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Abstract. This paper aims to investigate, through the 3D numerical analysis of an idealized arterial bypass graft, the dependence 
of the resistance to flow on the bypass insertion point. The computational model assumes a laminar steady-state Newtonian fluid 
flow and three different Reynolds numbers: 150, 250, and 400. In this study, the constructal theory has been employed, a self-
standing law in physics which covers the statement of minimum flow resistance to optimize morphing architectures, i.e. the 
coronary artery bypass grafting. According to the Constructal Design method, the constraints are stenosis degree, junction angle, 
and diameter ratio, while the attachment point is defined as a design parameter. The results demonstrate that the distance 
between the bypass attachment point and the stenosis influences the pressure drop; more specifically, the pressure drop 
decreases with the augmentation of the distance. In this regard, a different distribution of the mass flows between the bypass, 
and the artery is observed and seemed to be the main reason for that behavior. The application of the Constructal Design method 
in hemodynamics is a tool to describe the biological system to search for better flow performance since it is based on the natural 
evolution of living systems. 

Keywords: Constructal Design; Blood flow; Coronary artery; Bypass graft; Dimensionless pressure drop. 

1. Introduction 

Arteriosclerosis is a tissue hardening, or sclerosis, of the arterial wall that appears with age as a consequence of the 
accumulation of fibrous connective tissue at the expense of the elastic component [1]. Tian at al. [2] and Liu et al. [3] explain that 
the main manifestations of atherosclerosis are stenoses, or the formation of atherosclerotic plaques on the internal wall of the 
arteries with consequent narrowing of the lumen, and aneurysms, or the loss of elasticity of the wall of a vessel that involves 
distension. According to Guerciotti et al. [4], one type of surgery, for people with high risk, is the coronary artery bypass graft 
(CABG) innest. The surgical procedure consists of bypassing a stenotic region to restore the heart's blood flow. Intimal hyperplasia 
(IH) is the principal factor that affects graft patency. An anomalous production of smooth muscle cells arises between the graft 
and the coronary artery instigating a reduction of the lumen of the graft and the consequent restenosis and obstruction of the 
graft [5]. The science of computational fluid dynamics (CFD) has been applied extensively to explore the connection between 
hemodynamics in CABGs and IH development and assist in the improvement of a top graft design. Bertolotti and Deplano [6] used 
a three-dimensional numerical model with different stenosis positions relative to the downstream junction. They concluded that 
the risks of intimal hyperplasia at the anastomosis might be reduced by increasing the distance between the stenosis and the 
junction. Lee et al. [7] studied the flow behavior of a complete bypass graft and a 100% occluded artery with different Reynolds 
number and junction angles. Vimmr et al. [8] implemented several numerical simulations of a complete three-dimensional 
coronary bypass model as a function of three geometrical parameters (stenosis degree, junction angle, and diameter ratio). They 
revealed that the diameter ratio was the most crucial parameter for coronary artery bypass grafting (CABG).  

In Ref. [9], the stenosed coronary artery bypass graft including an analysis of the blood flow phenomena and wall shear stress, 
based on a three-dimensional computer model, was analyzed and developed to approach a realistic situation, inlet pulse and 
non-Newtonian behavior. The results demonstrated that the anastomosis of 45° was the most appropriate for resolving the 
coronary heart disease problem. Moreover, Ref. [10] is focused on the study of several configurations of patient-specific coronary 
artery bypass grafts while a specific design for coronary arterial bypass surgical grafting, consisting of coupled sequential side-to-
side and end-to-side anastomoses, is treated in Ref. [11]. On the same topic, O’Callaghan et. al. [12] demonstrated that the choice 
of blood constitutive equation (among Newtonian, Carreau, Power law, Carreau–Yasuda, Bi-exponential, Cross, Modified Cross, 
Herschel–Bulkley, etc.) has to be based on the particular situation under study e.g. flow rate, steady/unsteady flow, and geometry. 
Additional interesting computations regarding coronary artery bypass grafting have been treated in Refs. [13,14]. 

Dutra et al. [15] applied the Constructal Design to investigate the effect of geometric parameters on the flow through a bypass 
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graft circumventing an idealized, partially-stenosed coronary artery. They have discovered that at fixed flow conditions, the 
pressure drop is mitigated if the parameters assume a specifics values. The introduction of the Constructal Design method into 
the field of hemodynamics brings a valuable tool to the understanding of biological problems since the bypass geometry is known 
to affect the blood flow field significantly and to play an essential role in potential graft failure due to intimal hyperplasia.  

The Constructal design method has been employed in various engineering sectors [16,17], and beyond, as a new approach for 
solving optimization problems. In general, according to Constructal Law, stated by Adrian Bejan in 1996, “for a finite-size flow 
system to persist in time (to live) it must evolve with freedom in such a way that it provides easier access to imposed currents 
that flow through it” [18]. Constructal Law deals with the physical concepts of life, evolution, design, performance, and time arrow 
[19]. Under Constructal Theory, evolution and design in nature are deterministic because the living systems evolve in such a way 
to decrease resistance to flow [20]. The growth of scientific research concerning Constructal Law has been documented in review 
articles [21-23] and books [18-20]. Constructal Design is the method that allows the mathematical modeling of flow systems 
evolution. It can explain the configuration of existing systems in nature and to design flow systems in engineering. This design 
methodology has the objectives of accessing the effects of shape and geometry in flow performance so that the optimal geometry 
may be discovered by means of a given optimization technique (exhaustive search or heuristic methods), according to Constructal 
Law [24]. The applications of Constructal Design cover many engineering fields such as heat and mass transfer, renewable energy, 
manufacture, and materials [24-28]. Until now, the few applications of Constructal Theory in medicine were within the field of 
cancer treatments, as studied by Wang et al. [27] and Lucia and Grisolia [28]. Therefore, taking into account the domain of 
coronary artery bypass grafting, this papers documents numerically, on the basis of Constructal design, the search for the length 
ratio that minimizes the dimensionless pressure drop for definite combinations of stenosis degree, junction angle, aspect ratio 
and Reynolds number. It is worth mentioning that no previous studies were found in literature specifically focused on the effect 
of the bypass attachment point. 

2. Methodology 

2.1 Constructal Design 

Dutra at al. [15] have conducted a very detailed study on the application of the Constructal Design method to determine the 
system constraints and parameters. The evaluation of the constraints begins from the definition of the domain shown in Figure 1. 

It is an idealized version of an artery partially obstructed and implanted with a symmetrical graft. The artery is represented as 
the host artery with a diameter equal to D and length equal to L1+ 2L5. The main tube undergoes stenosis that reduces its 
diameter D0. The graft is placed at a distance L2 from the center of the stenosis, and D1 denotes its diameter. The junction angle is 
U, and the graft diameter is D1. L3 is the distance from the center at the tube starts to get narrow, i.e., it models the stenosis 
morphology. According to Ref. [15], the flow is incompressible and Newtonian. The inlet average velocity is Um, assessed by fixing 
the Reynolds Number. The tube walls are modeled as rigid, impermeable, and non-slip. The flow is also assumed to be three-
dimensional, steady, incompressible, and laminar. It is worth mentioning that the hypothesis of steady state simulations is 
common in literature: see for example Refs. [29,30]. The inlet section was placed far from the stenosis (L5 = 25D) to ensure that the 
flow arrives, at the bypass inlet, fully developed. Instead, the outlet section was also taken away from the stenosis (L5) in such a 
way as to minimize the effect of imposing the constant outlet pressure value. Imposing a constant outlet pressure value is not 
realistic, but it is necessary to solve the equations in this case. For all simulations, the host artery diameter D is equal to 3 mm, 
corresponding to an average value of the right coronary artery [6, 15]. The system's characteristic volumes were defined in the 
following way [15], where the total artery volume V is considered without the narrowed: 
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where D is the artery diameter and (L1+2L5) is the total artery length. The graft volume V1 is 
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where D1 is the graft diameter and L4 is the total graft length. It is worth mentioning that the graft is not a straight cylinder 
with inlet/outlet normal to its axis. In this work, the value of V was fixed considering D = 3 mm, L1 = 50D and L5 = 30D. Instead, the 
value of V1 is not fixed because the length L4 is a function of the bypass attached point position (L2) and the junction angle U. The 
stenosis degree S is calculated as 
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where D0 is the diameter at the center of the stenosis. 

 

Fig. 1. Problem domain. 
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Fig. 2. Some different bypass graft configuration for L2/D equal to 2.5 (t αop), 4 (middle) and 6.67 (bottom) at fixed bypass junction angle  = 30° and 
bypass diameter ratio D1/D = 1. 

 

 

Fig. 3. Constructal design flowchart. 

A baseline case from literature [8,15] was used for the definition of the values L1/D = 16.67 and L3/D=1. The value L2/D is the 
parameter that is made to vary in the range 2.5≤L2/D≤6.67. Figure 2 shows the configuration for L2/D equal to 2.5, 4 and 6.67. In 
Ref. [15] this parameter was fixed at 2.5 D. This means that considering D = 3mm, the value of L2 was fixed at 7.5 mm. In this work 
L2 varies from 7.5 mm to 20 mm. 

αAt fixed bypass junction angle  (30°) and bypass diameter ratio D1/D=1, two values of stenosis degree S (50% and 75%) were 
evaluated at three different Reynolds Numbers (150, 250 and 400). Blood is modelled as an incompressible Newtonian fluid with 

ρdensity  = 1000 kg/m3 and dynamic viscosity µ = 0.0035 Pa s [31]. The assumption of blood as Newtonian fluid is acceptable and 
used by other studies in the hemodynamic area, e.g., Ko et al. [31], Ko et al. [32], Xiong and Chong [33] and Vimmr et al. [8]. The 
choice to keep  and Dα 1/D fixed at the chosen values derives from the fact that it is interesting to investigate the effect over the 
pressure drop due to the bypass attachment point position. From p αrevious studies [8, 15] it is known that an increase of  would 
cause a greater pressure drop while a decrease of  would cause a lower pressure drop. With Dα 1/D values close to 1, the effect on 
the pressure drop improves significantly [8, 15]. 

Constructal Theory assumes that living systems evolve limited by space [22]. Accordingly, Constructal Theory systems must 
evolve to provide easier access to its flows [20]. To this end, it was considered that the dimensionless pressure drop pɶ  (that will 

be defined in Eq. (6)) along the length L should be as low as possible. Thus, an optimization problem was formulated as in Ref. [15]: 
“Find the minimum pɶ . The design variable is the length ratio L2/D.” Therefore, the degree of freedom for this problem is the 

diameter ratio L2/D. A search is conducted for the length ratio L2/D that minimizes the value of the pressure drop pɶ  for specific 

combinations of S, , Dα 1/D and Re. Figure 3 details all the steps required by the Constructal Design methodology. 

2.2 Mathematical Modelling 

The flow system is described by the mass and moment balance equations [15]: 
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Fig. 4a. Computational mesh. 

 

Fig. 4b. Plane measure. 

where iuɶ is the dimensionless velocity field, ixɶ is the dimensionless position vector, pɶ is the dimensionless pressure drop, ijτɶ is 

the dimensionless extra stress tensor field and �� is the Reynolds number defined as [15]: 
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where Um is the average velocity at the inlet, D is the diameter of the artery, UP is the pressure drop along L, U is the fluid mass 
density and µ is the fluid viscosity. The constitutive equation for the extra stress is that of a generalized Newtonian liquid [34,35]: 

( )2ij ijDτ η γ= ɺ  (7) 

where ( )η γɺ is the viscosity function and Dij is the strain rate tensor, given as the symmetric part of the velocity gradient tensor 

[35]. For a Newtonian fluid, ( )η γɺ is a constant and equal to µ [35]. For the simulation it was considered a Newtonian blood as 

working fluid. The physical properties and parameters used for the dimensioning of Eqs. (4)- ρ(5), according to rules (6), are =1000 

kg/m3 and μ=0.0035 Pa s. 

2.3 Numerical Method and Computational Grid 

Using ANSYS/FLUENT v. 18.2 [36], the Finite Volume Method [37] was employed to solve the partial differential equation 
system. A pressure-based solver was used with a pressure-velocity coupling method, second-order interpolation functions for 
velocity fields, and linear interpolation function for the pressure field. All calculations were conducted in a double-precision 
representation of real numbers. The iterative algorithm was a false transient. The mesh was parameterized to keep the element 
sizes proportional according to the stenosis configuration and diameter ratio studied. Figure 4a shows the division of the domain.  

The inlet and outlet ducts are discretized with tetrahedral finite elements with size 5.5×10-4 m. Instead, the area of interest 
was discretized with smaller tetrahedral finite elements having size 3.0×10-4 m. Along the walls, prismatic layers elements were 
used to capture the boundary layer better. Figure 4a presents a sample of the computational mesh for the model with detailed 
views at the cross-section in the different zone of the domain. As a convergence criterion scaled residuals of each equation at an 
iteration were used and compared with a user-defined convergence criterion equal to 10-6 for velocity and pressure fields. The 
Grid Convergence Index (GCI) method was applied for different values of Reynold number Re and length junction L2/D at two 
values of stenosis degree S (50%, and 75%). As explained by Celik et al. [38], this method is useful for calculation and reporting of 
discretization error estimated in CFD simulations where experimental data may not be available for comparison. Table 1 and Table 
2 summarize these results for S = 50% and S = 75% respectively. Ni represents the number of elements. It can be verified that the 
maximum GCI index was 2.36% using a refining mesh of a 30% factor. It is important to observe that, based on experience and not 
on formal derivation, a maximum GCI value of 5% is considered acceptable for this method [38]. The method to evaluate the 

Δpressure drop P is explained in Section 2.4. 
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Table 1. αGrid Convergence Index (GCI) for S = 50 %,  = 30° and D1/D = 1 (with D = 3 mm). 

  Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 

 L2/D 2.50 2.67 3.33 4.00 5.00 6.00 6.67 
 N1 259310 262360 276020 286970 304790 114870 118950 
 N2 156580 158630 164620 170220 179030 73428 75842 
 N3 105150 106960 110460 113490 118560 50887 52255 

Re=150 

PΔN1 [Pa] 109.55 109.46 106.73 102.42 98.09 91.71 87.41 
PΔN2 [Pa] 109.39 109.40 106.86 103.30 97.87 91.48 87.16 
PΔN3 [Pa] 109.52 109.53 106.96 103.48 98.04 91.79 87.48 
GCI % 0.80 0.060 0.58 0.29 0.97 0.91 1.30 

Re=250 

PΔN1 [Pa] 202.39 200.07 197.79 191.77 182.89 171.38 162.02 
PΔN2 [Pa] 201.93 200.11 197.24 191.18 182.27 171.08 162.02 
PΔN3 [Pa] 202.15 200.42 196.86 191.82 182.63 171.10 161.81 
GCI % 0.27 0.0040 0.86 0.50 0.60 0.017 4.17×10-7 

Re=400 

PΔN1 [Pa] 367.90 367.90 356.99 349.56 336.80 318.20 302.45 
PΔN2 [Pa] 367.98 366.61 356.46 347.82 335.10 316.68 300.97 
PΔN3 [Pa] 366.87 364.96 35640 348.62 335.38 316.74 301.19 
GCI % 0.0023 1.81 3.67×10-6 0.54 0.13 0.027 0.11 

 

 Table 2. αGrid Convergence Index (GCI) for S = 75 %,  = 30° and D1/D = 1 (with D = 3 mm). 

  Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 
 L2/D 2.50 2.67 3.33 4.00 5.00 6.00 6.67 
 N1 258330 261020 273360 285660 303880 321410 333890 
 N2 156090 157110 163950 170180 178670 187930 194740 
 N3 104770 92633 110070 113380 116550 121490 125240 

Re=150 

PΔN1 [Pa] 118.50 119.20 118.13 117.24 115.87 114.00 112.38 
PΔN2 [Pa] 118.58 119.39 118.19 117.31 116.09 114.31 112.90 
PΔN3 [Pa] 118.70 119.69 118.22 117.84 116.54 114.75 113.02 
GCI % 0.17 0.34 0.064 0.011 0.23 0.81 0.17 

Re=250 

PΔN1 [Pa] 220.58 219.39 221.67 219.44 218.77 217.09 214.24 
PΔN2 [Pa] 219.85 221.87 221.58 219.18 218.63 216.93 215.00 
PΔN3 [Pa] 219.97 22.75 221.94 219.97 219.13 216.50 214.36 
GCI % 0.081 0.018 0.017 0.073 0.031 0.055 2.36 

Re=400 

PΔN1 [Pa] 407.32 402.57 405.40 403.72 403.98 408.43 407.32 
PΔN2 [Pa] 405.12 407.88 405.05 403.85 402.66 405.36 406.71 
PΔN3 [Pa] 403.98 408.40 406.66 404.33 405.83 406.45 406.01 
GCI % 0.73 0.18 0.030 0.015 0.29 0.52 1.27 

 

Table 3. Grid Convergence Index (GCI) stenosis artery. 

  S=50% S=75% 
 N1 318440 417500 
 N2 185110 234950 
 N3 118740 153360 

Re=150 

PΔN1,0 [Pa] 286.61 4745.40 
PΔN2,0 [Pa] 286.94 4739.95 
PΔN3,0 [Pa] 288.85 4738.83 
GCI % 0.030 0.037 

Re=250 

PΔN1,0 [Pa] 627.61 11791.00 
PΔN2,0 [Pa] 622.31 11780.35 
PΔN3,0 [Pa] 622.49 11420.80 
GCI % 0.037 0.0034 

Re=400 

PΔN1,0 [Pa] 1300.30 27750.00 
PΔN2,0 [Pa] 1301.10 27690.35 
PΔN3,0 [Pa] 1302.00 27680.98 
GCI % 0.62 0.050 

 

In Table 3 the GCI index for geometry without bypass is analyzed with the aim of comparing the results of the different 
geometries. The mesh with the identical elements size was applied at the artery graft without bypass for evaluating the pressure 
drop on the same length and compare the results. 

2.4  Procedure 

Figure 4b shows the planes position where the pressure inlet Pin and pressure outlet Pout measurements were taken. The 
measurements planes have been positioned symmetrically concerning the shrinkage point. The distance L has been defined at 50 
mm, or equivalent L/D=16.67. The L dimension remains fixed for all simulations. Once the pressure values have been obtained, 
the pressure drop ( p/L) has been calculated as:Δ  

outin

P
P P

L

 ∆  = −  
 (8) 

After that, the values calculated according to Eq. (8) have been compared with the pressure drop due without the bypass 
computed in the same way, obtaining the dimensionless quantity:  
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Fig. 5. Comparison of dimensionless pressure drop trend for S=50% (left) and S=75% (right) at different Reynolds Number Re. 

  

Fig. 6. Comparison of dimensional pressure drop trend for S=50% (left) and S=75% (right) at different Reynolds Number Re. 

3. Results and Discussion 

Figures 5 and 6 show the pressure drop as a function of the degree of freedom L2/D with range 2.50≤L2/D≤6.67. Each curve 
represents the results of stenosis degree S equal to 50% and 75% at Reynolds Number Re equal to 150, 250, and 400.  

The results show a monotonically decreasing trend for the pressure drop with increasing the distance of the bypass 
connection point L2. This effect is significantly affected by the velocity of the fluid. When the Reynolds Number Re increases, the 
pressure drop follows the same trend of the other Reynolds numbers, but the magnitude of pɶ , or (Up/L), decreases. The stenosis S 

value has an important effect on the pressure drop. The pressure mitigation effect with the bypass attachment point is less 
evident when S = 75%. Its trend remains approximately constant for each Reynolds values. To understand better the beneficial 
effect of the bypass, the mass flux in the different areas of the system was assessed. Table 4 and Table 5 are referred to Figure 7 
and show the mass flow rate for S = 50% and S = 75% respectively.  

The stenosis section was considered before the actual stenosis zone to be able to compare all mass flow rate with the other 
sections since the diameter remains equal to D. 

As Reynolds Number Re increases, the mass flow rate is distributed in an increasingly different way, favoring the passage in 
the bypass section. This effect is more marked when the stenosis S increases. The mass flow rate through the bypass represents 
approximately 65-70% of the total mass flow rate. Knowing the mass flow rate values in the different bypass sections, it was 
possible to evaluate the resistances to the passage of fluid, due to the relation 

,
p

R
m

∆
= ɺ  (10) 

where the resistance R is evaluated in [Pa s/kg] in S.I. It is worth mentioning that, with reference to Fig.1., the resistance is 
evaluated between the outlet and inlet measure plane.  

Table 6 and Table 7 show the evaluations of the resistance R in the stenosis and bypass sections for S values 50% and 75% 
respectively. The graphical results form of Table 6 and Table 7 is represented in figure 8. The flow resistance decreases 
monotonically with increasing L2. In particular, the stenotic resistance undergoes a considerable decrease with the increase of the 
bypass attachment point. 



 Andrea Natale Impiombato et. al., Vol. 7, No. 1, 2021 
 

Journal of Applied and Computational Mechanics, Vol. 7, No. 1, (2021), 334-344   

340 

 

   

Fig. 7. Mass flow rate for S = 50% (top: Table 4) and S = 75% (bottom: Table 5). 

     

     
 

Fig. 8. Resistance R for S = 50% (top: Table 6) and S = 75% (bottom: Table 7). 

Finally, Figure 9 illustrates velocity contours and streamlines with reference to a couple of outcome results. Please note the 
optimal configuration depicted on the right, having the following coordinates: L2/D=6.67, S=75%, and Re=150.  
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Table 4. Evaluation of the mass fluxes in the measure inlet section (
in

mɺ ) stenosis section (
st

mɺ ) and central bypass section (
by

mɺ ) αfor S = 50 %,  = 30° 

and D1/D = 1 (with D = 3 mm). 

  Re=150, ɺ inm = 1.19×10-3 kg/s Re=250, ɺ inm =1.98×10-3 kg/s Re=400, ɺ inm = 3.17×10-3 kg/s 

  10-3 kg/s % 10-3 kg/s % 10-3 kg/s % 

L2/D=2.50 
st

mɺ  0.33 27.73 0.57 28.79 0.96 30.28 

by
mɺ  0.86 72.27 1.41 71.21 2.21 69.72 

L2/D=2.67 
st

mɺ  0.35 29.41 0.60 30.30 1.00 31.55 

by
mɺ  0.84 70.59 1.38 69.70 2.17 68.45 

L2/D=3.33 
st

mɺ  0.39 32.77 0.64 32.32 1.03 32.49 

by
mɺ  0.80 67.23 1.34 67.68 2.14 67.51 

L2/D=4.00 
st

mɺ  0.41 34.45 0.67 33.84 1.06 33.44 

by
mɺ  0.78 65.55 1.31 66.16 2.11 66.56 

L2/D=5.00 
st

mɺ  0.44 36.97 0.72 36.36 1.11 35.02 

by
mɺ  0.75 63.03 1.26 63.64 2.06 64.98 

L2/D=6.00 
st

mɺ  0.46 38.66 0.75 37.88 1.15 36.28 

by
mɺ  0.73 61.34 1.23 62.12 2.02 63.72 

L2/D=6.67 
st

mɺ  0.48 40.34 0.76 38.38 1.18 37.22 

by
mɺ  0.71 59.66 1.22 61.62 1.99 62.78 

Table 5. Evaluation of the mass fluxes in the measure inlet section (
in

mɺ ) stenosis section (
st

mɺ ) and central bypass section (
by

mɺ ) αfor S = 75 %,  = 30° 

and D1/D = 1 (with D = 3 mm). 

  Re=150, ɺ inm = 1.19×10-3 kg/s Re=250, ɺ inm =1.98×10-3 kg/s Re=400, ɺ inm = 3.17×10-3 kg/s 

  10-3 kg/s % 10-3 kg/s % 10-3 kg/s % 

L2/D=2.50 
stmɺ  0.07 5.88 0.12 6.06 0.26 8.20 

bymɺ  1.12 94.12 1.86 93.94 2.91 91.80 

L2/D=2.67 
stmɺ  0.07 5.88 0.11 5.56 0.20 6.31 

bymɺ  1.12 94.12 1.87 94.44 2.97 93.69 

L2/D=3.33 
stmɺ  0.07 5.88 0.12 6.06 0.21 6.62 

bymɺ  1.12 94.12 1.86 93.94 2.96 93.38 

L2/D=4.00 
stmɺ  0.08 6.72 0.13 6.57 0.22 6.94 

bymɺ  1.11 93.28 1.85 93.43 2.95 93.06 

L2/D=5.00 
stmɺ  0.09 7.56 0.14 7.07 0.24 7.57 

bymɺ  1.10 92.44 1.84 92.93 2.93 92.43 

L2/D=6.00 
stmɺ  0.10 8.40 0.16 8.08 0.25 7.89 

bymɺ  1.09 91.60 1.82 91.92 2.92 92.11 

L2/D=6.67 
stmɺ  0.10 8.40 0.16 8.08 0.26 8.20 

bymɺ  1.09 91.60 1.82 91.92 2.91 91.80 

Table 6. Resistance R values for S = 50%. 

 L2/D Δp/L [Pa] ɺ
stm 10-3 [kg/s] ɺ

bym 10-3 [kg/s] Rst [Pa s / kg] Rby [Pa s / kg] 

Re=150 

2.50 109.55 0.33 0.86 331970 127380 
2.67 109.46 0.35 0.84 312740 130310 
3.33 106.73 0.39 0.80 273670 133410 

4 102.42 0.41 0.78 249800 131310 
5 98.09 0.44 0.75 222930 130790 
6 91.71 0.46 0.73 199370 125630 

6.67 87.41 0.48 0.71 182100 123110 

Re=250 

2.50 202.39 0.57 1.41 355070 143540 
2.67 200.07 0.60 1.38 333450 144980 
3.33 197.79 0.64 1.34 309050 147600 

4 191.77 0.67 1.31 286220 146390 
5 182.89 0.72 1.26 254010 145150 
6 171.38 0.75 1.23 228510 139330 

6.67 162.02 0.76 1.22 213180 132800 

Re=400 

2.50 367.90 0.96 2.21 383230 166470 
2.67 367.90 1.00 2.17 367900 169540 
3.33 356.99 1.03 2.14 346590 166820 

4 349.56 1.06 2.11 329770 165670 
5 336.80 1.11 2.06 303420 163500 
6 318.20 1.15 2.02 276700 157520 

6.67 302.45 1.18 1.99 256310 151980 
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Table 7. Resistance R values for S = 75%. 

 L2/D Δp/L [Pa] ɺ
stm 10-3 [kg/s] ɺ

bym 10-3 [kg/s] Rst [Pa s / kg] Rby [Pa s / kg] 

Re=150 

2.50 118.50 0.07 1.12 169290 105800 
2.67 119.20 0.07 1.12 170290 106430 
3.33 118.13 0.07 1.12 168760 105470 

4 117.24 0.08 1.11 146550 105620 
5 115.87 0.09 1.10 128740 105340 
6 114.00 0.10 1.09 114000 104590 

6.67 112.38 0.10 1.09 112380 103100 

Re=250 

2.50 220.58 0.12 1.86 183820 118590 
2.67 219.39 0.11 1.87 199450 117320 
3.33 221.67 0.12 1.86 184720 119180 

4 219.44 0.13 1.85 168800 118620 
5 218.77 0.14 1.84 156260 118900 
6 217.09 0.16 1.82 135680 119280 

6.67 214.24 0.16 1.82 133900 117710 

Re=400 

2.50 403.70 0.26 2.91 201290 139970 
2.67 402.57 0.20 2.97 201280 135550 
3.33 405.40 0.21 2.96 193050 136960 

4 403.72 0.22 2.95 183510 136850 
5 403.98 0.24 2.93 168320 137880 
6 408.43 0.25 2.92 163370 139870 

6.67 407.32 0.26 2.91 156660 139970 

 

 

  
 
Fig. 9. Velocity contours (top) and streamlines (bottom) with reference to a couple of points having coordinates L2/D=6.67, S=75%, Re=150 (right), and 

L2/D=2.27, S=75%, and Re=150 (left). 

4. Conclusions 

In this work, the influence of the bypass attachment point L2 from the artery stenosis position in different flow condition at 
fixed value of the junction angle α = 30° and diameter ratio D1/D = 1 was studied. Three pressure drop trends for each stenosis 
degree were created using Constructal Design related to the CFD analysis. The considered stenosis degree S were equal to 50% 
and 75%. Instead, the Reynolds number Re were 150, 250 and 400. The obtained results showed a decrease in the pressure drop 
trend as the distance of the bypass attachment point increases. The decreasing pressure trend was less pronounced when S 
increases. Therefore, the optimum point is the point as far as possible from the shrinkage. The mass flows rate in the various 
sections of the system was evaluated. Moreover, the results showed that the flow was all the more diverted in the bypass section 
when the Reynolds number is more significant. It also computed the resistance flow values in the bypass and stenosis section. It 
is an alternative formulation for talking about the pressure drop trend. At this point, some limitations of this study should be 
mentioned. First of all, a steady-state condition was applied while the blood flow is known to be pulsating. Secondly, the blood 
was assumed as a Newtonian fluid, which may affect the results found at low Reynolds number. Moreover, the graft and arteries 
were assumed as rigid walls and idealized without considering a patient-specific vascular model. Besides, literature did not yet 
provide many experimental data that are essential for validation and clinical adoption of any proposed configuration. Despite the 
simplifications mentioned above and assumptions, by applying Constructal Design methodology, the main conclusions and the 
optimal graft design found in this paper followed previous studies that evaluated the graft design with other methodologies. 
Finally, we are strongly convinced that the employment of constructal design in hemodynamics here developed reinforces the 
versatility of Bejan’s theory. It is worth mentioning that some promising applications of Constructal theory regard even nature 
[39,40] and renewable energy problems [41, 42]. This view of the field is unifying, the science and the applications together 
illustrate the evolutionary direction of the constructal law. 
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Nomenclature 

D 

D1 

L 
L2 

L4 
N 
Pin 
Re 
Um 

iuɶ  

V1 

ixɶ  

ΔP 
µ 

γ 

ijτ  

Artery diameter [m] 
Graft diameter [m] 
Plane measure length [ m] 
Attachment point distance [ m] 
Graft length [m] 
Number of mesh elements [-] 
Pressure inlet [Pa] 
Reynolds number [-] 
Average velocity [m s-1] 
Dimensionless velocity field [-] 
Graft volume [m3] 
Dimensionless position vector [-] 
Pressure drop [Pa] 
Dynamic viscosity [Pa s] 
Shear rate [s-1] 
Extra-stress tensor [Pa] 

D0 
Dij 
L1 
L3 

L5 
pɶ  
Pout 
S 
ui 

V 
xi 

α 

η 

ρ 

ijτɶ  

Stenosis diameter [m] 
Strain rate tensor [s-1] 
Artery length [m] 
Stenosis beginning [ m] 
Inlet/outlet length [m] 
Dimensionless pressure drop [-] 
Pressure outlet [Pa] 
Stenosis degree [-] 
Velocity vector [m s-1] 
Artery volume [m3] 
Position vector [m] 
Junction angle [deg] 
Viscosity function [Pa s] 
Mass density [kg m-3] 
Dimensionless extra-stress tensor [-] 
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