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The Effects of Different Mesh
Generation Methods on
Computational Fluid Dynamic
Analysis and Power Loss
Assessment in Total
Cavopulmonary Connection
The flow field and energetic efficiency of total cavopulmonary connection (TCPC) m
have been studied by both in vitro experiment and computational fluid dynamics (C
All the previous CFD studies have employed the structured mesh generation meth
create the TCPC simulation model. In this study, a realistic TCPC model with com
anatomical features was numerically simulated using both structured and unstruc
mesh generation methods. The flow fields and energy losses were compared in the
meshes. Two different energy loss calculation methods, the control volume and v
dissipation methods, were investigated. The energy losses were also compared to
vitro experimental results. The results demonstrated that: (1) the flow fields in the s
tured model were qualitatively similar to the unstructured model; (2) more vortices w
present in the structured model than in the unstructured model; (3) both models ha
least energy loss when flow was equally distributed to the left and right pulmo
arteries, while high losses occurred for extreme pulmonary arterial flow splits; (4)
energy loss results calculated using the same method were significantly different fo
ferent meshes; and (5) the energy loss results calculated using different methods
significantly different for the same mesh.@DOI: 10.1115/1.1800553#
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1 Introduction
In the normal heart, deoxygenated blood passes through

vena cava into the right ventricle, where it is pumped into
lungs through the pulmonary arteries to receive oxygen. The o
genated blood then returns to the left heart, and the left vent
pumps the blood into the body through the aorta. The single v
tricle is a congenital heart defect in which the right side of t
heart is hypoplastic or totally absent. This anomaly causes o
genated and deoxygenated blood to mix in the single ventri
thus reducing the amount of oxygen transferred to the body.

The total cavopulmonary connection~TCPC! is a surgical pro-
cedure introduced by de Leval et al. in 1988@1# for the palliative
repair of single-ventricle congenital heart defects. In this pro
dure ~Fig. 1!, the main pulmonary is disconnected from its ve
tricular origin, and the superior vena cava~SVC! is connected to
the superior aspect of the right pulmonary artery~RPA!. Finally,
the inferior vena cava~IVC! is connected to the RPA by construc
ing a lateral tunnel through the right atrium or an external cond
that diverts blood around the right atrium@1–3#. As a result, the
TCPC completely bypasses the right-hand side of the heart,
the single ventricle must drive blood throughout both the pulm
nary and systemic circulations. Thus, a major issue for this p
cedure is the increased workload placed on the single ventr
Previous investigations@4# have shown the energetic efficiency
the connection is critical for long-term success following TCP
operations.

The flow fields and energy losses in TCPCs with different g
metric configurations and boundary conditions have been inve

Contributed by the Bioengineering Division for publication in the JOURNAL OF
BIOMECHANICAL ENGINEERING. Manuscript received by the Bioengineering Div
sion January 30, 2004; revision received April 15, 2004. Associate Editor: J. Mo
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gated byin vitro experiments@5,6# and computational fluid dy-
namic ~CFD! studies. The previous CFD studies mainly focus
on the effects of TCPC geometry and blood flow conditions on
fluid dynamics and energy efficiency of the TCPC. The TCP
geometry configurations that have been investigated include
diameters of the vena cava and pulmonary artery@7#, the caval
anastomosis offset@7–9#, the anastomotic angle of the IVC an
SVC @9,10#, the size and shape of the IVC anastomosis@8#, and
the curved shape of the pulmonary artery@7,11#. The flow condi-
tions studied in TCPC models include flow distribution betwe
LPA and RPA@7#, SVC-IVC flow-rate ratio@9#, pulsation of the
blood flow, SVC and IVC velocity profiles, and pulmonary arte
pressure levels@12#.

In addition to the energy losses in the TCPC@7,8,12#, many
flow parameters have been investigated including flow separa
and recirculation@7–10#, shear stress, and secondary flow patte
@9#. Different methods to calculate energy losses within the TC
have also been studied. A technique that employs the viscous
sipation function as a tool for velocity gradient based estimat
of fluid dynamic energy losses has been compared to the con
tional control volume method@7,13#. Although the results from
these preliminary studies were based on simplified TCPC ge
etries and flow conditions, they indicated that the design of
TCPC plays an important role in the fluid patterns and energ
efficiency of the anastomotic region.

Grid generation is an important and time consuming part
CFD analysis. The quality of the grid plays a direct role in t
quality of the CFD analysis regardless of the flow solver us
Moreover, the flow solver will be more robust and efficient wh
using a well-constructed mesh. Structured grid generation m
ods take their name from the fact that the grid is laid out in
regular, repeating pattern called a block. These types of grids

-
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lize quadrilateral cells in 2D, and hexahedral cells in 3D, arran
in a rectangular array in computational space. Although the g
topology is fixed, the grid can be fitted to the body by stretch
and twisting the blocks@14,15#. Structured grids have a conside
able advantage over other grid topologies in that they give
user a high degree of control. Moreover, hexahedral and qua
lateral cells, which are very efficient at filling a space, can
highly skewed and stretched before the solution is significa
affected. This allows the user to cluster grid cells in regions of
flow field with high gradients and to use relatively fewer cells
areas with small gradients. Because the user interactively lays
the elements, the grid can be aligned with the flow to yield a m
accurate solution. Structured flow solvers typically require
lowest amount of memory for a given mesh size and execut
less time because they can be optimized for the logical struc
of structured grids. A final but important advantage of structu
grids is that the post processing of the results is a relatively e
task because the logical arrangement of the grid coordin
makes it straightforward to plot the results. The major disadv
tage of the structured grid is the time and expertise require
construct an optimal grid for an entire model. Complex 3D mo
els can require even the most experienced user days or wee
generate a suitable grid.

Unstructured grid generation methods utilize an arbitrary c
lection of cells to fill the domain. The mesh is called unstructu
because the arrangement of cells has no discernible pattern
structured grids typically utilize triangles in 2D and tetrahedro
in 3D. As with structured grids, the cells can be stretched
twisted to fit the domain. Unstructured grid generation meth
are easily automated. A good mesh generation program can a
matically place triangles on the surfaces and tetrahedrons in
volume of interest@16,17#. The advantage of unstructured gr
methods is that they are automated and; therefore, require
user time or effort. As a result, unstructured grid generation m
ods are well suited for inexperienced users because they re
little user input and will generate a valid mesh under most circu
stances. Unstructured methods also enable the solution of
and detailed problems in minutes or hours instead of days
weeks like structured grid generation methods. The major dr

Fig. 1 Schematic shows the reconstructed circulation after an
extra-cardiac total cavopulmonary connection surgery. The
dashed box highlights the region of interest. LPA denotes the
left pulmonary artery. PV denotes the flow of oxygenated blood
in to the right and left atrium through the pulmonary veins.
Journal of Biomechanical Engineering
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back of unstructured grids is the lack of user control when lay
out the mesh. Typically the user specifies information about
boundaries of the mesh, and the mesh generation program a
matically fills the interior. Triangular and tetrahedral cells cann
be easily stretched or twisted; therefore, the grid must be larg
isotropic, i.e., all the cells have roughly the same size and sha
This inflexibility is a problem when trying to resolve the flow i
small areas with locally high velocity gradients, and often t
entire grid must be made finer than necessary to resolve the
in small but important areas of the domain. Unstructured flo
solvers typically require more memory and have longer execut
times than structured grid flow solvers on a similar mesh. Po
processing of the solution on an unstructured mesh also requ
powerful tools for interpolating the results onto planes and s
faces for visualization.

Given the above review, both methods of grid generation ha
desirable characteristics for the TCPC geometry. However, c
sidering that the ultimate goal in using CFD to simulate the TC
is to provide a surgical tool for the rapid modeling of patien
specific TCPC geometries in a clinical setting, the unstructu
mesh generation method seems be to more suitable for the s
of TCPC. Anatomically realistic TCPC models are unique a
complex 3D geometries, and, in a clinical setting, the user gen
ating the grid and flow solution will likely have neither the expe
tise nor the time to generate a high-quality structured grid. Ho
ever, all of the previous CFD studies mentioned in the literatu
review above have used structured grids. Unstructured genera
methods have not been used to study the TCPC. There has
no validation of unstructured grid methods and no comparis
between structured and unstructured grid methods for CFD stu
of the TCPC. The objective of this study is to verify the unstru
tured model with the structured model. To accomplish this obj
tive, the flow field and energy loss results in these two mod
were compared. The models were generated based on an ana
cally realistic TCPC geometry. The flow fields and energy loss
were calculated at different flow split conditions. Different ener
loss calculation methods@6,7# were also further studied with this
TCPC model.

2 Numerical Methods
The computational simulations for this study were perform

using CFD-ACE ~Version 2002, CFD Corporation, Huntsville
AL !. This package has been used previously by other investiga
in TCPC studies@7,9#. CFD-ACE provides both structured an
unstructured grid generation programs and flow solvers.

Fig. 2 TCPC model with physiological IVC diameter, SVC di-
ameter, and curved PA
OCTOBER 2004, Vol. 126 Õ 595
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2.1 Geometry of the TCPC model. Figure 2 shows the ge-
ometry of the TCPC model used in this study. The model ha
physiological IVC diameter, SVC diameter, and curved pulm
nary artery. The inner diameter of the pulmonary arteries is 13
mm. The inner diameters of the SVC and IVC are 8 mm and
mm, respectively, which were based on MRI data from an eig
year-old patient which Sharma et al.@5# and Ensley et al.@6# ref-
erenced to construct their models. The angle between the RPA
left pulmonary artery~LPA! at the connection is 120 deg based o
the same MRI data. The site of caval anastomosis is offset by
diameter from the pulmonary artery. The geometries of the an
tomoses of the SVC and IVC with the RPA are modeled as 4 m
and 7.5 mm constant-radius fillets, respectively. This geome
was chosen because it includes almost all the anatomic featur
current interest. More important, it is neither too complex
facilitating relatively easier structured mesh generation, nor
simple—enabling a realistic comparison of the results from u
structured and structured models. The surface geometry
drawn using CFD-GEOM~the geometric modeling and mesh ge
eration component of CFD-ACE!, which supports a full range of
3D geometries including points, lines, arcs, circles, point inter
lating curves and splines, and surfaces@18#.

2.2 Mesh Generation. CFD-GEOM was also used to creat
the structured grid of the TCPC. The structured grid was gen
ated using transfinite interpolation~TFI!. CFD-GEOM supports
uniform, exponential, geometric, and hyperbolic tangent g
point distributions along edges. Grid generation on curves w
done directly on the curves themselves. Grid generation on
faces was completed by projecting an approximate TFI grid
rectly onto the mathematical representation of the surface, o
computing the TFI grid in the parametric space of the surfa
CFD-GEOM follows a bottom-up approach in labeling geome
elements as edges, faces, and blocks. The lines and curves
define the geometry were used to create edges, 4 logical edg
create a surface, and 6 logical surfaces to create a block@18#. The
number of nodes on the edges determines the total numbe
hexahedral cells for each model. Cells were clustered near
anastomotic site since more complicated flow patterns were
pected in the connection where the two inflows collide. Relativ
fewer cells were placed at the inlets and outlets where the flow
relatively simple. A typical structured mesh of the TCPC mode
shown in Fig. 3. The grid blocks of the LPA were decomposed
view the block arrangement and some cells in these blocks w
removed to view the cell interface. The final structured mesh u

Fig. 3 Structured mesh for the TCPC model. Only the connec-
tion region and LPA are shown. The grid blocks of the LPA are
decomposed and some cells are removed for better visualiza-
tion.
596 Õ Vol. 126, OCTOBER 2004
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in this study is composed of 26 blocks for a total of 917 2
hexahedral cells. The smallest cell volume is 2.3131023 mm3,
while the largest one is 0.303 mm3. The smallest face angle is 1.1
~cf. Table 1!. The parameters describing grid quality includin
skewness and aspect ratio were checked using CFD-GEOM
were well within the good quality range.

Because unstructured grids are composed of different entit
different topological requirements exist for unstructured grid ge
eration than for structured grid generation. Unstructured gr
were created within unstructured domains. An unstructured
main is a user-defined solid region defined using surfaces that
grouped into surface sets. In 3D, the unstructured domain con
of one or more closed surface sets. A surface set consists of
of connected loops or faces. The loop identifies the active port
of a surface to grid. Surface sets must be closed, and all ent
within the set must be connected. A triangular grid is first gen
ated on the surface set, and the user can control the minimum
maximum triangular cell size. The tetrahedral grid is generated
the interior of the volume automatically using the surface grid
a starting point@18#. A typical unstructured mesh of the TCPC
model is shown in Fig. 4. In the figure, several cells were remov
from the LPA to highlight the cell geometry and interfaces in t
interior of the domain. The final unstructured mesh used in t
study contains 602 378 tetrahedral cells. The smallest cell volu
is 3.9631023 mm3, and the largest cell is 0.258 mm3. The small-
est face angle is 13.9~cf. Table 2!. Like the structured mesh, the
grid quality was adequate according to basic metrics calcula
within CFD-GEOM.

Table 1 Grid parameters for the structured mesh of the TCPC
model

Ncell
a

VC max(mm3)b VC min (mm3)c a f min (Deg)d

Mesh 1 117 951 2.150 2.693 1022 8.40
Mesh 2 354 494 0.580 9.223 1023 3.40
Mesh 3 917 240 0.300 2.313 1023 1.11

aNCell : number of cells.
bVC max: largest cell volume.
cVC min : smallest cell volume.
da f min : smallest face angle.

Fig. 4 Unstructured mesh for the TCPC model. Only the con-
nection region and LPA are shown. Some cells in the LPA are
removed for better visualization.
Transactions of the ASME
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2.3 Computational simulations. CFD-GUI, the general
purpose fluid dynamics solver in the CFD-ACE package, w
used to solve the computational model. First-order upwind dif
encing was used for the discretization of the convective terms.
computations for this study were performed on a Sun Ultra
workstation. The total cardiac output was assumed to be 4 lit
min. It was assumed that 40% of the total cardiac output ente
the TCPC through the SVC with the remaining 60% enter
through the IVC. The LPA and RPA pressures were varied so
LPA to RPA flow splits of 30:70, 40:60, 50:50, 60:40, and 70:
could be obtained. The pressure values needed at the PA ou
for the desired flow splits were determined using trial-and-er
Figure 5 shows the linear trend line that was used for the st
tured model. A similar trend line was generated for the unstr
tured model. Other assumptions in the computational simula
and boundary conditions@7,13# were:

1. Blood was assumed incompressible and Newtonian~density
r51060 kg•m23, viscositym53.531023 kg•m21

•s21;
2. Blood flow was assumed steady and laminar;
3. Vessel walls were assumed to be rigid and impermeable
4. No-slip boundary condition was applied at the wall;
5. Inlet velocities were assumed to be uniform;
6. Outlet pressures were assumed constant across the ves
7. Outlet velocity profiles were computed assuming ze

streamwise diffusion at the boundary.

Based on these assumptions, the maximum Reynolds num
were 1030, 1290, and 1350 in the IVC, SVC, and PA, resp
tively.

2.4 Energy loss calculations. Energy losses were calcu
lated using two methods: a control volume approach and a t
nique based on the energy dissipation function. Equation~1!
shows the control volume analysis for energy loss computatio

Table 2 Grid parameters of the unstructured mesh of the
TCPC model

Ncell
a

VC max(mm3)b VC min (mm3)c a f min (Deg)d

Mesh 1 60 917 15.70 1.893 1024 0.31
Mesh 2 122 356 1.330 9.533 1023 31.3
Mesh 3 334 853 0.455 3.423 1023 23.6
Mesh 4 602 378 0.258 3.963 1023 13.9

aNCell : number of cells.
bVC max: largest cell volume.
cVC min : smallest cell volume.
da f min : smallest face angle.

Fig. 5 Correlation plot used to determine outlet pressure
boundary conditions in the structured models
Journal of Biomechanical Engineering
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Ėloss52E
CS

Fpstatic1
1

2
rujuj GuinidS (1)

where CS is the control surface,pstatic is the static pressure,ui
defines the components of the velocity vector,ni represents the
components of the outward surface normal vector of the con
surface,dS is the area of the differential control surface, andĖloss
is the rate of energy consumption within the control volume. T
method is accurate but not immediately applicable in the clini
setting due to the method’s reliance on pressure measurem
across the whole inflow and outflow cross sections.

The CFD results were compared to thein vitro experiments.
However, in vitro experiments provide only limited information
about the pressure and velocity of the flow at the inlet and out
of the TCPC domain. So a simplified version of Eq.~1!, which is
currently being used inin vitro experiments, was introduced t
calculate energy loss with this limited information@6,7#:

Ėloss52( S pstatic1
1

2
rujuj DuiniAi

5( PtotalQinlet2( PtotalQoutlet (2)

based on the following assumptions:

Ptotal>Pstatic1
1
2rūi ūi ,

(3)

ūi5
Qi

Ai
,

whereQi represents the flow rate at an inlet or an outlet. Thus,
~2! reduces the information needed for the energy calculation
the total pressure values and flow rates at the inlets and outle

The dissipation function method is based on the fact that,
laminar flow within rigid models, all the energy loss is due
friction. Such losses can be determined from the energy diss
tion function, Eq.~4! @19,20#. The energy dissipation function
represents the local fluid power losses produced by viscous d
pation. The integral of this value over the model volume is t
energy loss of that model, Eq.~5! @7,13#,

f5
1

2 S ]ui

]xj
1

]uj

]xi
D 2

(4)

Ėloss5mE
CV

f•dV (5)

In these equations,f is the dissipation function, CV represen
the control volume over which power loss calculations are
quired, anddV represents the differential volume element with
the control volume.

2.5 Grid sensitivity study. Grid size is always a limiting
factor in any CFD study. A goal of this study was to compa
different mesh generation methods; therefore performing grid s
sitivity studies to guarantee mesh independent results was
quired. The energy losses calculated by the control volume
viscous dissipation methods were used as indices for the con
gence of the solutions as the grids were refined. Three struct
models and 4 unstructured models were generated to perform
grid sensitivity study. The mesh parameters for each model
shown in Tables 1 and 2. Figures 6 and 7 show the compu
energy losses at the LPA 30%:RPA 70% flow split condition a
CPU times as functions of the number of cells in the structu
and unstructured models, respectively. All of the simulations w
performed with the same assumptions, blood properties, and
conditions. Apparently, the change of the energy loss increa
with the number of cells logarithmically. In the structured mod
the first mesh refinement from 117 951 to 354 494 cells produ
the largest change in computed energy losses. The second
refinement did not show as large a change in the computed en
OCTOBER 2004, Vol. 126 Õ 597
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losses. The second refinement produced 5.8%, 5.5%, and
changes in energy losses with the simplified control volume, c
trol volume, and viscous dissipation methods, respectively. In
unstructured model, the first two mesh refinements from 60 91
122 356 and to 334 853 produced the greatest change in en
losses; while mesh refinement beyond 334 853 cells only

Fig. 7 Energy loss calculated with three methods „simplified
control volume, control volume, and energy dissipation … and
CPU time as a function of the number of cells in the unstruc-
tured models

Fig. 6 Energy loss calculated with three methods „simplified
control volume, control volume, and energy dissipation … and
CPU time as a function of the number of cells in structured
models
598 Õ Vol. 126, OCTOBER 2004
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creased the energy loss by 3.6%, 5.2%, and 5.1% in simpli
control volume, control volume and viscous dissipation metho
respectively. In both structured and unstructured models, the C
time increased linearly with the number of cells in the me
Interestingly, however, the CPU time for the unstructured mo
was approximately the same as the structured model for a g
number of cells, which is contrary to the expectation that str
tured models are computationally more efficient than unstructu
models. However, it is suspected that much of the advantag
the structured grid was mitigated in this study by the multiblo
topology of the structured grid, which was composed of
blocks. The overhead associated with this number of block
most likely responsible for the reduced computational efficien
of the structured solver. In this study, the finest meshes produ
results that can be considered mesh independent for both s
tured and unstructured models. The finest meshes were use
compare the flow fields and energy losses predicted using
structured and unstructured models.

3 Results
Streamtraces were plotted at the vertical and horizontal pla

of the TCPC model as indicated in Figs. 8~a! and 8~b!, respec-
tively. These two planes were chosen because they include
connection region of the vena cava and pulmonary artery
should be noted that these streamtraces are two-dimensiona
confined to the plane. Due to the curved nature of this mode
the vertical plane, only the pulmonary artery at the connect
section can be seen, and, thus, the streamtraces in the pulmo
artery are slightly removed from the center plane. Figure 9 sho
the streamtraces in the vertical plane of the structured~left panel!
and unstructured~right panel! models with~a! 30%,~b! 50%, and
~c! 70% of the total cardiac output directed towards the LPA.
the flow split condition of LPA 30%:RPA 70%, the fluid enterin
the connection region from the IVC flowed dominantly towar
the RPA, while an almost equal amount of fluid from the SV
entered each PA. The SVC inflow impinged on the inferior asp
of the LPA just distal to IVC-to-LPA flare. A large area~16 mm in
diameter! of flow having a clockwise rotation encompassed t
entire central region of the connection between caval inlets. T
central recirculation region appeared to be propelled by the I
inflow on the RPA side and by the SVC inflow on the LPA sid
The streamtraces in both models are similar, though the shap
the central recirculation is a little different. At equal outflow
~LPA 50%:RPA 50%!, the SVC inflow again impinged on the
inferior aspect of the LPA, but a little further downstream from t
LPA than in the LPA 30%:RPA 70% flow split. The recirculatio
region created by the SVC and the IVC inflows had a clockw
rotation with the size of about 11 mm. Again the shape of
recirculation is slightly different in the structured and unstructur
models. At the LPA 70%:RPA 30% flow split, about equ
Fig. 8 Streamtraces on the „a… the vertical central plane and LPA cross section; and „b… the
horizontal central plane. The arrows indicate the view direction.
Transactions of the ASME
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amounts of the IVC inflow were directed towards each PA. T
SVC inflow impinged on the inferior aspect of the LPA furth
downstream. A small recirculation zone~1 mm in diameter! oc-
curred distal to the IVC-to-LPA flare, which is absent from t
unstructured model.

The streamtrace plots of the horizontal plane are shown in
10. Figures 10~a!–10~c! show the streamtrace plots for the flo
splits LPA 30%:RPA 70%, LPA 50%:RPA 50% and LPA 70%:RP
30%, respectively. In each section of Fig. 10, the upper pane
the structured model while the lower panel is the unstructu
model. For the flow splits of LPA 30%:RPA 70%, the IVC an
SVC inflows in the structured model collided at the connect
region and formed two vortices that are 1.5 mm and 5 mm
diameter, respectively. These two vortices were absent in the
structured model. The streamtraces on the vertical planes thro
the cores of these two vortices were also plotted~see~1! and~2! in
Fig. 10!. It is apparent that these two vortices are three dim
sional since they can be seen in both vertical and horizo
planes. It should be noted that the vertical plane through the s

Fig. 9 Comparison of flow fields on the vertical plane in the
structured „left panel … and unstructured „right panel … models at
the flow split condition of „a… LPA 30%:RPA 70%; „b… LPA
50%:RPA 50%; „c… LPA 70%:RPA 30%
Journal of Biomechanical Engineering
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vortex is actually the central plane of the model, which is sho
in Fig. 9. In the flow splits of LPA 50%:RPA 50% and LPA
70%:RPA 30%, no flow recirculation can be observed in eith
structured or unstructured models. The streamtraces become
allel at the LPA and RPA outlets.

Figure 11 shows the secondary flow on the cross section loc
two PA diameters distal to the SVC centerline@as shown in Fig.
8~a!#. At the flow split LPA 30%:RPA 70%, two counter-rotatin
vortices occurred in this cross section. These two vortices w
approximately the same size. However, the size of the vortice
the structured model~;7 mm diameter! is larger than those in the
unstructured model~;4 mm diameter!. Increasing the flow in the
LPA caused the vortex at the posterior side of LPA to beco
larger and the one on the anterior side to become smaller.
scenario occurred in both structured and unstructured mod
However, again, the vortex in the structured model is larger t
the corresponding one in the unstructured model. At a flow spli
LPA 70%:RPA 30%, the anterior vortex had almost disappear

As described earlier, energy losses for each model were c
puted using three different methods: simplified control volum
analysis, control volume analysis, and the velocity gradient ba
energy dissipation. Figure 12 shows the energy losses calcu
by these methods in~a! the structured model and~b! the unstruc-
tured model. In both models, the calculation methods show
same trends with the LPA flow splits. Energy losses are highes
the extreme flow splits~LPA 30%:RPA 70% and LPA 70%:RPA
30%! and decrease to a minimum at the equal flow split. T
largest energy loss difference among flow split conditions occ

Fig. 10 Comparison of flow fields of the horizontal plane in
structured „upper panel … and unstructured „lower panel … mod-
els at the flow split condition of: „a… LPA 30%:RPA 70%, in
which „1… shows streamtraces in the vertical plane through the
core of the small recirculation, and „2… through the core of the
large recirculation „b… LPA 50%:RPA 50%; „c… LPA 70%:RPA
30%
OCTOBER 2004, Vol. 126 Õ 599
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Fig. 11 Comparison of the secondary flow at the cross section two PA diameters from SVC
centerline in structured „left panel … and unstructured „right panel … models at the flow split
condition of „a… LPA 30%:RPA 70%; „b… LPA 50%:RPA 50%; „c… LPA 70%:RPA 30%
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in the structured model calculated using the viscous dissipa
method. The energy loss at LPA 30%:RPA 70% is 17.0% hig
than that at the flow split LPA 50%:RPA 50%. The smallest d
ference is in unstructured model using the viscous dissipa
method, where the energy loss at LPA 30%:RPA 70% is 4.0
higher than that at the equal flow split. The simplified cont
volume and control volume methods give energy losses that
closer to each other. The largest difference between these
methods is 5.00%, which occurs in the structured model at L
70%:RPA 30%. In the unstructured model, the largest differenc
3.60% at LPA 70%:RPA 30%.In vitro experimental results from
our group are also included in Fig. 12. The simplified cont
volume method is the closest to the experimental results.
largest difference between these two sets of results is 44.3% in
structured model and 24.7% in unstructured model both at L
70%:RPA 30%. Figure 13~a! shows the energy losses calculat
by the simplified control volume analysis in both structured a
unstructured models as a function of LPA flow split compared
the experimental results. Clearly, the unstructured results
closer to the experimental results than the structured ones.
largest difference between the structured and unstructured mo
is 37.4% at LPA 60%:RPA 40%. The energy losses calcula
using the control volume and viscous dissipation methods are
significantly different between these two models as shown in F
OCTOBER 2004
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13~b! and 13~c!. The largest difference is 38.2% with the contr
volume method at LPA 60%:RPA 40% and 38.1% with visco
dissipation method at LPA 30%:RPA 70%.

4 Discussion
This study shows that the flow fields generated using structu

and unstructured grids are qualitatively similar. The most sign
cant difference occurred at the LPA 30%:RPA 70% flow sp
where the structured grid produced more vortices in the conn
tion region. A strong secondary flow occurred in the pulmona
artery, and the size of the vortices in this secondary flow w
larger in the structured model. Based on these results, the s
tured model appears to capture more vortices than the uns
tured model. For all the vortices captured by both models,
shape was also slightly different using different mesh metho
These differences are likely caused by differences in the way
convective terms are calculated in the two grid topologies. Tha
the structured and unstructured mesh solvers use different m
ods, for example, neighbor control-volume searching and inter
lation from cell center to cell face. Particularly, any flux enteri
to the control volume is calculated from the neighbor ce
through complex interpolation methods that govern the physic
fluid dynamics. In structured grids geometries of the neigh
Transactions of the ASME

ense or copyright; see http://www.asme.org/terms/Terms_Use.cfm



d

n

e

d

r

rgy

th-
ous
red

t the
ured
ous

is
the

els
to
red
al.

loss
hat
netic
od
in
ops.
orti-
sive
he

rids
FD
ult
ur-
red

the
on-
dif-

two

nar
hey
the

lts.

ls.
Ryu
e

ume
nu-

ion

the
od
tee

he

nd
rent
ls
een

i-
ble
odel
y ef-

ults
ber
0–
d

ew-
er
ore

Down
cells, cell faces are well defined, while in unstructured grids t
information is very irregular. For this reason in unstructured gri
flux terms needs to be calculated through more complex te
niques. In many problems, especially having smooth, well defi
flow direction~e.g., a boundary layer flow! or there are larger flow
structures~e.g., a large vortex in a lid-driven flow!, structured
grids will produce better results than unstructured grids since
physical flux directions will be aligned with the cell faces. Wh
the flow becomes complex and spatially irregular, in terms
cell-face-flux/flow directions, structured grids can also be cons
ered irregular. For these cases, unstructured grids might do a
ter job since they will have an additional freedom in the cell fa
orientation relative to flow~in the flux calculation, if an error is
made in one of the cell faces, it will probably be corrected in
neighboring cell having the correct cell face/flow orientatio!
while structured grids will not have such chance, as they have
arbitrary ~in complex models independent from the local flo
structure! directional bias. Moreover in the solver itself, flux in
terpolation algorithms of unstructured grids are inherently
signed to handle the irregular cell face/flow orientations in
problems while structured solvers may use algorithms that are
general, as everything in the domain is assumed structured.
reasonable that the differences in flow fields observed here are
to these and other similar intrinsic differences in the structu
and unstructured flow solvers.

The energy loss results showed that the structured and uns

Fig. 12 Energy loss assessment by different calculation meth-
ods plotted against the different LPA flow split conditions in the
„a… structured model and „b… unstructured model
Journal of Biomechanical Engineering
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tured mesh generation methods have significantly different ene
loss calculations~higher than 30% in all three methods!. The en-
ergy losses from the simplified and regular control volume me
ods were higher in the unstructured model; whereas, the visc
dissipation method yielded higher energy losses in the structu
model. The second scenario can be explained by the fact tha
structured model can capture more vortices than the unstruct
model where most of the viscous dissipation occurs. The visc
dissipation analysis is based on the velocity gradient, which
very sensitive to the grid size and shape. The differences in
visually similar flow fields of structured and unstructured mod
are magnified by the velocity gradient calculation. It is hard
explain why the energy losses are higher in the unstructu
model in the control volume methods. As mentioned by Ryu et
@7#, comparing the kinetic energy loss term to the pressure
term in the control volume energy loss calculation, shows t
most of the energy loss is caused by the pressure drop. The ki
energy loss is relatively small. The pressure drives the blo
through the TCPC model. The differences in the flow fields
these two models are certainly caused by different pressure dr
Both larger pressure drops and smoothened out small scale v
ces of unstructured grids can also be attributed to the exces
numerical dissipation introduced to the solution by the solver. T
complexity of discretization schemes used with unstructured g
is known to introduce a higher numerical dissipation into the C
solution, compared to structured schemes. However, it is diffic
to quantify and isolate this effect in complex models, unless f
ther investigations are performed with controlled unstructu
grid geometries.

Healy et al.@13# compared the energy losses calculated by
control volume and viscous dissipation methods in a planar c
stant vessel diameter TCPC model and found no significant
ference in the energy losses~less than 6%! between the two meth-
ods. However, in this study, the energy losses from these
methods have huge differences. Ryu et al.@7# also found energy
losses that were 35% different in these two methods in a pla
TCPC model with anatomically accurate vessel diameters. T
also found that as the geometry became more complicated,
CFD results drifted further away from the experimental resu
The results presented here taken with Ryu et al.@7# suggests that
Healy’s @13# conclusion may not hold for complex TCPC mode
It should be noted that only structured meshes were used in
et al. @13#. Another possible explanation for differences in th
energy losses calculated using the dissipation and control vol
methods is that energy conservation is not guaranteed by the
merical simulation.~Note that mass and momentum conservat
are guaranteed for a converged solution.! This might be another
reason for the poor viscous dissipation results. In other words,
error might not be induced by the viscous dissipation meth
itself but by the numerical simulation, which does not guaran
the energy conservation.

Although it is not the objective of this study to compare t
results from CFD andin vitro experiments, it is still interesting to
see that thein vitro experiment yielded the same energy loss tre
as the CFD, and the energy loss values were significantly diffe
from the CFD. It is also worth mentioning that the CFD mode
used in this study assumed the flow to be steady. It has b
reported recently@21# and confirmed by our preliminary exper
ments that the stagnation flow caused by two inflows is unsta
and can cause the global flow to become unsteady. As the m
complexity and Reynolds numbers increase, these unstead
fects are expected to become more and more important.

The grid sensitivity studies show the convergence of the res
occurred at about 400 000 cells in both models. This cell num
is much larger than previous studies where grids with 10 00
70 000 cells were used@7–9#. Since most of these studies ha
similar basic assumptions such as rigid walls, steady flow, N
tonian fluid, laminar flow, this huge difference in cell numb
might be due to the fact that the model used in this study is m
OCTOBER 2004, Vol. 126 Õ 601
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Fig. 13 Energy loss assessment in different models plotted against the different LPA flow
split conditions by „a… simplified control volume method, „b… control volume method, and „c…
velocity gradient based viscous dissipation analysis
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anatomically realistic, and the model volume is relatively lar
compared to some previous studies. The convergence criterio
also an important factor. In this study, we used energy loss res
as the criterion. Using other criteria such as the velocity profile
shear stress may require a different number of cells for grid in
pendence. It is also interesting that in this study even though
energy loss results from different calculation methods are sig
cantly different, the curves of the energy loss versus the m
density for all the three methods have a similar shape.

Previous studies@6,7# have shown the promise of CFD com
bined with the viscous dissipation method as a noninvasive me
~through the MRI velocity data! of determining TCPC energy
losses in the clinical setting. By using this strategy, pediatric c
diologists and cardiac surgeons could simulate different TC
surgical options and obtain an estimate of postoperative con
tion power losses. Thus, surgical planning protocols and meth
could be validated prior to clinical implementation. The posto
erative efficiency of TCPC surgeries could also be assesse
this strategy. In clinical practice, the TCPC geometry will be mo
complex than the model TCPC geometry used in this study. T
complexity makes structured mesh generation very difficult, if
impossible, and makes the unstructured mesh attractive.
study tried to verify the unstructured mesh against the structu
mesh andin vitro experiments. Although the results are not pla
sible, they demonstrate the potential of this strategy being use
comparisons in clinical practice, i.e., searching for the optim
strategy among several TCPC surgical plans. Based on the re
presented here; however, it is unlikely that the absolute valu
the energy loss can be accurately predicted given the current
tations of CFD methods and computational power.
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5 Conclusion
This study showed that the flow fields in the structured a

unstructured TCPC models are qualitatively similar under m
LPA flow split conditions. Energy losses calculated in the stru
tured and unstructured models are significantly different. Ho
ever, the energy loss distribution among the LPA flow splits w
the same for both models. The control volume methods on
unstructured mesh produced the most accurate energy loss
compared to thein vitro experiment.

Complex nontrivial relationships among factors such as
merical scheme, flow complexity, grid distribution, dissipatio
and boundary conditions influence CFD simulations. This stu
has value in that it took a real-world case and studied it at g
resolutions that are larger than normal butpractical and found
distinct differences in the predicted flows and energy losses.
pecially, these differences were not as large for other less com
Fontans like those by Healy and Keesuk@7#, which has the pre-
sented implications as the flows studied become more and m
realistic and complex.

The feasibility of using the velocity gradient based dissipat
method previously reported by Healy et al.@13# for assessing the
energetic efficiency of the TCPC was also investigated. This st
indicated that this method is not ready to be exclusively used
TCPC models with complex geometry. The large gap between
control volume and viscous dissipation methods needs to be
ther studied. Again however, these methods give the same t
for energy losses with changing LPA flow split. Therefore, su
studies can be used in comparative projects after the error
been completely assessed. Higher order spatial discretiza
schemes, especially when combined with time accurate direct
Transactions of the ASME

ense or copyright; see http://www.asme.org/terms/Terms_Use.cfm



n

u

E

a

h
v

c
.

t

e
a

h.,

In-
ow
y,’’

R.,
n-

all
ons,’’

ero,
tic
tal

ic
the

and
,

C

P.,

C

02,

m-
ry

Down
merical simulations, would improve the results of flow fields a
energy losses. However, at the Reynolds number range consid
here, these simulations will still have high computational co
and would not be practical in the clinical pace. For possible fut
improvement with the same TCPC model, studies with these
ternate numerical methods and CFD solvers are in progress.

Acknowledgment
This study was supported by the National Institute of Hea

Grants Nos. NHLBI-5R01 and HL067622-02.

References
@1# de Leval, M. R., Kilner, P., Gewillig, M., and Bull, C., 1988, ‘‘Total Cavop

ulmonary Connection: A Logical Alternative to Atriopulmonary Connectio
for Complex Fontan Operations. Experimental Studies and Early Clinical
perience,’’ J. Thorac. Cardiovasc. Surg.,96, pp. 682–695.

@2# Jonas, R. A., and Castaneda, A. R., 1988, ‘‘Modified Fontan Procedure: A
Baffle and Systemic to Pulmonary Artery Anastomosis Technique,’’ J. C
Surg.,3, pp. 91–96.

@3# Puga, F. I., Chiavarelli, M., and Hagler, D. J., 1987, ‘‘Modifications of t
Fontan Operation Applicable to Patients With the Left Atrioventricular Val
Atresia or Single Atrioventricular Valve,’’ Circulation,76, pp. III-53–III-60.

@4# de Leval, M. R., 1998, ‘‘The Fontan Circulation: What Have We Learne
What to Expect?’’ Pediatr. Cardiol.,19, pp. 316–320.

@5# Sharma, S., Goudy, S., Walker, P., Panchal, S., Ensley, A., Kanter, K., Tam
Fyfe, D., and Yoganathan, A., 1996, ‘‘In Vitro Flow Experiments for Determi-
nation of Optimal Geometry of Total Cavopulmonary Connection for Surgi
Repair of Children With Functional Single Ventricle,’’ J. Am. Coll. Cardiol
27, pp. 1264–1269.

@6# Ensley, A. E., Lynch, P., Chatzimavroudis, G. P., Lucas, C., Sharma, S.,
Yoganathan, A. P., 1999, ‘‘Toward Designing the Optimal Total Cavopulm
nary Connection: AnIn Vitro Study,’’ Ann. Thorac. Surg.,68, pp. 1384–1390.

@7# Ryu, K., Healy, T. M., Ensley, A. E., Sharma, S., Lucas, C., and Yoganath
A. P., 2001, ‘‘Importance of Accurate Geometry in the Study of the To
Cavopulmonary Connection: Computational Simulations andIn Vitro Experi-
ments,’’ Ann. Biomed. Eng.,29, pp. 844–853.

@8# Dubini, G., de Leval, M. R., Pietrabissa, R., Montevecchi, F. M., and Fum
R., 1996, ‘‘A Numerical Fluid Mechanical Study of Repaired Congenital He
Journal of Biomechanical Engineering

loaded 25 Oct 2008 to 130.49.198.6. Redistribution subject to ASME lic
d
ered
sts
re
al-

lth

-
n
x-

trial
rd.

e
e

d?

, V.,

al
,

and
o-

an,
al

ro,
rt

Defects: Application to the Total Cavopulmonary Connection,’’ J. Biomec
29, pp. 111–121.

@9# Khunatorn, Y., , Khunatorn, Y., DeGroff, S. G., and Shandas, R., 2002, ‘‘
fluence of Connection Geometry and SVC-IVC Flow Rate Ratio on Fl
Structures Within the Total Cavopulmonary Connection: A Numerical Stud
J. Biomech. Eng.,124, pp. 364–377.

@10# Migliavacca, F., de Leval, M. R., Dubini, G., Pietrabissa, R., and Fumero,
1999, ‘‘Computational Fluid Dynamic Simulations of Cavopulmonary Co
nections With an Extracardiac Lateral Conduit,’’ Med. Eng. Phys.,21, pp.
187–193.

@11# Gerdes, A., Kunze, J., Pfister, G., and Sievers, H., 1999, ‘‘Addition of a Sm
Curvature Reduces Power Losses Across Total Cavopulmonary Connecti
Ann. Thorac. Surg.,67, pp. 1760–1764.

@12# Migliavacca, F., Kilner, P. J., Pennati, G., Dubini, G., Pietrabissa, R., Fum
R., and de Leval, M. R., 1999, ‘‘Computational Fluid Dynamic and Magne
Resonance Analyses of Flow Distribution Between the Lungs After To
Cavopulmonary Connection,’’ IEEE Trans. Biomed. Eng.,46, pp. 393–399.

@13# Healy, T., Lucas, C., and Yoganathan, A., 2001, ‘‘Noninvasive Fluid Dynam
Power Loss Assessments for Total Cavopulmonary Connections Using
Viscous Dissipation Function: A Feasibility Study,’’ J. Biomech. Eng.,123, pp.
317–324.

@14# Thompson, J. F., and Weatherill, N. P., 1998, ‘‘Fundamental Concepts
Approaches,’’ inHandbook of Grid Generation, edited by Thompson, J. F.
Soni, B. K., and Weatherill, N. P., CRC Press.

@15# Spekreijse, S. P., 1998, ‘‘Elliptic Generation Systems,’’ inHandbook of Grid
Generation, edited by Thompson, J. F., Soni, B. K., and Weatherill, N. P., CR
Press.

@16# Weatherill, N. P., 1998, ‘‘Introduction to Unstructured Grids,’’ inHandbook of
Grid Generation, edited by Thompson, J. F., Soni, B. K., and Weatherill, N.
CRC Press.

@17# Baker, T. J., 1998, ‘‘Delaunay-Voronoi Methods,’’ inHandbook of Grid Gen-
eration, edited by Thompson, J. F., Soni, B. K., and Weatherill, N. P., CR
Press.

@18# CFD Research Corporation, 2002, CFD-GEOM User Manual, Version 20
CFD Research Corporation, AL.

@19# Bird, R., Stewart, W., and Lightfoot, E., 1960,Transport Phenomena, John
Wiley.

@20# Currie, I. G., 1993,Fundamental Mechanics of Fluids, McGraw–Hill.
@21# Khunatorn, Y., Shandas, R., DeGroff, C., and Mahalingam, S., 2003, ‘‘Co

parison ofIn Vitro Velocity Measurements in a Scaled Total Cavopulmona
Connection With Computational Predictions,’’ Ann. Biomed. Eng.,31, pp.
810–822.
OCTOBER 2004, Vol. 126 Õ 603

ense or copyright; see http://www.asme.org/terms/Terms_Use.cfm


