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THE INFLUENCES OF SWIRL FLOW ON FRACTIONAL FLOW RESERVE 

IN MILD/MODERATE/SEVERE STENOTIC CORONARY ARTERIAL MODELS
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Swirl flow is often found in proximal coronary arteries, because the aortic valves can induce swirl flows in 
the coronary artery due to vortex formation. In addition, the curvature and tortuosity of arterial configurations 
can also produce swirl flows. The present study was performed to investigate fractional flow reserve alterations 
in a post-stenotic distal part due to the presence of pre-stenotic swirl flow by computational fluid dynamics 
analysis for virtual stenotic models by quantifying fractional flow reserve(FFR). Simplified stenotic coronary 
models were divided into those with and without pre-stenotic swirl flow. Various degrees of virtual stenosis were 
grouped into three grades: mild, moderate, and severe, with degree of stenosis of 0 ~ 40%, 50 ~ 60%, and 70 ~ 
90%, respectively. In this study, three-dimensional computational hemodynamic simulations were performed 
under hyperemic conditions in virtual stenotic coronary models by coupling with a zero-dimensional lumped 
parameter model. The results showed that the influence of pre-stenotic swirl inflow is dominant on FFR 
alteration in mild stenosis, whereas stenosis is dominant on FFR alteration in moderate/severe stenosis. The 
decrease in FFR caused by swirl flow is more significant in mild stenosis than moderate/severe stenosis. 
Biomechanical modeling is useful for clinicians to provide insight for medical intervention strategies. This 
hemodynamic-based parameter study could play a critical role in the development of a non-invasive 
imaging-based strategy-support system for percutaneous transluminal angioplasty in cases of mild/moderate 
stenosis.
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1. Introduction

Swirling or helical flow is frequently observed in the 
coronary artery as well as several sites of the vascular 
system[1-4]. The aortic valve can induce swirling flow 
with vortex motions in the coronary artery, as shown in 
Fig. 1[4-9]. In addition, the curvature and tortuosity of 

arterial configurations can also produce swirling flow, as 
shown in Fig. 2. Spiral flow patterns were reported in the 
ascending aorta in 29% and 84% of subjects at systole 
and diastole, respectively[6]. Accordingly, many groups 
have investigated the influences of swirl flows on 
downstream flow fields, mainly on velocity patterns and 
wall shear stress distributions[10-16]. These studies 
indicated that the common swirl/helical flow promotes 
blood flow transport, mass transport, mixing phenomena, 
and helically twisted ribbon-shaped distributions of both 
pressure and wall shear stress distributions.

Previously, it was considered more important to 
investigate the relationship between velocity and pressure 
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Fig. 1 Schematic diagram of longitudinal aortic root model 
                 geometry

gradient via Navier-Stokes analysis with a free traction 
boundary. However, the fractional flow reserve(FFR), 
defined as the ratio of coronary distal pressure to aortic 
pressure during cardiac cycle, has recently become 
accepted as the gold standard to evaluate stenosis severity. 
0.8 of FFR is cut-off to divide into healthy people and 
sick people. Therefore, many groups have focused on the 
pressure ratio to obtain FFR value. However, few studies 
have evaluated the influence of swirl flows on 
pressure-based distributions in post-stenotic regions[16-18]. 
In a previous study of flow phenomena in a stenotic 
model with swirl flow, the swirl flow from the aortic 
valve was shown to induce a more marked drop in 
pressure than aortic stenosis[17]. Sung et al.[16] reported 
that the flow is affected by rotation and stenosis at same 
time, although only 50% stenosis models were considered 
suitable to elucidate the effects of rotating flow. Still, the 
roles of swirl flow in FFR distributions in various 
stenotic models remain unclear.

Here, we present clinically significant FFR associated 
with pressure and velocity-related mechanical factors. This 
study was performed to investigate how the presence of 
pre-stenotic swirl flow influences the post-stenotic local 
FFR alteration. In particular, we focus on investigating 
quantitative as well as qualitative characteristics of the 
effects of swirl flow on the FFR in various mild/ 
moderate/severe stenotic models using a physiologically 
more correct zero-dimensional(0-D)- three-dimensional(3-D) 
coronary circulation simulation. This multi-scale model 
couples a 3-D coronary artery model of computational 
fluid dynamics with a 0-D lumped parameter model, 
including coronary capillary and venous systems[19].

(a) (b)

Fig. 2 (a) Curved and twisted vascular geometry on angiography 
(b) Corresponding geometry reconstructed from computed 
      tomography

2. Methodology

2.1 Numerical Model

The pre-stenotic helical model was inspired to produce 
swirling flow induced by aortic valve and by curved and 
tortuous artery morphology in Fig. 1 and Fig. 2. The 
simplified stenotic coronary models were divided into two 
groups: those with and those without pre-stenotic swirl 
flow. Fig. 3 shows the schematic diagram of stenotic 
arterial geometries in the absence(Fig. 3(a)) and presence 
(Fig. 3(b)) of pre-stenotic swirl flow produced through a 
low-amplitude helical geometry on side perspectives. Fig. 
3(c) and Fig. 3(d) shows a front view of helical geometry 
defined by the radius of the helix  , radius of the 
cross-section of a circular tube , and radius of the 
cross-section of the stenosis throat .

The total length of the stenotic model is 74 mm; the 
diameter (D) = 3 mm in Fig. 3(a) and Fig. 3(b). The 
length of pre-stenotic upstream() and post-stenotic 
downstream() are 18 mm(6D) and 50 mm, 
respectively. In addition, the length of the stenotic region 
(diameter : 2D) consists of the upstream stenosis throat 
() of diameter 1D and downstream stenosis throat 
() of diameter 1D in Fig. 3(a). Fig. 3(b) shows a 
side view of stenotic arterial geometry with pre-stenotic 
swirl flow produced through a low-amplitude helical 
geometry. The helical region was characterized by an 
amplitude of 0.125, a pitch ratio of 4, a dimensionless 
curvature of 0.5, and a dimensionless torsion of 3 in Eq. 
(1), (2)[10,14,20]. Orthogonal views of a helically sinuous 
tube part and a stenotic part are shown in Fig. 3(c) and 
Fig. 3(d), respectively. In the stenotic part, various 
degrees of luminal stenosis were produced. In the 
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Fig. 3 Schematic diagram of stenotic arterial geometries in the absence (a) and presence (b) of pre-stenotic helical swirling flow produced 
through a low-amplitude helical geometry on side perspectives (c) Front view of helical geometry where   and  are the radii of 
the helix and the tube cross-section, respectively (d) Front view of the stenotic tube where  and  are the radii of the tube and the 
stenosis throat, respectively

literature, the extent of lipid growth with various degrees 
of stenosis was divided as follows: 0%, normal 
conditions; 1 ~ 49%, mild stenosis(Grades 1 and 2); 50 ~ 
69%, moderate stenosis(Grade3); 70 ~ 99%, severe 
stenosis(Grades 4 and 5); and 100%, total occlusion 
[21,22]. In the present study, virtual mild, moderate, and 
severe grades of stenosis were defined as degree of 
stenosis (SD) = 0 ~ 40%, 50 ~ 60%, and 70 ~ 90%, 
respectively, by reducing Rs in Fig. 3(d). The SD% based 
on radius or diameter is defined as SD = (2Rc - 2Rs) / 
2Rc x 100%, where  is the radius of virtual stenosis 
throat and  is the radius of circular tube without 
stenosis in Fig. 3(d). The shape of axisymmetric stenosis 
in a stenotic model is produced virtually using the 

following cosine curve   

×


  

where  ≤ ≤  in Fig. 3(a) and Fig. 3(b)[23].
A triangular prismatic boundary layer mesh was 

generated close to the vascular wall and 3-D tetrahedral 

Physiological variables Values
SBP(mmHg) 120
DBP(mmHg) 80

HR(bpm) 80
Viscosity(Pa s) 0.004

Table 1 Physiological variables used in simulations

 

SBP = Systolic blood pressure; DBP = Diastolic blood pressure; 
  HR = Heart rate

volume mesh generation was accomplished using the 
Delaunay triangulation algorithm for the rest of the 
domains, with approximately 1.35 x 106 elements. A grid 
in dependence test was conducted to ensure the 
independence of numerical solutions on the choice of grid 
size and arrangements by choosing pressure and velocity 
showing differences within 2%.

Dimensionless curvature = 
 







× (1)

Dimensionless torsion = 

 










× (2)

2.2 Numerical boundary conditions and assumptions

The blood was assumed to be a homogeneous, laminar, 
viscous Newtonian fluid. Blood density was assumed to 
be 1060 kg/m3. The clinical patient-specific physiological 
data presented in Table 1 were corporated in to the 
multi-scale model. The viscosity was assumed to be 0.004 
Pa.s. Vessels were considered as rigid conduits with a 
no-slip wall boundary. To study the effects of pulsatile 
flow on the characteristics of the coronary circulation, the 
simplified pressure waveforms at the inlet of the coronary 
arterial geometry were produced using aortic pressure 
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Fig. 4 Schematic diagram of simplified pressure wave forms at the 
inlet of the three-dimensional(3-D) coronary arterial 
geometry. The zero-dimensional(0-D) lumped parameter 
model is coupled at the outlet of the 3-D coronary arterial 
geometry.

waveforms, as shown in Fig. 4[19,24-28]. The pressure 
boundary condition based on a 0-D lumped parameter 
model was used at the outlet of the coronary arterial 
geometry in Fig. 4. The initial outlet pressure is equal to 
the mean arterial pressure(MAP) calculated from the 
systolic blood pressure(SBP) and diastolic blood pressure 
(DBP) by Eq. (3)[24]. The initial outlet coronary artery 
flow rate under hyperemic conditions was estimated as 5.2 
ml/s from a 4-fold greater flow rate under basal 
conditions at 1.3 ml/s[24,29]. The physiological data, e.g., 
SBP, DBP, heart rate(HR) are listed in Table 1. A 0-D 
lumped parameter model consisting of resistances and 
capacitances was used as the outlet conditions to consider 
cardiovascular dynamics in the coronary vascular bed 
system as a whole. Total LPM resistance was obtained 
using Eq. (4). This was split in to the coronary arterial 
resistance, coronary capillary resistance, and coronary 
venal resistance, in dicated by ,  and , 
respectively. Values of  = 0.32·,  = 0.52·
, and Rcv = 0.16· were imposed[19,29]. Total 
coronary capacitance, , was split in to coronary 
arterial capacitance  and intramyocardial capacitance 
, respectively. We used the values of  = 0.52 
and  = 0.52[19,25,29]. (intramyocardial 
pressure) was used to represent the influence of 
intramyocardial pressure caused by cardiac contractility 
tissue motion  = , where  is left 
ventricular pressure and  = 0.75[30].

    


  (3)

    

   
(4)

2.3 Numerical Methodology

In this study, computational hemodynamic simulations 
were performed under hyperemic conditions in 3-D 
stenotic coronary models by coupling with a 0-D lumped 
parameter model. Blood flow was described by a 
continuity equation for mass conservation and a 
Navier-Stokes equation for pulsatile state in Eq. (5), (6). 
Local 3-D numerical analyses are based on a segregated 
finite element method to solve the Navier Stokes 
equation[31-34]. The continuity equation of Eq. (5) is 
solved by penalization using a pressure update algorithm 
[31,32].

∇∙  , (5)




∙∇  

∇



∇, (6)

where  is velocity,  is pressure,  is density, and  
is dynamic viscosity. The outlet condition of 3-D 
computational fluid dynamics is coupled to the inlet 
condition of 0-D lumped parameter model by an iteration 
method that updates the pressure and velocity as the 
iteration processes. The coupling calculation continues until 
the velocity and pressure between the two models 
converge, using a successive over-relaxation(SOR)-based 
iterative solver. Validation and more detailed explanations 
of this approach are presented by the previous studies 
[19,25].

3. Results

Pulsatile flows in simplified stenotic coronary models, 
with and without pre-stenotic swirl flow, were simulated 
by 0-D 3-D-coupled multi-scale modeling based on 
Navier-Stoke equations. We analyzed a physiologically 
significant biomechanical factor(FFR) respects to stenosis 
severity in a non-swirl flow model and a swirl flow 
model.

Fig. 5(a) and Fig. 5(b) show the FFR in stenotic 
models without and with pre-stenotic swirl flow, 
respectively. The general trends of the FFR distributions 
were similar, with FFR dropping markedly through the 
post-stenosis throat. Lower FFR values were observed 
with swirl flow compared with non-swirl flow. The 
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                    (a)                                                   (b)

Fig. 5 Fractional flow reserve (FFR) distribution in stenotic model with (a) non-swirl flow and (b) swirl flow

differences in FFR caused by pre-stenotic non-swirl flow 
and swirl flow were clearly observed in mild stenosis(SD 
< 50%), but were almost the same above SD = 50% in 
Fig. 5. FFR was below the clinically significant criterion 
of 0.8 in the post-stenosis region when SD > 50% in 
Fig. 5.

Fig. 6(a) and Fig. 6(b) show interest points from A to 
I along the aorta and coronary artery model. The 
pre-stenotic region, stenotic region, and post-stenotic 
region consist of (point A ~ point C), (point C ~ point 
E), and (point E ~ point I), respectively in Fig 6(b). The 
center points represent (point A) pre-stenosis upstream 6D, 
(point B) upstream D, (point C) start of stenosis, (point 
D) stenosis throat, (point E) end of stenosis, (point F) 
post-stenosis downstream D, (point G) downstream 4D, 
(point H) downstream 8D, and (point I) downstream 16D 
in Fig 6(b). Fig. 6(c)-(h) shows FFR at positions A ~ I 
along the center line (Fig. 6(b)) of coronary models for 
0%, 20%, 40%, 60%, and 80% stenotic models, 
respectively. As shown in Fig. 6(c), in the case of the 
non-swirl flow (shown in black), slight reductions of FFR 
at A ~ I were observed in the straight model under 
normal conditions (SD = 0%) due to frictional viscous 
loss, in good agreement with the results of a previous 
study[35]. On the other hand, in the case of swirl flow 
(shown in red), the swirl flow induced notable decreases 
in FFR between points A and B compared with points C 
~ I. The considerable reduction of FFR at point B was 
due to friction and momentum exchange induced by 

changes in direction of flow in the helical region. That is, 
the main cause was the spiral change in flow direction, 
which was significantly dependent on the curvature, 
torsion, and pitch ratio. In the normal model (SD = 0%) 
shown in Fig. 6(c), FFR reduction caused by the swirl 
flow was significant in the pre-stenotic region, and a 
parallel downward slope of FFR was observed in the 
post-stenotic region. In the case of mild stenosis (SD = 
20% and 40%) in Fig. 6(d), Fig. 6(e), and Fig. 6(i), 
viscous losses or momentum exchanges caused a slight 
downward slope in the first portion of the curve in the 
pre-stenotic regions in the graph. In addition, the pressure 
loss by momentum exchange was responsible for the 
differences in FFR at B and C. Through the upstream 
stenosis throat, axial velocity increased to satisfy the flow 
rate conservation law due to the reduction in area caused 
by the stenosis. Simultaneously, pressure decreased and 
FFR also decreased significantly in the region upstream of 
the stenosis (pre-stenotic throat (C ~ D)). In the region 
downstream of stenosis (post-stenotic throat (D ~ E)), 
slight FFR recovery occurred in the D ~ E region due to 
the small increase in area at the stenosis. FFR remained 
approximately equal to that at the throat of the stenosis in 
the post-stenotic region. Interestingly, the FFR difference 
(DFFR 0.02) observed in the pre-stenosis area from 
swirl flow remained downstream in mild stenosis. 
Furthermore, FFR decreased notably through the stenosis 
throat, as the degree of stenosis increased. In addition, the 
downward stepwise trend of the FFR graph was more 
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                                            (a)                                                       (b)

        (c)       (d)         (e)

                                (f)                                                (g)

(h)

Fig. 6 (a) Schematic view of aorta and stenotic coronary artery with regions of interest (b) Regions of interest in the simplified stenotic 
coronary arterial models in the two groups (c)-(g) FFR along the centerlines of 0%, 20%, 40%, 60%, and 80% stenotic arterial 
models, respectively, compared to stenotic models with pre-stenotic helical swirling flow (h) FFR along the centerlines of all stenotic 
arterial models
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(a)

(b)

Fig. 7 Computed FFR in pre-stenotic and post-stenotic regions as 
a function of degree of stenosis in stenotic models with
inflow without vortex(shown in red) and swirl inflow with 
vortex(shown in black). FFR at (a) pre-stenotic point C and 
(b) post-stenotic distal point I.

obvious. Similar slight downward slopes in the first 
portion of the FFR curve were observed in the case of 
moderate/severe stenosis (SD = 60% and 80%), as shown 
in Fig. 6(f), Fig. 6(g), and Fig. 6(i). FFR decreased 
markedly through the stenosis throat due to the high 
degree of stenosis. In the downstream stenosis throat, FFR 
recovered significantly. The influences of recovery and the 
separation energy loss were combined in the post-stenosis 
region, so FFR remained almost constant downstream. The 
FFR curves were convex in moderate/severe stenosis in 
Fig. 6(f) and Fig. 6(g). This trend was clearly seen with 
increasing degree of stenosis, as shown in Fig. 6(i). 
Especially, the FFR curve was almost the same between 
the non-swirl flow/swirl flow cases in moderate and 
severe stenosis, indicating that the influence of stenosis 

was dominant compared with that of swirl flow.
Fig. 7 shows a graph of computed FFR in the 

pre-stenotic region at C in Fig. 7(a) and post-stenotic 
region at I in Fig. 7(b) against degree of stenosis in a 
stenotic model with non-swirl flow in red and with swirl 
flow in black. Regions C and I are the same as those in 
Fig. 6(b). FFR with non-swirl flow was higher than that 
with swirl flow in mild/moderate stenosis. FFR did not 
decrease markedly with swirl flow in severe stenosis, and 
there was no marked difference in FFR between non-swirl 
flow and swirl flow at C. This was because flow rate 
decreased markedly in severe stenosis, as indicated in a 
previous report[36]. FFR remained high and was constant 
in mild stenosis (0 ~ 40%), but decreased dramatically in 
moderate/severe stenosis (50 ~ 90%), as shown in Fig. 
7(b). A similar downward trend was shown in both the 
non-swirl and swirl flow models. In the non-swirl flow 
case, the computed FFR as a function of degree of 
stenosis was similar to that reported in the relationship of 
maximum flow rate and degree of stenosis in a previous 
report[36]. FFR in the non-swirl flow model was higher 
by approximately 0.02 compared with that in the swirl 
flow model in mild stenosis. On the other hand, the 
values of FFR were nearly identical in both the 
non-swirl/swirl flow models when SD > 50%. These 
trends, including the FFR difference (DFFR 0.02), 
were identical for FFR at distal points F, G, and H in 
mild stenosis (data not shown). Our results indicate that 
swirl flow influences the decrease in FFR by 
approximately 0.02 in the mild stenosis model compared 
with the non-swirl flow model.

4. Discussions

There has been some controversy regarding the best 
way to achieve more physiologically correct simulation of 
coronary circulation, specifically, how swirl flow induced 
by the aortic valve and tortuous vessels influence local 
hemodynamics as it relates to FFR in the region distal to 
the stenosed vessel. The present inductive study, with the 
assumption of the presence or absence of pre-stenotic 
swirl flow in various grades of stenosis, provides a better 
understanding of this issue. This study was performed to 
investigate how pre-stenotic swirl flow affects post-stenotic 
distal FFR alterations and distal flow behavior under 
various virtual grades of stenosis progression in a patient. 
In the present study, we examined pulsatile flow in 
simplified straight stenotic and helical stenotic coronary 
arterial models using the 0-D 3-D-coupled Navier-Stokes 



22 / J. Comput. Fluids Eng. K.E. Lee ․ G.T. Kim ․ A.-J. Ryu ․ E.B. Shim

solver.
This parameter study using virtual stenotic models, with 

and without pre-stenotic swirl flow, yielded two interesting 
findings. First, FFR alterations caused by pre-stenotic 
non-swirl flow and swirl flow were clearly observed in 
mild stenosis (SD < 50%), but FFR remained nearly the 
same over SD = 50% (Fig. 5). These FFR distributions 
were quantitatively plotted according to SD in Fig. 6. The 
FFR variation showed a convex curve at the stenosis 
throat, identical to results reported previously[17]. The 
quantitative differences in FFR between the cases of 
non-swirl flow and swirl flow were relatively large in 
mild stenosis compared with moderate/severe stenosis. 
Approximately differences of 0.02 were observed in the 
relationship between FFR and SD between non-swirl flow 
and swirl flow within SD < 50%, as shown in Fig. 7. In 
addition, the trends between FFR and SD showed good 
agreement with a previous report showing the relationship 
between SD and maximum blood flow, which was 
proportional to pressure in the stenotic coronary artery 
[36]. In summary, the effect of swirl flow is dominant 
and induces a decrease in FFR in mild stenosis. The 
effect of stenosis is dominant in moderate/severe stenosis. 
These findings suggest that computed tomography 
(CT)-FFR values in previous computational studies that 
neglected the influence of swirl flow from the aortic 
valve may be slightly overestimated in the case of mild 
stenosis[37-46]. This overestimation of CT-FFR value may 
result in slightly lower sensitivity.

This study has several limitations. First, the effects of 
patient-specific physiological data (e.g., systolic pressure, 
diastolic pressure, heart rate, stroke volume, vortex 
magnitude, anatomically correct vascular configuration) 
were not considered in simplified modeling. Therefore, 
qualitative analysis of FFR could be more applicable than 
quantitative analysis. Next, only swirl flow with single 
helical geometry with one curvature and one torsion was 
imposed to determine the flow the influence of stenosis 
degree. The various curvature and torsion can induce 
several swirling flow patterns, e.g., one dominant single 
swirling flow, two symmetric swirling flows, two 
asymmetric swirling flows, and multi-swirling flows 
produced by aortic flow condition by aortic valves. 
Therefore, the influences of various swirl flow patterns on 
FFR alteration and hemodynamics should be investigated 
in future studies. However, these limitations do not 
significantly influence the major findings of this study.

To sum up, pulsatile flow in a 3-D stenotic tube, with 
and without swirl flow due to the pre-stenotic helical 

geometry, was studied taking into consideration the 
combined effects of swirl flow and degree of stenosis. In 
mild stenotic models, the role of swirl flow in reducing 
FFR was verified by computational comparative simulation 
studies using pre-stenotic straight and helical models. The 
results indicated that the presence of pre-stenotic swirl 
flow notably alters FFR and induces reduction of FFR in 
mild stenotic geometries. The influence of pre-stenotic 
swirl flow was not significant as the degree of stenosis 
increased. However, the effects of stenosis were dominant 
on FFR than those of swirl flow in the moderate/severe 
stenotic models. These hemodynamic-based parameter 
studies could play a critical role in non-invasive 
imaging-based diagnostic decision-making processes in 
cases of mild/moderate stenosis. In addition, biomechanical 
modeling may be applicable to optimize the strategy of 
percutaneous transluminal angioplasty, and thus obtain 
better sensitivity that is the percentage of sick people with 
FFR 0.8 who are correctly identified as sick.
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