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Abstract—Despite rapid advancements in the patient-specific
hemodynamic analysis of systemic arterial anatomies, limited
attention has been given to the characterization of major
venous flow components, such as the hepatic venous conflu-
ence. A detailed investigation of hepatic flow structures is
essential to better understand the origin of characteristic
abnormal venous flow patterns observed in patients with
cardiovascular venous disease. The present study incorpo-
rates transparent rapid-prototype replicas of two pediatric
hepatic venous confluence anatomies and two-component
particle image velocimetry to investigate the primary flow
structures influencing the inferior vena cava outflow. Novel
jet flow regimes are reported at physiologically relevant mean
venous conditions. The sensitivity of fluid unsteadiness and
hydraulic resistance to multiple-inlet flow regimes is docu-
mented. Pressure drop measurements, jet flow characteriza-
tion, and blood damage assessments are also performed.
Results indicate that the orientation of the inlets significantly
influences the major unsteady flow structures and power loss
characteristics of this complex venous flow junction. Com-
pared to out-of-plane arranged inlet vessel configuration, the
internal flow field observed in planar inlet configurations was
less sensitive to the venous inlet flow split. Under patholog-
ical flow conditions, the effective pressure drop increased as
much as 77% compared to the healthy flow state. Experi-
mental flow field results presented here can serve as a
benchmark case for the surgical optimization of complex
anatomical confluences including visceral hemodynamics as
well as for the experimental validation of high-resolution
computational fluid dynamics solvers applied to anatomical
confluences with multiple inlets and outlets.
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INTRODUCTION

The majority of patient-specific hemodynamic
studies have focused on cardiovascular components of
the arterial system, such as the carotid bifurcation
(1-inlet and 2-outlet vessel configuration),3,38 aortic
arch (1-inlet, 4-outlet),34,57 pulmonary arteries,31,71

thoracic aorta,75 and cerebral arterial vessels61 pro-
viding valuable clinically relevant information. The
venous flow components, in contrast, received rela-
tively less attention except in studies that analyzed
the fluid dynamics of arterio-venous grafts (2-inlet,
2-outlet),44 cardiovascular devices,43 and the total
cavopulmonary surgical connection (2-inlet, 2-out-
let).58 Compared to the ‘‘upstream’’ arterial compo-
nents, the ‘‘downstream’’ venous vessels are collective
components, and thereby have a greater potential for
flow unsteadiness56 and coherent flow structures.77

High vessel compliance of the venous system can
generate physiological spontaneous intermittent flow,
namely the ‘‘water-fall phenomena’’ as observed in
extrathoracic-to-intrathoracic veins and in pulmonary
veins. Furthermore, the adverse pressure gradient and
increasing vessel area along the main flow direction
make some venous vessels more vulnerable to internal
flow instabilities, especially in the disease state and
when cardiovascular devices are involved.64 In the
present study, the inherent flow unsteadiness of a
major venous flow component, with 3-inlet and
1-outlet vessels, the hepatic/portal vein confluence,
was analyzed using experimental fluid dynamics
techniques. Particularly, outflow dynamics of the left
hepatic vein (LHV), middle hepatic vein (MHV), and
right hepatic vein (RHV) into the inferior vena cava
(IVC) was investigated.

As in the arterial vessels, the venous vessel intima is
covered by the ‘‘venous’’ endothelial cells, albeit in
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lesser density, and governs mechanotransduction. In
the arterial system, wall shear stress (WSS) loading
depends strongly on the 3D flow structures.26 Essen-
tially similar phenomena are also observed in the ve-
nous wall.9 Particularly in major hepatic diseases such
as, portal hypertension and cirrhosis, vascular mor-
phological changes are associated with WSS loading as
indicated by the hemodynamic studies that are recently
conducted.74 In addition to vein bypass graft failure,
and transplant vasculopathy, as well as venous valve
diseases, in the venous system, ‘‘disturbed flow result-
ing from reflux, outflow obstruction, and/or stasis
leads to venous inflammation and thrombosis,41 and
hence the development of chronic venous diseases’’.9

Chronic abnormal hemodynamic conditions at the
hepatic junction will also influence the right-heart
preload and blood-volume loading/balance that can
lead to right-heart failure.

Achieving optimal hemodynamics through the he-
patic/portal vein junction is also critical for the
treatment of pediatric congenital heart diseases and
their surgical palliation.16,17,25,59 Hepatic flow influ-
ences the pulmonary/venous function, liver growth
factor mixing,12,76 abdominal venous flow augmenta-
tion29,70 and plays a major role in adult ‘‘failed’’
Fontan physiology.15,35 These conditions impact a
significant number of young patients with heart de-
fects (2 per 1000 live births). Poor visceral fluid
dynamics and unbalanced hepatic lung growth factor
distribution in surgical pathways especially are asso-
ciated with pulmonary venous malformations.14,62,67

Setyapranata,60 reports that in a study of pediatric
patients who underwent the Kawashima procedure,
the majority of the patients developed pulmonary
arteriovenous malformations (PAVMs). The abnor-
malities regressed after the completion of the Fontan
procedure, which drained the hepatic effluent into the
pulmonary circulation. Barbe,4 provides further evi-
dence of the hepatic regulation of PAVMs, reporting
their occurrence in patients with liver failure. The
malformations reportedly regress upon liver trans-
plantation.

Blood flow from the hepatic venous system com-
prises a significant portion of the total visceral blood
return (38%). Previous research utilizing both surgical
and non-invasive interventions has highlighted a wide
range of vascular complications associated with
abnormal hepatic blood vessel anatomy. These
abnormalities strain the visceral vascular network
resulting in decreased outflow into the inferior vena
cava (IVC) and increased blood retention in the liver.
Carnevale et al.7 reports that for pediatric patients
having undergone liver transplantation, long-term
success of the procedure may be negatively influenced
by factors such as differences in the diameters of the

hepatic vein (HV) and IVC. The structural variations
between the graft and host correlate with the presence
of venous outflow obstruction and hydraulic resis-
tance. High hydraulic power loss and effective pressure
drop of the HV will decrease the hepatic effluent that
drains into the inferior vena cava resulting in blood
stasis, inadequate nutrient transport, and upstream
vascular complications. Studies focusing on post-
operative blood flow in pediatric liver transplantation
have reported that despite successful graft transplant,
it is common for the HVs to display flow patterns
indicative of pathological conditions. Someda et al.65

found that transplant recipients exhibiting uniform
hepatic waveforms suffered from hepatic venous out-
flow obstruction and required balloon angioplasty.
Both the phase and amplitude of the HV waveform
have become an important diagnostic criterion for
hepatic diseases such as the hepatic parenchymal dis-
ease.32,33 Likewise, during liver transplant, or explant
operations surgeons have the opportunity to ensure
adequate reconstruction of the hepatic vessels to avoid
poor hepatic outflow, as well as optimize for hemo-
dynamic energy losses.

Hepatic venous circulation is also critical for
understanding fetal hemodynamics.55 During birth
major hepatic shunts are spontaneously closed (e.g.,
ductus venosus). These rapid vascular morphological
changes are likely to be influenced through flow-in-
duced loading and the paracrine factors. Understand-
ing the mature wall shear stress loading levels at the
hepatic venous system will guide future studies that
focus on fetal and neonatal hepatic circulation. He-
patic vascular development has a major impact on the
proper function of the liver.

In vivo characterization of visceral circulation
through different image modalities has only recently
become possible due to the intense diaphragm motion
artifacts of the hepatic vessels. For example, Cheng8

and Mehran46 used Doppler ultrasonography and
cadaveric studies, respectively, to acquire the physio-
logical anatomy. Similar studies were performed in
animal models to quantify wall shear stress loading.74

Using patient-specific three-dimensional (3D) cardiac
magnetic resonance image (MRI) reconstructions,
Yang79 and George24 performed pioneering computa-
tional fluid dynamics analyses of the portal vein blood
flow. Their results revealed that for patients afflicted
with cirrhosis, the flow field inside the portal vein
exhibits significantly decreased velocity per liver vol-
ume and lower hemodynamic unsteadiness. In com-
parison, the present study focuses on the downstream
liver circulation and entirely employs experimental
techniques. The main objective is to perform a detailed
investigation on physiological hepatic flows through
bench-top particle image velocimetry experiments as a

LARA et al.



first step towards a comprehensive understanding on
the origin of characteristic abnormal venous flows
patterns.

The manuscript is organized as follows: first, the
protocols for generating the anatomical computer-ai-
ded design models and transparent rapid-prototype
replicas of two pediatric hepatic vein confluences with
3-inlets and 1-outlet vessels are described, followed by
in vitro flow visualization, pressure measurements, and
PIV experimental methodology. Hemodynamic param-
eters to quantify the effective pressure drop, charac-
terize the jet flow, and predict the relative blood
damage at both healthy and pathological conditions
are defined. Detailed flow analysis including flow field
characterization, viscous shear, Reynolds stress, and
hydraulic performance evaluation are presented in the
‘‘Results’’ section. Hemodynamic interpretation of
novel findings, potential outcomes and limitations are
described in the ‘‘Discussion’’ and ‘‘Conclusions’’
sections. To our best knowledge, this study presents
the first comprehensive fluid dynamic characterization
of the hepatic venous confluence in vitro.

METHODS

Transparent Patient-Specific Anatomical Model
Fabrication

Patient-specific 3D anatomies of the confluence re-
gion, which is comprised of the three major infra-dia-
phragmatic hepatic veins, were reconstructed from
cardiac MRI scans of two pediatric patients having
normal hepatic venous anatomies. MRI is the pre-
ferred and accurate method for acquisition of complex
3D anatomical vessels data.50 Hepatic Vein Model-1
(HV1) and Hepatic Vein Model-2 (HV2), shown in
Fig. 1, were selected to feature two structural differ-
ences that are suspected to contribute to the complex
fluid flow characteristics in the confluence. Primarily,
the planar alignment of the inlet vessels is significantly
different between these two models. In the HV1 model,
all three hepatic veins are oriented on the horizontal
plane whereby featuring an in-plane cross-flow mixing
within the common pouch region. In contrast, model
HV2 has two inlet vessels, the left hepatic vein (LHV)

FIGURE 1. The two subject-specific hepatic vein (HV) junctions, HV1 (left) and HV2 (right), studied using particle image veloci-
metry and pressure drop experiments. Computer-aided design files (top row) and corresponding transparent stereolithographic
prototypes (bottom row) of the vein geometries display the orientations of the inlets relative to the IVC outflow. IVC, inferior vena
cava; LHV, left hepatic vein inlet; RHV, right hepatic vein inlet; MHV, middle hepatic vein.
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and right hepatic vein (RHV), oriented approximately
90� out-of-plane from the third inlet, i.e., the middle
hepatic vein (MHV). Secondary to this main geomet-
rical feature, MHV is positioned at an offset location
such that only the LHV and RHV generate cross-flow
mixing within HV2 as opposed to the in-plane mixing
of all hepatic inlets in HV1. These differences represent
a subset of anatomical variations that are typically
observed in both healthy and surgically reconstructed
venous vessel junctions. The corresponding NIH
Anatomical Database identifications of HV1 and HV2
are CHOA012 and CHOA004, respectively.

The point-cloud patient data was segmented to
isolate the junctions of the three major hepatic veins to
the IVC (Geomagic Studio 10, Durham, NC). After
minimal smoothing, the digital model was converted
into NURBS patches in IGS format. The NURBS
data was imported into Pro/Engineer software (Need-
ham, MA) to create a negative of the vein geometry.
To attach tubing and avoid entrance length affects, the
inlets were extended from the vein junction maintain-
ing the anatomical vessel shape. The wall thickness was
minimized to reduce laser power intensity losses. The
volumetric shell was split into two halves and con-
verted into STL file format to be compatible with
commercial rapid-prototyping systems.

Both hepatic venous junction models were fabricated
by direct stereolithographic printing (Fineline Inc,
Raileigh, NC), using a high clarity liquid photopolymer
resin (DSM Somos Watershed XC11122).10,30,68 Before
assembly, the surfaces (bonded by a clear epoxy resin)

were sanded using decreasing grid sizes of 400 grit, 600
grit, and 1 lm grit papers. All model surfaces were
treated with polishing compounds (No. 2 ‘‘Fine Scratch
Remover’’ andNo. 1 ‘‘Plastic Clean& Shine’’). Surfaces
corresponding to the internal vein geometry were not
sanded. The method used to fabricate the vein geometry
from clinical data follows the process described in detail
by de Zelicourt et al.13 and Pekkan et al.54

In Vitro Flow Loop

A steady bench-top flow loop was constructed using
PVC pipes and tygon tubing, Fig. 2. Vein inlet align-
ment rods with a minimum length of 12 inches elimi-
nate spurious flow structures and facilitate the
transition to fully developed flow at the vessel inlets.
Pressure head to drive flow through the loop was
supplied by means of a variable-speed submersible
steady flow pump, which drained into an elevated head
tank. Both vein models were mounted on an adjustable
platform to control the laser sheet orientation relative
to the laboratory frame of reference. The laser sheet
was oriented at an angle of 41� from vertical so that a
5 mm decrease in the platform height resulted in
a 3.75 mm translation of the measurement plane.
A rotameter was positioned at the IVC outflow for
recording the total flow rate. Flow rates through
individual vessel segments were adjusted using valves
placed at the LHV and MHV inlets. Flow through the
RHV segment was controlled using a variable setting
tubing clamp and determined based on the conserva-

FIGURE 2. Schematics of the flow loop (left) and laser sheet orientations for both models HV1 and HV2 (right) with respect to the
camera. PT denotes a pressure transducer.
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tion of mass principle using the flow measurements at
the inlets and outlet. This system allowed us to accu-
rately set the flow splits to simulate physiological
(LHV/MHV/RHV: 0.4/0.4/0.2) and pathological flow
rates (LHV/MHV/RHV: 0.3/0.4/0.2) reported in liter-
ature.27–29,48,69,72 The experimental flow conditions are
tabulated in Table 1. These flow conditions are labeled
‘‘healthy’’ and ‘‘pathological’’ according to the clinical
diagnoses of pediatric patients. ‘‘Pathological’’ flow
conditions correspond to the mean hepatic flows
reported for children diagnosed with acute hepatic
disease.48

Pressure measurements were performed through the
pressure taps located less than 1 cm from the inlets and
outlet of the each model. Pressure transducers (Ed-
wards Life Sciences, Irvine, CA) and amplifier instru-
mentation (WPI Inc., Sarasota, FL) were calibrated
through standard procedures before and after each
experiment to eliminate any hysteresis error.

The working fluid used in all the experiments was a
freshly prepared solution of saturated sodium iodide,
glycerin, and deionized water at a volumetric ratio of
75:24:1, respectively. The kinematic viscosity of the
blood analogue was 3.5 ± 0.1 cSt, measured with a
bulb viscometer, and the refractive index was measured
to be 1.50, matching the index of the resin model. This
mixture ratio is identical to fluids used in PIV studies
of venous flows16,17,59 and physiological values for
blood at high shear rates.42,49 Fluorescent polymer
microspheres with a mean diameter of 8 lm (Duke
Scientific Corp.) and excitation and emission wave-
lengths of 542 and 612 nm, respectively, were added to

the analogue for flow visualization. The addition of
fluorescent particles did not measurably affect the
viscosity or refractive index of the blood analogue.

PIV System and Data Processing

A standard PIV system was used to acquire two-
component velocity field measurements for each model
at three planes spaced 3.75 mm apart having a laser
sheet thickness less than 1.5 mm, Fig. 2. The system
consisted of two Nd:YAG lasers (Model Twins BSL
50, Quantel) with an energy of 50 mJ per pulse at
532 nm and operated at a repetition rate of 15 Hz. The
laser was positioned so the laser sheet aligned parallel
to the camera lens to minimize distortion. The image
pairs were recorded using a CCD camera (Model Im-
ager Pro X 2M, LaVision, Germany) with a
1600 9 1200 pixel resolution. The camera was fitted
with a high pass filter to block laser light (532 nm) and
to transmit fluorescent microsphere light to the CCD.

A series of image pairs were acquired at spatial
resolution of 40 lm/pixel for each PIV plane. Laser
pulse delay times of 2000 and 2500 ls were used to
maximize particle image displacement without loss of
correlation for an initial interrogation window size of
32 9 32 pixels and a final interrogation window size
of 16 9 16 pixels. Interrogation windows were over-
lapped by 50% to satisfy the Nyquist sampling crite-
rion. The effect of pulse separation time on velocity
field results is also tested. All processed data acquired
with 2000 and 2500 ms pulse separation delays resulted
in a maximum of 10% difference (locally) of the
measured velocity magnitudes. Convergence was
achieved in the running average velocity value (both
maximum and average) after ~100 image pairs, still 300
image pairs were used in all calculations. The dynamic
velocity range,66 ratio of the maximum velocity to the
minimum resolvable velocity, of this PIV set-up was
estimated to be 179 using the theory developed by
Adrian.2 The root-mean-square velocity measurement
error is 1.4 mm/s, and the minimum resolvable velocity
fluctuation was acceptably small in comparison with
the maximum flow speed of 0.25 m/s. Vector field post-
processing was performed using Matlab (Mathworks,
Natick, MA).

Hemodynamic Parameters

Jet Profiles and Vorticity

The spatial development of the jet flows was ana-
lyzed using velocity profiles and vorticity distribution.
The profiles for each model were acquired at five
locations describing the characteristic jet evolution for
healthy and pathological flows. The 2D vorticity was

TABLE 1. Flow rates and Reynolds numbers (given in
parenthesis) specified during the particle image velocimetry
acquisition (H and P) and pressure drop measurements (1–4)

for hepatic vein models HV1 and HV2.

Flow setting

Flow units (L/min) (Re)

QIVC QLHV QMHV QRHV

HV1

Healthy (H) 1 (433) 0.4 (303) 0.4 (242) 0.2 (202)

Pathological (P) 1 (433) 0.3 (227) 0.4 (242) 0.3 (303)

1 0.76 0.30 0.30 0.15

2 0.95 0.38 0.38 0.19

3 1.14 0.45 0.45 0.23

4 1.51 0.61 0.61 0.30

HV2

Healthy (H) 1 (303) 0.4 (151) 0.4 (269) 0.2 (202)

Pathological (P) 1 (303) 0.3 (113) 0.4 (269) 0.3 (303)

1 0.76 0.30 0.30 0.15

2 0.95 0.38 0.38 0.19

3 1.14 0.45 0.45 0.23

4 1.51 0.61 0.61 0.30

Average vessel hydraulic diameters of IVC, LHV, MHV, and RHV

are: 7, 4, 5, 3 and 10, 8, 4.5, 3 for HV1 and HV2, respectively,

in mm.
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calculated using a second-order central difference
template:

x ¼ @v

@x
� @u
@y

� �
ð1Þ

Shear Stress and Parameters for Unsteadiness

The viscous stress tensor sij was calculated using the
standard incompressible Newtonian fluids formula-
tion, Eq. (2), where l is the dynamic viscosity, ui is
velocity component, and xi is the corresponding a
spatial coordinate. Derivative terms were estimated by
second-order central differencing of the average
velocity field.

sij ¼ l
@ui
@xj
þ @uj
@xi

� �
ð2Þ

To establish a coordinate-independent measure of
the shear stress tensor, the principal viscous shear
stress (PVSS) throughout the flow field was computed
from Eq. (3), where r indicates the eigenvalue of the
stress tensor.

sPVSS ¼
1

2
rmax � rminð Þ ð3Þ

Based on the Reynolds averaged Navier–Stokes
equations for turbulence modeling, Reynolds stresses
(Rij) indicate the average momentum transfer between
the fluctuation velocity and the mean velocity, and
provide proper analysis indices for flow unsteadiness.
In unsteady fluid flow regimes,18,19,23,52 Eq. (4) pro-
vides a measure for the amount of fluctuation in the
velocity field (q is the fluid density and l0i indicates the
fluctuation in the velocity component).

Rij ¼ qu0iu
0
j ð4Þ

Since these nine Reynolds stress components comprise a
second-order tensor, the principal Reynolds shear stress
(PReSS) is calculated similar to the PVSS, Eq. (3).

The non-dimensional correlation coefficient governs
strength of correlation among flow fluctuation terms73

and given by Eqs. (5) and (6), with respect to a fixed
2D Cartesian (x–y) and locally variable streamwise-
normal curvilinear coordinate system, respectively.

Cxy ¼
uxuy

u2x � u2y
� �1

2

ð5Þ

Csn ¼
usun

u2s � u2n
� �1

2

ð6Þ

The standard correlation coefficient is an unbiased
description of the mean unsteadiness compared to the

Reynolds stresses as it is normalized by the square root
of the product of the mean variances of the velocity
fluctuations. The correlation coefficient range from 21
to 1 can be interpreted as being the mean correlation of
fluctuations in orthogonal velocity components.73

Bradshaw et al.6 used this parameter for studying free-
jet turbulence to quantify the degree of Reynolds shear
stress in the mixing region, the boundary layer, and the
asymptotic jet region. Since flow directionality is
important in the present study the velocity fluctuations
in the direction of the average flow streamlines are also
calculated. Regions of large correlation coefficient
values for this moving coordinate system are indicative
that the mean axes of velocity fluctuation are closely
aligned with the average fluid paths.

Pressure Drop, Energy Loss, and Blood Damage

For multi-inlet, multi-outlet components the effec-
tive pressure drop (DPeff) of the conduit is defined
based on the control volume power loss (Ploss) and
formulated as follows:

Ploss ¼
X

INLETS

PQð Þ �
X

OUTLETS

PQð Þ ð7Þ

DPeff ¼
Ploss

Qtotal
ð8Þ

The pressure drop depends on flow conditions,
including flow rate Q and geometry. Studies report that
changes as high as 12% can result from minor differ-
ences in inlet flow conditions.56 For HV geometries, the
effective pressure drop was reported at physiological
and pathological flow conditions to characterize their
respective flow dependency measures.

Similar to the empirical red blood cell (RBC) dam-
age model of Gierpiesen et al. that is based on the
laminar Couette flow experiments,37,53 the flow shear
stress and exposure time was used to estimate hemolysis
due to the excessive viscous stresses and the unsteady
velocity fields. Streamline averaged shear stresses and
exposure times were calculated from the principal vis-
cous shear stress and the time-averaged velocity field
along the streamwise direction, respectively.

RESULTS

Major Flow Structures and the Velocity Field

Contour plots of velocity magnitude for model HV1
are presented in Fig. 3. The plots reveal the presence of
two high-velocity jets that both generate large-scale
recirculation regions. The dominant jet flow originates
at the RHV inlet and extends across the main HV
cavity reaching a maximum velocity of 25 cm/s. RHV
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jet stagnates at the left wall and splits into upper and
lower wall streams that form secondary recirculation
regions at the anterior and posterior regions of the vein
geometry. The second jet-like flow structure appears
near the center of the vein pouch due to the out-of-
plane MHV and LHV inlet flows. Similar to the RHV
jet, the MHV jet has a principal direction towards the
far wall and contributes to the formation of the jet
structure located at the upper wall. The combined
RHV and MHV jet structures play a major role in
sustaining the recirculation region proximal to the IVC
through the bifurcated wall jet structures.

Despite the in-plane cross-flow inlet orientation
of HV1, the shift from healthy to pathological flow

settings affects only the velocity magnitudes within the
venous confluence and does not alter the shape of the
major fluid structures. For pathological flow settings,
the dominant jet flow at the RHV inlet strengthens and
extends across the main hepatic cavity terminating at
the far wall and splits into an upper and lower wall jet.
The MHV jet is also present, exhibiting a maximum
velocity of 24 cm/s at the vein center and extending up
the far wall along a curved path. The stagnating and
bifurcating jet layer at the wall generates large recir-
culation regions in the hepatic junction.

Measured velocity magnitude distributions for HV2
at healthy and pathological flow conditions are pre-
sented in Fig. 4. A high velocity wall jet located

FIGURE 3. Two-component converged running average velocity magnitude distributions along the three PIV measurement
planes (tracing mid RVH (top) towards the posterior direction (bottom)) of HV1 model for healthy (left) and pathological (right) flow
conditions. Orientations of the acquisition planes are provided in Fig. 2. Color legend units are in m/s. IVC, inferior vena cava; RHV,
right hepatic vein. Arrows highlight major flow structures. Numbers indicate the locations of jet profiles extracted for Fig. 5.
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immediately adjacent to the LHV inlet was identified
as the dominant flow structure for the selected PIV
plane orientation. The jet originates at the mixing re-
gion close to the bottom of the HV pouch located
proximal to the confluence of the LHV and RHV flow
streams. For healthy flow conditions, the core jet
reaches a maximum velocity of 22 cm/s midway above
the left wall and decays to 12 cm/s at the IVC outlet.
The remaining portion of the HV geometry features a
well-defined low velocity region with a peak velocity

close to 6 cm/s. Shift of the inlet flow splits for the
pathological flow setting leads to noticeable changes in
velocity magnitude distribution throughout the HV2.
As seen for the healthy flow condition, the character-
istic flow structure for the pathological flow state also
manifests as a wall jet that originates at the LHV–
RHV cross-flow region and remains localized near the
left wall as it propagates towards the IVC. In contrast
to the healthy flow condition, the pathological wall jet
is significantly less structured, presenting intermittent

FIGURE 4. Two-component converged running average velocity magnitude distributions along the three PIV measurement
planes (tracing mid RVH (top) towards the posterior direction (bottom)) of HV2 model for healthy (left) and pathological (right) flow
conditions. Orientations of the acquisition planes are provided in Fig. 2. Color legend units are in m/s. IVC, inferior vena cava; LHV,
left hepatic vein; MHV, middle hepatic vein. Arrows highlight major flow structures. Numbers indicate the locations of jet profiles
extracted for Fig. 5.
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regions of high velocity. The jet-core region has a
maximum velocity of 16 cm/s midway from the left
wall with a secondary lower velocity peak at 11 cm/s in
the cross-flow mixing region. This high velocity region
decays quickly, decreasing from 16 to 6 cm/s before
reaching the IVC outlet.

Jet Flow Analysis

For the main jet flow structures at the healthy flow
split settings, the time-averaged velocity profile
development at selected axial locations are plotted in
Fig. 5. Both anatomies demonstrated significant dif-
ferences in their velocity profile development. For
model HV1, the RHV jet enters the main junction
cavity with a plug-shaped velocity profile. As the jet
extends across the vein junction, the velocity profile
becomes rounded until it attains a sharp parabolic
profile at a distance of 9.5 mm from the RHV inlet.
At 13.3 mm, the jet profile becomes stable with even
sharper and central peak. Once the jet-core reaches to
the far IVC, it is influenced from the vessel wall
augmenting the backflow region. At pathological flow
conditions jet profiles within the HV1 did not change
significantly as pictured qualitatively in Fig. 3. For
both healthy and pathological HV1 flow split condi-
tions, the plug-to-parabolic profile development
resembles the classical structural characteristic of a
free-jet flow.1 Vorticity contours of HV1 feature a
pair of self-similar clockwise and counterclockwise
rotating (negative and positive signed) regions sur-
rounding the low vorticity RHV jet-core withmaximum
magnitudes of ±150 s21 (Fig. 6). The pathological 30%
increase in RHV inlet flow led to an increase only in the
negative vorticity magnitude (quantitative data not
shown).

For HV2 anatomy, jet flow profiles indicate that the
characteristic wall jet structure is strongly dependent

on inlet flow split due to the cross-flow oriented LHV
and RHV vessels, Fig. 4. For healthy flow conditions,
the wall jet evolves coherently and follows a progres-
sive growth from a plug shape to a parabolic profile
near the outlet to the IVC, as shown in Figs. 4 and 5.
The flat profile region is predominantly associated with
the cross-flow of the LHV and RHV streams. The
velocity peak is located 10 mm anterior to the cross-
flow region and continues to become more rounded as
it approaches the IVC outlet 20 mm above the LHV–
RHV cross-flow. The pathological flow split disrupted
the wall jet characteristics and resulted in a distinct
‘‘twin-peak’’ profile that is present throughout the
entire length of the jet. The magnitudes of the two
peaks are found to be equal at the cross-flow region.
The velocity peak closer to the wall decays to less than
50% of the maximum jet velocity 5 mm above the
cross-flow while the right jet becomes the dominant jet
peak. At 10.2 mm above the cross-flow, the jet profile
remains relatively stable maintaining its structure as it
reaches the IVC.

In simple jet flows, vorticity is primarily generated
in the shear boundary layer surrounding the irrota-
tional jet-core. The multi-inlet hepatic junctions fea-
ture additional complexity due to the orientation of
the inlet jets relative to each other and wall influence.
To verify the observed jet-like flow structures and to
determine how the jets affect each other, specifically
with regards to the jet orientation, the vorticity dis-
tribution of the average velocity field is calculated for
the mixing flow (Fig. 6). Vorticity fields for healthy
and pathological flows indicate a significant change in
the sign and magnitude of fluid rotation associated
with the HV2 wall-bounded jet. The vorticity of
healthy flows is predominantly clockwise fluid rota-
tion throughout the HV2 geometry with positive
vorticity occurring at a small region along the left
wall with a maximum of 250 s21. The pathological
vorticity fields are plotted in Fig. 6. These indicate a
significant decrease in overall vorticity magnitude
from the healthy flow with the maximum vorticity
decreasing to 80 s21. In addition, the pathological
vorticity field features regions of positive and negative
vorticities scattered throughout the wall jet region
(Fig. 6), which were absent from the uniform jet
structure of healthy flow condition. Examination of
the vorticity distributions for the different flow con-
ditions permits the measurement of the degree of
sensitivity of the inlet jets to neighboring inlet flow
conditions.

Viscous Shear Stress Distribution

For healthy flow regime of HV1 anatomy, a paired
high stress region originating from the RHV inlet and

FIGURE 5. Development of the primary venous jets for
models HV1 (top) and HV2 (bottom) at healthy flow split set-
tings. Locations of velocity profiles are marked in Figs. 3 and
4. Velocity profiles are normalized with peak flow velocity.
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extending across the venous junction was the most
noteworthy pattern (Fig. 7). This paired stress layers
showed the highest principal stress values on the order
of 10 dyne/cm2 and surround a core region of slightly
lower shear stress. This structure extends up the vessel
wall opposite to the RHV along a leftward turning
lumen curvature. The low-stress core and pairing of
positive and negative stress values are associated with
the free-jet flow structure discussed earlier. The corre-
sponding xy-stress plots are similar but not shown in
the present article.

In general, the shear stress fields for pathological
flow conditions in HV1 are similar to the healthy flows
(Fig. 7). Inferior and superior shear stress layers that
surround a central low-stress core region accompany
the RHV jet. The maximum principal stress associated
with the RHV jet occurs along the inferior shear layer
at a value of 20 dyne/cm2 along the vessel wall. The
centrally located jet structure demonstrates a similar
shear layer pattern. It reaches maximum value of 10
dyne/cm2 proximal to the vessel wall.

The viscous shear stress distribution throughout the
HV2 geometry indicates higher stress values for the
healthy flow. As illustrated in Fig. 8, the wall-bounded
jet extending towards IVC from the LHV–RHV cross-
flow generates regions with high shear stress at the
order of 10 dyne/cm3. The highest stress region, with a
PVSS of 25 dyne/cm3, is located along the left wall in
close proximity to the peak velocity. The contour plots
of xy-shear stress distributions display the positive and
negative pairings of the wall-bounded jet more clearly
(Fig. 8).

Viscous stress distribution for the HV2 pathological
flow exhibited less ordered structures and lower stress
magnitudes relative to the healthy state. The majority
of the principal stresses in all PIV planes were less than
11 dyne/cm2. The peak stress regions were less
localized along the left wall, in contrast to the healthy
flow regime. Both the principal stress and xy-stress
distributions feature large stress regions close to the
LHV–RHV cross-flow as is propagates towards the
IVC while remaining detached from the solid vessel

FIGURE 6. Vorticity (1/s) contour plots of HV1 for healthy (left) and HV2 for pathological flow splits (right). The flow field is
structured with intermittent regions of clockwise (blue) and counter-clockwise (red) rotation. For HV1 jet flow stagnation is
captured by the vorticity sign change close to the wall, generating additional shear layers in the junction. Vorticity is calculated
from the average velocity vector field overlapped on the raw PIV data (lower row).
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wall. The xy-stress reveal interesting paired regions of
positive and negative shear stress. These stress pairs
originate at the LHV and as they approach the IVC
outlet, reduce their magnitude significantly.

The complex shear stress loading observed in he-
patic venous junctions suggested the possibility of
increased blood damage within the three-vessel con-
fluence. The time-averaged PIV data allowed the cal-
culation of mean shear stress and exposure times
during blood cell passage. These calculations showed
that both vein geometries expose blood to moderate
shear stresses but over short exposure durations. For
both HV1 and HV2, mean shear stress is consistently
calculated to be on the order of 10 dyne/cm2 and
exposure time on the order of 1023 s. The mean shear
stress values uniformly decrease for both geometries
when flow was changed from healthy to pathological
flow settings, 10% for HV1 and 19% for HV2. The
alteration of flow conditions did not result in any
discernable differences in exposure time for either
model. However, shear stresses uniformly decreased

for HV1 when flow was switched from healthy to
pathological settings.

Flow Unsteadiness and the Reynolds Stress Components

The pouch-like venous confluence lumen and
counter flowing jet-like structures generated recogniz-
able flow unsteadiness and local flow instability. Rey-
nolds stresses and principal Reynolds shear stress
characterize the unsteadiness of the flow field due to
the presence of the dominant jet flows. Figure 9 shows
the distribution of the Reynolds shear stress for both
models. For HV1, the RHV jet hosts the region of high
velocity fluctuations at both healthy and pathological
flow conditions. The presence of high values for prin-
cipal Reynolds shear stress in the RHV inlet region,
with a maximum of 80 dyne/cm2, provides strong
evidence that unsteadiness is created in the venous
junction due to fluctuations of the RHV jet flow.
Pathological flow conditions are similar to healthy flow

FIGURE 7. Principal shear stress distribution of the HV1 venous junction model for two consecutive PIV slices tracing the internal
RHV jet structure. The structure of the shear layers of the RHV jet and MHV jet maintain the same organization for both flow
settings (healthy (left) and pathological flow (right)). Shear stress units are in dyne/cm2.
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conditions because instabilities present in the RHV jet
are the primary source of observed velocity fluctua-
tions as the highest principal Reynolds shear stress
reached to 50 dyne/cm2. It is important to note that
despite the 33% increase in RHV flow, maximum
PReSS value in the RHV jet decreased by 38% com-
pared to the healthy flow.

For HV1, the normal Reynolds stress (Rjj) reaches a
maximum value of 160 dyne/cm2 and maintains a
magnitude of 100 dyne/cm2 throughout that region.
The principal Reynolds shear stress has a similar dis-
tribution as Rjj, with its maximum value reaching 90
dyne/cm2 near the LHV–RHV cross-flow. For the
pathological flow conditions, the Rjj and principal
Reynolds shear stress contour plots in the cross-flow
region exhibit similar spatial distributions. The maxi-
mum value for Rjj in the cross-flow region is 70 dyne/
cm2 with minor hot spots elsewhere in the venous
junction. The maximum principal Reynolds shear
stress value in the cross-flow region is 40 dyne/cm2.

The distributions of streamwise correlation coeffi-
cient of velocity fluctuations are shown in Fig. 10. For
HV1 anatomy, high correlation values were observed
along the primary jet direction. The velocity fluctua-
tions observed are similar for healthy and pathological
flows. At main recirculation regions, the streamwise
correlation coefficient distribution indicated a sign-
periodic fluctuation. These periodic regions of high
correlation indicate that velocity fluctuations in those
areas are independent of the velocity direction. For
healthy flow conditions in HV2, the velocity fluctua-
tions in the x and y directions are predominantly
uncorrelated (<0.4) in the region of the LHV wall jet.
The lack of correlation is also present for velocity
fluctuations along the streamline direction. This result
is expected since the wall jet originates from the cross-
flow collisions along the LHV–RHV plane. The
uncorrelated regime observed in healthy flow condition
disappeared at its pathological flow settings. As shown
in Fig. 10, the fluctuations throughout the HV2

FIGURE 8. Contour plots of principal (top) and Cartesian, sxy (bottom row) viscous shear stress in the HV2 vein junction. The
viscous stresses remain localized at the left wall for healthy flow settings (left) and extend into the vein junction for pathological
flows (right). Principle and Cartesian shear stress components demonstrate similar patterns. Units for both parameters are in dyne/
cm2.
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geometry lose their ‘‘randomness’’ and become corre-
lated for pathological flows. At the LHV inlet, there
are large regions where streamwise correlation coeffi-
cients reach values as high as 0.7. The distribution of
the streamwise correlation coefficient indicated that
there exist regions in the vein models where the mean
velocity fluctuations are strongly correlated in the
direction of the streamlines of the average velocity
field.

Effective Hepatic Junction Pressure Drop

The power loss and effective pressure drop for both
junction geometries are significantly influenced by inlet
flow conditions. As shown in Table 2, alteration of the
flow splits from healthy to pathological settings results
in a significant increase in the effective pressure drop
across the vein junction. In HV1, DPEFF shifts from
10.22 to 18.11 mmHg, a 77% increase. In HV2, DPEFF

increases from 6.37 to 7.22 mmHg, a 13% increase.
The difference in magnitude of DPEFF between HV1
and HV2 is likely due to the orientation of the inlet
vessels and the relative sizes of the two geometries.
There was no significant change in DPEFF during these
supplementary experiments where the total flow rate is

varied (~0.7–1.5 L/min) at fixed flow split ratios,
compared to the fixed flow rate experiments.

DISCUSSION

In recent clinical literature, several interesting
complex 3D cardiovascular flow regimes have been
reported using primarily the phase-contrast (PC) MRI
modality both for healthy and pathological flow con-
ditions.5,20,21,36,47 Unlike these phase-averaged flow
regimes, the unsteady junction flow described in this
study superimposed on the mean flow structure and
therefore would be difficult to capture with standard
PC-MRI sequences. Compared to the PC-MRI tech-
nique, in vitro PIV is therefore a more suitable tool to
investigate such flow regimes. The patient-specific
pediatric hepatic vein junction anatomies studied here
represent two distinct structural configurations of the
3-inlet 1-outlet confluence of the main hepatic veins to
the IVC. Even at moderate steady inflow conditions,
PIV measurements demonstrate that complex
unsteadiness can develop locally in anatomical multi-
inlet venous confluences. For the hepatic junction, the
distinct jet flow structures and accompanying shear
layer interactions are the main driver of the observed

FIGURE 9. Unsteady flow regions are highlighted through the principal Reynolds shear stress (R1) distribution in hepatic vein
models (HV1, top and HV2, bottom) for healthy (left) and pathological (right group) flow split conditions. For pathological flow
selected Reynolds shear components (Ruv and Rvv) are also presented. Single PIV slice is shown for each model. Units are
in dyne/cm2.
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instabilities. Physiological significance of these regimes
requires further investigation, primarily if the junction
flow condition influences the downstream IVC flow
and pulmonary growth factor convection that is se-
creted from the liver. The fluid dynamics resulting
from this confluence component can impart increased
shear stress on the endothelium affecting the net
hydraulic resistance and right ventricle preload.

Reynolds shear stress calculations revealed a con-
sistent decrease in local unsteadiness and a global loss
of fluid structure organization between healthy and
pathological flows. In both HV1 and HV2, the maxi-
mum principal Reynolds shear stress value decreased
when the inlet flow splits were changed from healthy
settings to pathological settings. This decrease in fluid
unsteadiness was more pronounced for HV2 geometry
than for HV1 geometry, which is likely the result of the
relative positions of the LHV and RHV inlets and the
offset position of the MHV. The decrease in local fluid
unsteadiness for HV1 can be attributed to the decrease
in the relative differences between the inlet flows. The
flow shift between healthy and pathological parameters
reduces the maximum difference between the inlet
flows to 10% of total IVC outflow compared to the
20% of IVC flow difference present in healthy flow.
Unlike local unsteadiness, which decreases for both
HV1 and HV2 between healthy and pathological flows,
organization of the apparent fluid structures is mark-
edly different between HV1 and HV2 geometries. HV2
velocity field for HV2 show that for pathological flow,
the wall jet does not maintain its shape and wall
localization as demonstrated for healthy flows. When

FIGURE 10. Contour plots of streamwise velocity correlation Csn for HV1 (top row) and HV2 (bottom row) at healthy (left) and
pathological (right) flows regimes. The velocity fluctuations are highly correlated for pathological flows. Both correlation coeffi-
cients remain high in the jet region. Corresponding average 2D streamlines are also displayed.

TABLE 2. Effective pressure drop for the venous junction
anatomies (HV1 and HV2).

Flow rate (L/min)

Effective pressure drop

(DPEFF)

HV1 HV2

1.0 (H) 6.37 10.22

1.0 (P) 7.22 18.11

0.76 6.94 16.70

0.95 6.52 16.45

1.14 6.92 16.99

1.51 6.79 16.16

Comparison between healthy (H) and pathological (P) flow settings

indicates that DPEFF is significantly affected by the inlet flow splits

for the range of flow rates studied.
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the inlet flow settings are changed from healthy to
pathological, the jet becomes unstable, delocalizing
from the left wall and extending into the center of the
venous junction. Also, instead of coherently localized
flow structures, the pathological jet-core exhibits
multiple high velocity regions scattered throughout the
wall jet region. This pattern is absent in HV1 geome-
try, where the RHV jet exhibits the same spatial
characteristics for both healthy and pathological flows
despite the variation of inlet flow distribution.

The apparent difference in flow organization can be
attributed to the orientation of the inlet flows with
respect to the mixing region of the confluence. For
HV2, the LHV and RHV are oriented in a cross-flow
arrangement. The MHV does not participate because it
is oriented in an out-of-plane position and offset from
the LHV–RHV mixing plane such that the surface
normal of the MHV inlet is parallel to the wall jet axis.
This configuration constrains the flow streams from
the cross-flow resulting in a 90� turn towards the IVC.
In HV1, all three inlet flows lie in the same plane as
they drain into the hepatic pouch. Unlike HV2, the
RHV inlet jet does not directly ‘‘collide’’ with any
other jet. The velocity magnitude plots show that it
intersects the middle jet, which originates from the
MHV, and curves along the wall towards the IVC
outlet. The difference in stability of these characteristic
jets is best illustrated by the jet profiles, where the HV1
jet manifests the classical ‘‘plug-to-parabolic’’ evolu-
tion for both flow settings, whereas, HV2 exhibits a
‘‘twin-peak’’ shape for pathological settings. These
results suggest that the in-plane configuration imposes
greater hemodynamic stability than the cross-flow
offset configuration.

The calculated values for integrated mean viscous
shear stress and exposure time indicate that blood flow
in both vein geometries experiences low magnitude
shear stress for very short time periods. Since the
integrated mean viscous shear stress remains on the
order of 10 dyne/cm2 for both HV1 and HV2 for all
experiments, changing the flow conditions from heal-
thy to pathological does not significantly alter the
hemolysis potential due to viscous stress. The flows
also do not likely correspond to significant blood
damage conditions due to the very short exposure
times.39,78 Paul et al.53 reported that for exposure times
ranging between 25 and 1250 ms, for a minimum shear
stress of 300 dyne/cm2, the maximum hemolysis,
characterized by the hemolysis index (HI), reaches
3.5%. Since the median exposure time calculated from
the present PIV measurements is only 3.5 ms, it is
unlikely that blood damage is significant for either
anatomical junction.

Submerged jets are characterized by four distinct
states as a function of the Re number. To be succinct,

only the state with the lowest Re values (<300) is
relevant for this study. Jets within this range of Re are
dissipated-laminar jets. They are unstable because the
inlet jet momentum is quickly dissipated to the sur-
rounding fluid resulting in loss of the initial jet shape
and velocity.45 McNaughton et al.45 reports that jets of
this type typically extend less than six diameters be-
yond the inlet before breaking down. Although jet
penetration depth increases with larger Re numbers, it
always undergoes Kelvin–Helmholtz instability before
fully dissipating. Numerical simulations by Danaila
et al.11 for circular jets show that at a critical Re
number of 225 different types of flow instabilities are
exhibited. Beyond the critical Re number, the azi-
muthal velocity component (VH) oscillates with expo-
nentially increasing amplitude over time due to the
Kelvin–Helmholtz instability, characterized by peri-
odically shedding vortex tubes. Silcock63 determined
an analytical solution for the stability of the Bickley
jet, which is a plane jet flow configuration. Using linear
stability theory this study showed that the even flow
mode reaches a point of marginal stability at a Re of 10
for a wave-number of about 0.2. In practice this means
that at Re = 10, if a sinusoidal disturbance is intro-
duced to the flow at a wavelength of 10 m the jet flow
would become unstable and transition to either a tur-
bulent flow or a secondary instability state. The jets
structures observed in our study are exposed to flow
from two other confined inlet jets. In addition to the
RHV jet, the presence of confining walls and opposing
jet streams results in the development of multiple shear
layers and flow disturbances in the junction geometry,
thereby contributing to the observed unsteadiness. For
the case of impinging circular jets similar to those
observed in the hepatic venous junction, Gautner
et al.22 reported that wall influence becomes apparent
only at about 2 jet diameters from the impinging sur-
face. Consequently, an impinging jet is much like a free
incompressible jet stream until the immediate vicinity
of the impinging surface. This suggests that the tem-
poral oscillations of the jet observed away from the
impinged walls are indeed associated with the dissipa-
tive jet regime. Additionally, the experimental study of
Ouwa et al.51 reported that symmetric confined jets
begin to show asymmetric flow patterns after a Re
number of 30, supporting the fact that temporal oscil-
lations are prevalent in the hepatic venous junction.

The results for effective pressure drop experiments
indicate that total power loss and hydraulic resistance
of both hepatic venous junctions depend significantly
on subject-specific anatomy with high sensitivity to
inlet flow conditions. Shifting inlet flow rates from
healthy to pathological flow resulted in an increase in
the effective pressure drop for both models. This effect
was most apparent in the HV2 geometry, which
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increased from 10.2 to 18.1 mmHg. The magnitude of
the effective pressure drops was directly correlated with
the loss of fluid structure that results from the inlet
flow shift. The drastic increase in the effective pressure
drop of HV2 is a result of the unstable flow charac-
teristics that manifest for pathological flows. As dis-
cussed, the pathological flows for HV2 are
characterized by delocalization of the LHV wall jet
from the left wall towards the middle of the vein
junction as well as increased mixing in the cross-flow
region. Delocalization of the LHV jet and equalization
of the two cross-flow jet flow rates creates large
unstable regions throughout the flow field, resulting in
lower pressure at the IVC outlet. The opposite is true
for pressure drop across the HV1 geometry. The heal-
thy flow structures for HV1 are not significantly altered
when the inlet flow rates are shifted. The only mea-
surable changes are a decrease in the maximum Rey-
nolds stress of the RHV andmiddle jets. The stability of
the flow field relative to the two flow settings explains
the negligible increase in effective pressure drop.

The experiments measuring the sensitivity of effec-
tive pressure drop to total inlet flow suggest that the
total pressure drop and power loss across the hepatic
junction is significantly influenced by the inlet flow
splits. Despite varying the total flow rate, the pressure
drop did not change significantly for either junction
model. This is an interesting finding because it implies
that optimal performance of the pediatric hepatic ve-
nous outflow is primarily governed by the inflow flow
conditions of the hepatic confluence drained from the
major hepatic veins that pose both constant and pul-
satile flow conditions.

This study has acknowledged limitations due to the
experimental techniques implemented to replicate and
visualize the flow fields in both pediatric hepatic
junction anatomies. First, average steady flow condi-
tions are emphasized to isolate the flow instabilities
and fluctuations associated only with the model
geometry. Pulsatile flow would likely to influence the
reported unsteady flow structures. There is no con-
sensus in the clinical literature regarding exact physi-
ological pediatric hepatic waveforms; a high degree of
variability is reported for physiological hepatic wave-
form phases. The second source of limitation is due to
the employment of a two-component PIV system to
study a 3D flow. The additional experimental com-
plexity introduced by the stereoscopic PIV configura-
tion is not justified in this study since the accuracy of
out-of-plane component in standard three-component
PIV technique is theoretically 4–9 times lower com-
pared to the in-plane velocity components.40 This
limitation may be addressed through a tomographic
3D PIV set-up that employs at least 3 cameras
(4 cameras in general). Therefore, in order to realize

high-quality velocity field measurements in two velocity
components, the out-of-plane velocity component is
forfeited. As a further remedy, in order to reduce the
out-of-plane velocity components, the image planes
were oriented along the major jet structures and mul-
tiple PIV planes are acquired. The third limitation is
associated with the vessel compliance that possibly
dampens and alters the in vitro rigid vessel measure-
ments presented in this manuscript. Conversely, the
reported velocity fluctuations have potential to induce
vessel wall flutter. A fourth issue is related to the stea-
diness of the pump. We have tested the inflow flow
steadiness with a time-resolved transonic inline probe
and found that oscillations due to the pump are insig-
nificant. At a typical inlet velocity, the standard devi-
ation of velocity is less than 2%. In contrast the velocity
fluctuations inside the model, i.e., the standard devia-
tion in velocity range from 9 to 44% (arbitrary points
selected in the PIV plane: 8.8, 10.6, 13.7, 14.6, 17.6,
16.1, 19.1, 21.4, and 43.8%). Spurious flow distur-
bances can also be generated in our flow loop from the
anatomical-to-circular cross-section transitions due to
diameter and shape mismatch. These small protrusions
will become more critical for experiments operating at
higher Re numbers (Re> 2000). In our model the
transition couplers are located far upstream and also
very small in size (since in our case the pipe thickness is
almost identical to the model thickness). Therefore, any
residual mismatch will act as a small wall disturbance,
which will eventually die-out in laminar pipe flow. The
rapid-prototype model has ~10 extra diameters that
would allow enough distance to stabilize these small
disturbances. Finally, this study focused on the three
major veins, which contribute a significant portion of
the IVC outflow. The reconstructions selected for this
study did not consider the presence of the minor hepatic
veins, which have been known to exist in some subjects.
Additional venous inlets would enhance the multifari-
ous flow complexity, but complicate the flow loop de-
sign and feature similar unsteady flow structures.

Besides the basic hemodynamic understanding pro-
vided, the present experimental results can be utilized as
challenging test case templates for ongoing efforts in
cardiovascular computational fluid dynamics (CFD)
solver development, particularly for test cases that re-
quire unsteady characteristic boundary conditions.

CONCLUSIONS

This study characterizes the flow dynamics of multi-
inlet patient-specific pediatric hepatic venous junc-
tions. The significant findings were: (1) the in-plane/
out-of plane configuration of the major hepatic veins
contributes significantly to the mixing structure and
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stability of the jet flows within the hepatic junctions
even at steady inlet flow conditions; and (2) the flow
dependency of total power loss for the venous junc-
tions is primarily governed by the flow splits at the
hepatic veins and is largely independent of total inlet
flow rate. The sensitivity of the total confluence
hemodynamics to inlet vessel orientation results from
the unsteady internal fluid structures that are strongly
dependent on both vessel anatomy and inlet flow
conditions. (3) The low values for mean shear stress
and exposure time indicate that the unstable mixing
flow does not likely result in significant hemolysis at
the confluence. The measured field characteristics
provide a benchmark for clinical studies involving
surgical optimization of visceral hemodynamics as well
as experimental validation for numerical studies of
anatomical confluences. Presently, the accuracy of
computational simulations depends on the perfor-
mance of inlet and outlet boundary conditions derived
from lumped parameter models and the unsteady
Bernoulli equation. The present experimental study
can be further generalized to venous confluences with
variable inlets and outlets, such as the hepatic/portal
venous network. From a circulatory network system
perspective, the 3D flow characteristics at the hepatic
junction determine the organ flow split and enables a
balanced compartmental organ perfusion. The ‘‘flow
regime’’ of this confluence regulates the pressure levels
at the upstream organ outlets and influences perfusion.
As such, more uniform junction flow will lead to a
totally different compartmental organ flow split com-
pared to a disturbed flow condition at the junction.
Likewise, 3D stagnation regions and jet-collisions will
influence upstream organ perfusion and its regulation.
Altered flow conditions can result abnormal vascular
morphologies and unbalanced organ growth. Under-
standing of hepatic hemodynamics is relevant to the
treatment of congenital heart defects, especially with
regards to single-ventricle congenital heart disease.
Extending this study to the optimization of surgically
reconstructed venous junctions and including the en-
tire sub-diaphragm vascular network magnifies the
potential for improved hemodynamic performance and
increased quality of life.
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