝑥, 𝑦, 𝑧, 𝑛, 𝑇): =
∫ 𝑇R(𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑡

(𝑛+1)𝑇

𝑛𝑇

𝑇 ∙ max(𝑇R(𝑥, 𝑦, 𝑧, (𝑛 + 1)𝑇))
. 

 

(5) 

 
Thrombus growth is limited or enhanced 

depending on threshold values for cycle-averaged wall 
shear stress, shear rate, residence time, as well as 
concentrations of bounded platelets and coagulant. The 
threshold values are indicated by an additional subscript 
t.  

The central quantity for thrombus growth in the 
model is the concentration of bounded platelets 𝑐BP, 
which appears in Eq. 2. Regions with high concentrations 
of bounded platelets are considered as thrombus, where 
the blood flow gets inhibited by the modification of the 
momentum balance, Eq. 2. Bounded platelets are 
generated from activated platelets 𝑐AP through the 
reaction equation 

 
∂𝑐BP

∂t
= 𝑘BP

𝑐2

𝑐2 + 𝑐t
2  

�̅�𝑅
2

�̅�R
2 + �̅�Rt

2  
�̅̇�t

2

�̅̇�2 + �̅̇�t
2 𝑐AP , (6) 

 
where the reaction rate is determined by a 

reaction constant 𝑘BP (Table 2), the coagulant 
concentration 𝑐, and cycle-averaged shear rate �̅̇� and 
residence time �̅�R; each time in dependence on their 
according threshold values which are available in Table 
1.  Activated platelets are generated by `activating’ 
resting platelets. To avoid numerical ill conditioning, 𝑐AP 
and 𝑐RP are considered as the normalized number 
density of the according species in the blood by [2],  

 

𝑐AP =
𝑛AP

𝑛AP0
,  

 

 
 

and 𝑐RP =
𝑛RP

𝑛RP0
, 

 

 
 

(7) 

with the initial number densities 𝑛RP0 = 2.5 ∙ 1014m−3 
and 𝑛AP0 = 1.25 ∙ 1013 m−3. The transport equations for 
resting and activated platelets are convection-diffusion-
reaction equations of the form 

 
𝜕𝑐i

𝜕𝑡
+ 𝒖 ∙ 𝜵𝑐i =  𝐷P𝜵2𝑐i + 𝑆i,   i = RP, AP, (8) 

 
where 
 

𝑆RP = −𝑘1 𝑛AP0 𝑐AP 𝑐RP − 𝑘2 𝑐RP �̅�R, (9) 

 

𝑆AP = 𝑘1 𝑛RP0 𝑐AP 𝑐RP + 𝑘2  
𝑛RP0

𝑛AP0
 𝑐RP �̅�R, (10) 

 
with 𝑘1 and 𝑘2 being reaction constants (Table 2). Red 
blood cells have a shear-dependent effect on the 
transport of platelets. One way to simulate it is by 
adjusting Brownian diffusion fluxes. 𝐷P denotes the 
diffusion coefficient of platelets, which is enhanced due 
to shear rate through the following equation [2] 
 

𝐷P=𝐷b + 𝛽�̇�,  (11) 

 
with the Brownian diffusivity 𝐷b = 1.6 ∙ 10−13 m2s−1  
and the coefficient 𝛽 = 1.6 ∙ 10−13 m2 [2]. 

The coagulant concentration 𝑐 represents the 
lumped effect of all underlying biochemical reactions in 
the coagulation cascade [2]. In low shear rate areas, 
there is a production of coagulant at the wall based on 
the conditions specified at the boundary. The diffusion-
reaction equation for the coagulant concentration is 

 
𝜕𝑐

𝜕𝑡
=  𝐷ceff

𝜵2𝑐 + 𝑘c  
𝑐BP

2

𝑐BP
2 + 𝑐BPt

2

�̅̇�t
2

�̅̇�2 + �̅̇�t
2   ,  

 

(12) 

 
in which 𝑘c is a reaction constant (Table 2) and 𝐷ceff

  an 

effective diffusion coefficient of the form 
  

𝐷ceff
= 𝐷c

�̅̇�t
2

�̅̇�2 + �̅̇�t
2, 

  

(13) 

 
with 𝐷c = 1.6 ∙ 10−8 m2s−1, which gets enhanced in 
areas of low cycle-averaged shear rates [2]. 

The reactive source term in Eq. 12 shows that the 
coagulant is produced where bounded platelets 
concentration is sufficiently higher than its threshold 
value (𝑐BPt) and the cycle-averaged shear rate is lower 
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than its threshold value (𝛾t̅̇). The decisive production of 
coagulant concentration (which is assumed to be 
identically zero, initially), however, happens at the 
vessel wall via a Neumann boundary condition. The 
coagulant flux into the domain through the wall is given 
by 

  

𝐷ceff

𝜕𝑐

𝜕𝑛
|
wall

= 𝑘cwall
(�̅�𝑤 , 𝑐BP) , (14) 

 
where 𝑘cwall

 is a reaction constant. If the cycle-averaged 

wall shear stress �̅�w is larger than the threshold value 0.2 
Pa and the concentration of bounded platelets at the wall 
is larger 2 ∙ 105 nmol m−3, then 𝑘cwall

 is zero, while 

otherwise  𝑘cwall
= 2 ∙ 104 nmol m−2s−1. 

The so-called residence time 𝑇R of liquid 
components or platelets in the field, is determined by the 
transport equation 

 
𝜕𝑇R

𝜕𝑡
+ 𝒖 ∙ 𝜵𝑇R =  𝐷𝑇R

𝜵2𝑇R + 1 , (15) 

 
where 𝐷𝑇R

= 1.14 ∙ 10−11 m2s−1 is the self-diffusivity of 

blood. High residence time marks areas where the 
platelets spend long time [2]. 

 
Table 1: Threshold values in the thrombus formation model 

Quantity  Threshold 
value 

Unit 

𝑐BPt 2 × 104 nmol m−3 

𝑐t 104 nmol m−3 

�̅�Rt 0.9 − 

�̅̇�t 50   s−1 

 
Table 2: Reaction constants in the thrombus formation model 

Parameter Value Unit 
𝑘th 107 kg m−3s−1 

𝑘BP 106 nmol m−3s−1 

𝑘c 2 × 106 nmol m−3s−1 

𝑘1 1.2× 10−14   m3s−1 

𝑘2 0.5 s−1 

 
 
 
 
 
 

3. Rheological Modelling 
The rheological model of blood as a shear-thinning 

liquid with a yield stress determines the extra stress as a 
function of the rate-of-deformation tensor 

 

𝛕 = 2η(�̇�)𝑫 + 𝜏y

1

�̇�
𝑫, if |𝛕| ≥ 𝜏y (16) 

𝑫 = 𝟎, if |𝛕| < 𝜏y (17) 
 

with the rate-of-deformation tensor 𝑫 (in Cartesian 
coordinates x, y for i or j = 1, 2) defined as 
 

𝐷ij =
1

2
(

𝜕𝑢i

𝜕𝑥j
+

𝜕𝑢j

𝜕𝑥i
). 

  

(18) 

 
Therefore, the fluid does not flow if the stress 

magnitude is below the yield stress.  Whereas the 
arguments |𝛕| and �̇� originate from the invariants of 
extra stress tensor 𝛕 

 

|𝝉| = √𝑡𝑟(𝝉2) 2⁄  ,  (19) 

 
and the rate-of-deformation tensor 𝑫 
 

�̇� = √2𝑡𝑟(𝑫2) .  (20) 

 
In these equations, the shear-rate dependent 

viscosity and the yield stress appear as liquid material 
properties, which are modelled as laid out in the 
following two sub-sections. 

 
3.1. Shear-Rate Dependent Viscosity 

Shear rheometric data of human blood was 
measured by a rheometer with a double cylindrical gap 
geometry for shear rates ranging from 1 𝑠−1 to 1000 𝑠−1. 
The flow curves were obtained for four different 
haematocrit values (HCT=30%-60%, with a gradation of 
10%) from five different test persons. The shear-
thinning, inelastic behaviour of blood qualifies the 
Carreau model 

 

η(�̇�) = η∞ + (η0 − η∞)[1 + (𝜆�̇�)2]
𝑛−1

2   , (21) 

 
for representing the flow curves. The four quantities 𝜂0, 
𝜂∞, 𝜆 and 𝑛 are free model parameters to be determined 
in fitting the model equation to measurement data. The 
data are shown in Figure 1. The green curves represent 
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the fits with the Carreau model. For evaluating the 
viscosity at HCT values intermediate to the experiments, 
a fit of the model parameters was performed. Thus, all 
four parameters were available as functions of the HCT 
value. The pink curves correspond to the viscosities 
calculated with the parameters from the fit for the 
corresponding haematocrit, as noted next to the curves. 
 
  

 
Figure 1: Shear rheometric data of blood for different 

haematocrit values. The error bars represent the standard 
deviations. 

 
3.2. Yield Stress 
The incorporation of a yield stress in the rheological 
model is based on the mathematical formulation by 
Merrill [12] as a piece-wise function of the haematocrit 
value HCT. The model equation for 30% ≤ HCT ≤ 50% is 

 
 𝜏y  =  7.14 ·  10−5 (𝐻𝐶𝑇 −  6.5)3      (22) 

 
and for HCT > 50% is 
 

 𝜏y  =  0.48 ·  𝑒0.044·𝐻𝐶𝑇                                  (23) 

 
 The equations reveal the yield stress in milli-

Pascal with the HCT inserted in percent. The model 
approximation to the experimental data available in the 
literature is shown in Figure 2. 

 

 
Figure 2: Experimental and fitted model data for the yield 

stress depending on the haematocrit value. 

4. Problem Formulation 
Thrombus formation in the case of TBAD was 

investigated on the 2D geometry of an abstracted aorta 
given in Figure 3, with the geometrical parameters in 
Table 3. For the sake of simplicity, only the ascending 
aorta, aortic arch without carotid arteries, and the 
descending part of the thoracic aorta were considered. 
The dissection is realized by splitting up the descending 
part of the aorta into a TL and a FL with the width  
𝐷TL and 𝐷FL, respectively. Both lumens are connected via 
a proximal and a distal tear. The proximal tear is located 
at the reference line 𝐿AA and the distal one at 𝐿2 + 𝐻T1. 
Their width is 𝐻T1 and 𝐻T2, respectively. The ascending 
part of the aorta has the width 𝐷AA and length 𝐿AA. The 
width of the aortic arch is equal to the one of the 
ascending part. The radius of curvature is described by 
𝑅Arc. The arch ends at the angle α. B is the width of the 
aortic wall. 

 

 
Figure 3: Geometry of the 2D phantom model 

 
    Table 3: Parameters of the geometry. 𝛼 = 45° 

Parameter Value [m] 

𝐷𝐴𝐴 0.025 
𝐷TL 0.0177 
𝐷FL 0.0182 
𝐻T1 0.0091 
𝐻T2 0.0091 
𝐿AA 0.18 
𝐿1 0.0273 
𝐿2 0.0173 
𝐿3 0.0091 

𝑅Arc 0.03 
𝐵 0.001 
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5. Computational Fluid Dynamics  
The model equations were solved with the finite 

volume method using the open-source software 
OpenFOAM. The 2D geometry of the flow domain was 
discretized into 16000 hexahedral cells, with a refining 
grading towards the walls to correctly resolve the 
gradients on the wall surface. A grid independency study 
was performed to ensure that a refinement of the spatial 
discretization would not change the outcome of the value 
for the volume fraction of thrombus in the FL. For the 
numerical schemes, a second-order implicit scheme for 
the time was chosen, gradient schemes with a second-
order central difference and divergence schemes were 
calculated with a Gaussian first or second-order scheme. 
The non-orthogonality of wall-normal gradients was 
taken into account by using an appropriate correction 
scheme. Laplacian terms are calculated linearly limited 
by a value of unity. For each simulation, first the periodic 
solution is reached, and then the thrombus formation 
equations are included. For the inlet boundary condition 
of the velocity, a parabolic profile taken from [13] was 
imposed, with the no-slip condition for walls. Further 
details about the boundary conditions for the thrombus 
formation equations may be found in [2] and [9].  

The heart rate simulated is 60bpm and, therefore, 
each cardiac cycle is nominally one second. Note though 
that the time-scale of thrombus formation in the 
employed model may not be taken by face value [2], and 
the times discussed in the sequel are not actual time 
predictions for thrombus growth.  

 

6. Results 
The formation of a thrombus is indicated by the 

parameter 𝜙th(𝑐BP, 𝑐BPt
) as introduced in section 2. 

Complete thrombosis for a cell is reached, if 𝜙th 
approaches the value 1. Though the value of unity may 
not be reached, this parameter shows a clear bimodal 
distribution of values, which are effectively either zero 
or larger than 0.98. Note though, that the concentration 
of bounded platelets affects the flow whenever 𝑐BP > 0. 
A measure of the volume fraction of thrombus is defined 
through the following formula (normalized different 
from [11]), to quantify the fraction of thrombus in the 
false lumen, 

 

�̅�th(𝑡) =
1

𝑉FL
∫ 𝜙th(𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑉FL

𝑉FL

. (24) 

 

The rate of thrombosis, subsequently also referred to as 
thrombus growth rate is 
 

�̇̅�th(𝑡) =
d

d𝑡
(�̅�th(𝑡)) 

 

(25) 

 
In order to decrease the necessary computation time, the 
model for thrombus formation is artificially accelerated 
by making thrombus growth depending on cycle 
averaged quantities. This results in two different time 
scales, a haemodynamical one and one for the thrombus 
growth, neither of which represents the physical time 
scale. The times provided in the following should only be 
viewed as a relative quantity between the different 
simulations. 

Figure 4 shows the volume fraction of thrombus in 
the FL as a function of time. The simulations were 
performed for three different haematocrit values:  HCT = 
35% (turquoise), 45% (yellow) and 55% (red). All 
simulations were run for 200 cardiac cycles to ensure the 
stagnation of growth for all cases. However, in all cases 
this stagnation was reached after 100 cycles at the latest.  

For all HCT values, the same general trend can be 
seen in time, with an increase in the amount of formed 
thrombus. Furthermore, by increasing the HCT values, 
less thrombus is formed in the FL. In the early stages of 
thrombus formation up to approximately 20 cardiac 
cycles, the difference in relative thrombosis for different 
HCT values is marginal. As time progresses, the 
difference of the values becomes pronounced. In all three 
cases, after 73 cardiac cycles, thrombus formation slows 
down and reaches an asymptotic value, i.e., thrombus 
formation effectively stops. The final values for the 
volume fraction of thrombus, which are anti-
proportional to the haematocrit value, are 60%, 57% and 
54%. The markers in Figure 4 indicate the points with 
the maximum growth rate. Thus, it represents a turning 
point in the growth behaviour, from which on the growth 
rate steadily slows down. The thrombus growth rate 
over time for the different cases is provided in Figure 5. 

From a qualitative point of view, the growth rates 
all behave in the same way: an early sharp maximum at 
the very beginning, followed by a steep decrease in 
growth and dropping into a valley (local minimum), 
which is followed by a region of constantly increasing 
growth rate. After it has reached another peak (local 
maximum), the growth decreases and is constantly 
decreasing over a long period of the simulation time, 
until another characteristic point is reached. At this 
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point, the rate of growth diminishes abruptly and 
subsequently tends towards zero.  

An also quantitatively almost identical behaviour 

applies to all three cases up to about 20 cardiac cycles. 

The main differences occur between 20 and 73 cardiac 

cycles. The higher the haematocrit value, the later the 

local minimum and second local maximum occur. Thus, 

a higher haematocrit causes a delay in the characteristic 

points in the growth behaviour. These points are shown 

in Figure 5; the values are 39s, 47s and 57s, respectively.  

Qualitatively, the behaviour of the growth rate 

parallels the one of the volume fraction of thrombus: the 

lower the haematocrit, the higher the growth rate. This 

trend is displayed in form of the time averaged growth 

rate in Figure 6. 

 

 
Figure 4: Volume fraction of thrombus as a function of 
time. 

 

 
Figure 5: Thrombus growth rate as a function of time. 

 
 

 
Figure 6: Time average thrombus growth rate for 
different HCT values. The black line is the corresponding 
linear fit. 

 
7. Discussion 

Due to the fact that the growth behaviour of all 
cases behaves qualitatively in the same way, the case for 
35% haematocrit shall serve as representative for all 
cases for the purpose of discussing and explaining the 
interactions of thrombus growth and haemodynamics. 
Figure 7 depicts snapshots of the progression of 
thrombosis by means of the volume fraction of thrombus 
(colour coding refers to the quantity 𝜙th) at different 
characteristic points in time during the simulation. The 
early stage of thrombus formation is shown after 5 
cardiac cycles (Figure 7a). Initially, the thrombus is 
forming within the wake areas above the proximal and 
below the distal tear. These regions exhibit low shear 
rates and high residence time and are predestined for 
thrombosis. The next characteristic behaviour occurs 
after 20 cardiac cycles (Figure 7b), as soon as those two 
wake areas are fully covered with thrombus; the growth 
rate drops to its intermediate minimum (see Figure 5). 
From this point on, the difference in the rheological 
properties becomes apparent. After 25 cycles (Figure 
7c), the two thrombi in the wake areas start growing 
further into the FL. The time span between the valley 
(local minimum) and the following peak (local 
maximum) can be attributed to the growth of the two 
thrombus fronts from top and bottom. The growth rate 
reaches its maximum at the point when the two fronts 
merge (Figure 7d). For the given geometry, there is no 
further growth in previously uncovered areas. Hence, 
until 73 cycles (Figure 7e) the growth continuous only in 
the FL at the surface of the existing thrombus. The last 
characteristic point, at which growth begins to stagnate, 
indicates a kind of stationary state at which the 
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haemodynamical condition at the wall and thrombus 
front prevent further grow (Figure 7f).  

In order to understand the growth characteristics, 
the cycle-averaged shear rate, which primarily controls 
thrombus growth in the employed model, is discussed. 

 

 
a) b) c) 

 
d) e) f) 

Figure 7: False lumen thrombosis as indicated by 𝜙th. a) 
Thrombus initiation. b) After 20 cycles: differences 
appear between different HCTs. c) After 25 cycles: 
initiation of the growth rate increase. d) After 39 cycles: 
local maximum. e) After 73 cycles: a steep decline in 
growth rate. f) After 100 cycles: approaching to zero 
growth rate. 

 

In Figure 8, the cycle-averaged shear rate is depicted for 
HCT 35% at the same six different simulation times, as 
previously discussed. The threshold value of the cycle- 
averaged shear rate is �̅̇�𝑡 = 50 𝑠−1, above which the 
production of coagulant and bounded platelets ceases, 
compare Eqs. (12) and (6), respectively.  

 

 
a) b) c) 

   

 
d) e) f) 

Figure 8: Time average shear rate over a cycle; a) 
Thrombus initiation. b) After 20 cycles: differences 
appear between different HCTs. c) After 25 cycles: 
initiation of growth rate increase. d) After 39 cycles: 
local maximum. e) After 73 cycles: a steep decline in 
growth rate. f) After 100 cycles: approaching zero 
growth rate. 
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An according maximum value is chosen for the colour 
coding in Figure 8, to facilitate identifying the areas in 
which this threshold value is exceeded. No thrombus 
formation is observed where the cycle-averaged shear 
rate exceeds he threshold value.   

The shear rates displayed in Figure 8 explain the 
observed growth behaviour: due to the low average 
shear rates, thrombus formation starts in the wake areas, 
located above the proximal tear and below the distal tear 
(see Figure 8a-c). Once these two areas are covered with 
thrombus, the shear rates on the surface of the thrombi 
are too high, so thrombus growth stops there and 
continues along the wall opposing the tears, where shear 
rates are small.  When the thrombus covers about half of 
the region between the tears, the shear rates are high at 
all surfaces, such that thrombus growth stops (see Figure 
8a-c). 

The final state of thrombus formation is depicted for 
the three different cases in Figure 9. Based on the 
contour for 𝜙th, this confirms that the qualitatively 
similar growth behaviour is reflected in a similar 
thrombosis of the FL for the different HCT values.  

The results are in agreement with clinical 
observations, indicating that higher HCT values are 
correlated with reduced blood clotting and decreasing 
clot strengths [14-16]. 

 

 

Figure 9: False lumen thrombosis as indicated by 𝜙th for 
different HCT values after 100 cardiac cycles, at which 
the growth rate is approaching to zero. 

The current model offers a purely haemodynamic and 
rheological explanation of this correlation. At the outset, 

only the FL without thrombus is present. The flow rate 
distributions are very similar at this point, but the higher 
value for the haematocrit causes a higher viscosity, in 
turn higher wall shear stresses and thus the threshold 
values �̅�w,t and �̅̇�t, respectively, are exceeded in more 
areas. The cycle averaged wall shear stresses at this 
stage are given in Figure 10. The colour coding facilitates 
the identification of areas in which �̅�w exceeds the 
threshold value of 0.2 Pa, above which the coagulant 
production at the wall stops (compare Eq. (14)), which 
constrains the growth of thrombus. This effect is 
enhanced with increasing haematocrit and results in a 
slower, delayed and prolonged thrombosis [14].  
 

 
Figure 10: cycle-averaged shear stress over a cycle 
before thrombus formation initiation; for HCT 35%, 
45% and 55%.  

 
Presumably, the dependence of the shear thinning on the 
HCT value additionally enlarges the cycle averaged shear 
stresses. The reason is, that the shear-thinning 
behaviour of blood causes the velocity profile to be 
flattened in the vicinity of the FL center line, causing 
steeper velocity gradients near the wall. This entails 
higher shear rates towards the wall. The shear thinning 
effect likewise increases with increasing haematocrit 
value (cf. Figure 1), such that the velocity profile will be 
more flattened at higher HCT. The effect of the shear 
thinning behaviour, however, has not been quantified so 
far. 
 The current discussion of course only explains 
why the current, strongly simplified model of thrombus 
growth shows a haematocrit dependence, which is in line 
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with experimental observations. If these rheological 
effects actually cause, or at least contribute to, the 
reduced blood clotting at high HCT values may only be 
answered in future research. 

 
8. Conclusions 

This paper presents the application of a 
haemodynamic-based thrombus formation model for 
studying the haematocrit dependency of FL thrombosis 
in type B aortic dissection. A rheological model 
accounting for shear-thinning and a yield stress is 
applied for the blood flow simulations. Shear rheometric 
data of human blood was measured by a rheometer. The 
yield stress was modelled based on data from the 
literature. Our study predicted a higher probability of 
complete thrombosis for cases with lower haematocrit 
values. This is due to an increase in wall shear stress, 
viscosity and shear rate in the FL with the HCT values. 
The results are in agreement with clinical observations 
on blood clotting and suggest that the negative influence 
of HCT on blood clotting might be due to its rheological 
effects on blood viscosity and shear thinning behaviour. 

 

9. Limitations 
Even though the model equations were 

implemented for the general 3-dimensional case, the 
presented problem in this work was only solved in 2-D. 
The applicability for the 3-dimensional case must be 
ensured, as well. 
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 Nomenclature  
 

Symbol  Descriptions 

 

Fluid Dynamics 

𝜌 Blood density, kgm−3 

𝒖 Velocity vector, ms−1 

𝑝 Pressure, Pa 

𝝉 Extra stress tensor, Pa 

𝑘th Constant coefficient in Navier-Stokes 

equations sink term, kgm−3𝑠−1 

�̇� Shear rate, s−1 

�̅̇� Cycle-averaged shear rate, s−1 

�̅̇�t Cycle-averaged shear rate threshold, s−1 

𝑫 Rate-of-deformation tensor, s−1 

𝜏y Yield stress, Pa 

�̅�𝑤 Cycle-average wall shear stress, Pa 

η Blood viscosity, Pa s 

η0 First Newtonian plateau, Carreau model, 

Pa s 

η∞ Second Newtonian plateau, Carreau 

model, Pa s 

𝜆 Time parameter of the Carreau model, s 

𝑛 Slope parameter of the Carreau model, - 

 

Thrombus formation 

𝑐BP Bounded platelets concentration, 

mol m−3 

𝑐BPt Bounded platelets concentration 

threshold, mol m−3 

𝑘BP Constant reaction rate for production 

bounded platelets, mol m−3𝑠−1 

𝑐 Coagulant concentration, mol m−3 

𝑐t Coagulant concentration threshold, 

mol m−3 

𝑘c Constant reaction rate for production of 

coagulant, mol m−3s−1 

𝐷c Diffusion coefficient of coagulant, m2s−1   

𝐷ceff
 Shear-enhanced diffusion coefficient of 

coagulant, m2s−1   

𝑘cwall
 Coagulant reaction constant on the wall, 

mol m−2s−1 

𝑇R Residence time, s 

�̅�R Cycle-averaged residence time, - 

�̅�Rt Cycle-averaged residence time 

threshold, - 

𝐷𝑇R
 Blood self-diffusion coefficient, m2s−1 

𝑛RP Number density of resting platelets, m−3 

𝑛AP Number density of activated platelets, 

m−3 

𝑛AP0 Initial number density of resting 

platelets, m−3 
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𝑛AP0 Initial number density of activated 

platelets, m−3 

𝑐RP Normalised concentration of resting 

platelets, - 

𝑐AP Normalised concentration of activated 

platelets, - 

𝑆RP Sink term in resting platelets transport 

equation, s−1 

𝑆AP Source term in activated platelets 

transport equation, s−1 

𝑘1 Constant reaction rate, the effect of 

activated platelets on the further 

activation of resting platelets, m3s−1 

𝑘2 Constant reaction rate, activation of 

platelets by exposure to thrombin, s−1  

𝐷P Shear-enhanced diffusion coefficient of 

platelets, m2s−1  

𝐷b Brownian diffusion coefficient of 

platelets, m2s−1  

𝛽 Shear-enhancing coefficient for the 

diffusion of platelets, m2  

 

Geometry  

𝐷𝐴𝐴 Ascending aorta width, m  

𝐷TL True lumen width, m 

𝐷FL False lumen width, m 

𝐻T1 Height of proximal tear, m  

𝐻T2 Height of distal tear, m 

𝐿AA Ascending aorta length, m  

𝐿1 Distance from the proximal tear to the 

FL top, m 

𝐿2 Distance between tears, m 

𝐿3 Distance from the distal tear to the FL 

bottom, m  

𝑅Arc Radius of the aortic arch, m  

𝐵 Intima width, m  

𝛼 Angle between the aortic arch and the 

descending aorta, °  
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