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Abstract

Deflection characteristics of flows in three-dimensional branching channel geometries were obtained experimentally and phe-
nomenological explanations were given by analyzing the three dimensional flow field numerically. It was found from the results
of the experiments, which were verified by means of numerical simulation, that the defection characteristics are largely dependent
upon the net contribution of the swirl component in the expanded channel part before entering each distribution outlet pipe. It was
further revealed that there are different flow distribution characteristics when the distribution outlet pipes are further apart from the
center of cylindrical axis in the expanded channel part.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Flows in pipelines and ducts are commonly encountered in many parts of fluid machineries, through which the
transport of fluids, chemicals and other industrial or bio-medical liquids take place. These flows in many cases have
to be delivered or distributed from a main line to a distribution network for specific purposes, such as often seen in
hydraulic controls, heating and air conditioning systems, cardiovascular and pulmonary flow systems. In the situation
of flow distribution or delivering system, pipe elements are often connected with constant-diameter piping and linked
at junctions for distribution at network [1]. In addition, there has been a lot of work done in vascular flow that deals
with branching geometry. For example, Liepsch [2] mentioned velocity distribution and hemodynamic forces acting
on the vessel wall and blood cells are very important. Normally under physiological flow conditions, the flow is
neither fully developed laminar flow nor turbulent flow. It can be described as laminar flow with periodically returning
vortices. Liou et al. [3,4] studied experimentally pulsatile and steady flow in cerebrovascular aneurysm models with
various sizes, bifurcation angles and volume-flow rate ratios. It is found that the vortex three-dimensional structure is
main vascular flow characteristics and main cause of thinness of the aneurysm wall or aneurismal progression.
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Nomenclature

E expansion ratio
As aspect ratio
D diameter of the inlet pipe
d diameter of the outlet branch pipes
L axial length of the abruptly expanded part
l0 the length of the inlet pipe and the outlet

branch pipes
p pressure
qi volume flow rate from each outlet branch

pipe
Re Reynolds number
r∗ non-dimensionalized radial distance
z∗ non-dimensionalized axial distance
t time duration of the volume flow rate from

each outlet branch pipe

t∗ non-dimensionalized time
ui radial velocity at Pi

u∗
i non-dimensionalized radial velocity at Pi

vi circumferential velocity at Pi

v∗
i non-dimensionalized circumferential veloc-

ity at Pi

wi axial velocity at Pi

w∗
i non-dimensionalized axial velocity at Pi

V total volume of the abruptly expanded part
Wmax maximum velocity in the inlet circular pipe
Γn swirl ratio
λ flow rate distribution ratio
ν kinematic viscosity
ρ density
θ circumferential angle

Flows in a symmetric channel configuration may deflect arbitrarily to one side along the symmetric axis of the
channel. Here, the flow rate deflection is defined as the ratio of flow rate among outlet branch pipes. The phenomena
are often treated as an instability problem [5,6] of flow, derived from the bifurcation theorem in non-linear differential
equation system [7]. Cherdron et al. [5] investigated experimentally the velocity characteristics of the asymmetric
flows which form in symmetric, two-dimensional, plane, sudden-expansion geometries. The reason for the asymmet-
ric is shown to lie in disturbances generated at the edge of the expansion and amplified in the shear layers. A weakly
nonlinear stability analysis [6] was used to study the structural instability of the bifurcation for flow in a symmet-
ric channel with a sudden expansion. The steady symmetric and steady asymmetric flow regimes depending on the
Reynolds number was shown, which is dependent on the expansion ratio. Fearn et al. [7] studied experimentally and
numerically the origin of steady asymmetric flows in a symmetric sudden expansion. The obtained results showed
that at higher Reynolds numbers, the flow becomes time-dependent and there is experimental evidence that this is
associated with three-dimensional effects. The highest value of Re at which the flow remained steady was Re = 151
in the studied case. In addition, Alleborn et al. [8] and Hawa and Rusak [9] investigated two-dimensional flow in a
sudden expansion, which demonstrated that when Re > Rec, the symmetric mode becomes unstable. Experimental in-
vestigations [10,11] were described for the flow in symmetric or axisymmetric sudden expansion. The results showed
that at the lower Reynolds numbers, the flow was very stable. At higher Reynolds numbers the flow becomes less
unstable and periodicity became increasingly important in the main stream.

However literature review revealed that in spite of the importance in fluid engineering, there is only few published
information, regarding flow distribution channels in practical uses. In the present study, a cylindrical manifold dis-
tribution channel with one inlet and two outlet pipes is considered. The channel has a three-dimensional geometric
configuration with a sudden expansion at the inlet and sudden contraction at the outlet. Particularly in the present
study, model channels with the expansion ratio of 3 and the aspect ratio of 7/3 are adopted for two different outlet
pipe positions, where the specification was often quoted as the bench mark channel [12,13] from view point of funda-
mental fluid mechanics, and has engineering significance in practice. This configuration is widely applied in chemical
plants and plastic modeling processes, medical engineering and bioengineering. The important point of the configu-
ration is the expansion ratio (3/7) of the channel, which is so often quoted in references as the bench mark case. The
outlet branch channels are rather arbitrary so that two representative cases are studied in this study. The present study
involves local velocity measurements in the channels and flow visualization, associated with measurements of flow
rate distribution characteristics from two outlet pipes in two different representative positions. Furthermore, in order
to shed light onto the physics in the experiment work, a numerical analysis is carried out by using HSMAC (Highly
Simplified Maker And Cell) method [14] in a three-dimensional flow domain.
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Fig. 1. Experimental apparatus.

2. Experimental apparatus and procedure

The summary of the experimental equipment is shown in Fig. 1. In the present experiment, working fluid (glycerin
water solution) was circulated by two gear pumps in parallel arrangement. The working fluid was then sent to the inlet
pipe of the test section. The test section (a cylindrical branching channel) consists of an inlet pipe, abruptly expanded
part and two outlet branch pipes placed at the end of the abruptly expanded part. The details of the test sections are
displaced in Fig. 2 (for two distinct outlet pipes positions; channel 1 and channel 2). The diameter of the inlet pipe is
D = 40 mm, and the length of the inlet pipe and outlet pipes was chosen for the sufficient length, l0 = 1300 mm from
McComas’s theory [15] (l0 = 0.0260 ReD), so that the flows at the inlet of the abruptly expanded part and at the outlet
of each outlet branch pipe can be sufficiently developed as the Poiseuille pipe flow. The geometric configuration of the
abruptly expanded part was chosen from a typical abrupt expansion system geometry; the expansion ratio E (diameter
of the abruptly expanded part/diameter of the inlet pipe) is E = 3 and the aspect ratio As (axial length of the abruptly
expanded part L = 280 mm/diameter of the abruptly expanded part 3D) is As = 7/3. After entering the abruptly
expanded part, the fluid was distributed to two identical outlet branch pipes. The diameter of the outlet branch pipes
is d = 20 mm identically and the distances between central axes of the two outlet branch pipes are 3D/2 and 3D − d

for channel 1 and channel 2 respectively as shown in Fig. 2. It is mentioned that such three dimensional branching
channels are widely utilized as a typical distributor in fluid engineering, and which can be thought and treated as
bench mark cases in fundamental hydrodynamic research. The working fluid, after leaving two outlet branch pipes,
was lead to the reservoir tank and was then circulated again by the two gear pumps. The whole test section was
made of transparent acrylic resin material so that the velocity measurement and flow visualization are possible. In the
present study, the cylindrical coordinate system of r (the radius coordinate), θ (the angle coordinate), and z (the axial
coordinate) was used, whose origin 0 is set at the inlet of the abruptly expanded part as indicated in Fig. 2. In the
present study, velocities at some representative points were measured [16] in order to test if the flow was steady or
unsteady and to identify the asymmetric flow.

The working fluid used in the present investigation was glycerin water solution as mentioned previously, with
which the inlet Reynolds number, Re = WmaxD/ν, can be extended to Re = 1000, where ν is the kinematic viscosity
and Wmax the maximum velocity (axial velocity at the axis of pipe of Poiseuille flow) in the inlet circular pipe. It
should be noted that throughout flow experiments temperature of the working fluid was monitored. The temperature
variation was fined between 19–25 ◦C during whole experiments and the physical properties for Reynolds number
were corrected in terms of temperature variation for each experiment.
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Fig. 2. Details of test section.

In the present experiment the volume flow rate from each outlet branch pipe was measured by collecting volume
of flow for time duration of 5–15 seconds from each leading pipe to the reservoir tank. The volume flow rate q1 and
q2 from each outlet branch pipe (as shown in Fig. 2) is then calculated by the following equations:

q1 = m1/ρt, q2 = m2/ρt (1)

where m1, m2 are the weight of the working fluid collected from each outlet branch pipe, t is sampling time. The
measurement of the volume flow rate was repeated at least five times and the average value was adopted. The mea-
surement accuracy of the volume flow rate from each outlet branch pipe was found to be maximum ±1%, which was
estimated from deviation of each repeated data. The measurement details can be seen in Ref. [16].
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Flow visualization was also achieved by mixing a little amount of aluminum oxide powder with a surfactant to
the working fluid. The flow phenomena in the abruptly expanded part showed very complicated three-dimensional
flow patterns so that in the present investigation flows in the horizontal plane; θ = 0,π plane and the vertical plane;
θ = ±π/2 plane were observed by focusing slit light to the planes. The images of flows were recorded as still image
by a high resolution digital camera.

3. Numerical analysis

In the present study, simulation of the incompressible Newtonian fluid was carried out in order to clarify the
behavior of flow in the test sections.

The flow is assumed as incompressible and isothermal so that the flow field can be written by the continuity
equation and Navier–Stokes equation as,

∇ · v∗ = 0, (2)
∂v∗

∂t∗
+ (

v∗ · ∇)
v∗ = −∇p∗ + 1

Re
	v∗ (3)

where Eqs. (2) and (3) are in non-dimensional form. Parameters appearing in Eqs. (2) and (3) are defined as,

x∗ = x

D
, v∗ = v

Wmax
, p∗ = p

ρW 2
max

, t∗ = Wmax

D
t, Re = WmaxD

ν
(4)

where x = (r, θ, z) is the coordinate, v = (u, v,w) the velocity vector and p the pressure, ρ the density, t the time and
ν the kinematic viscosity. As seen in Eq. (4), parameters appearing in Eqs. (2) and (3) are non-dimensionalized by D,
diameter of the inlet circular pipe and Wmax, maximum velocity component at the axis of the inlet circular pipe.

The numerical solutions of the flow field were obtained by the Highly Simplified Maker and Cell method [14].
The discretization was done by the finite difference approximation, namely the second order central finite difference
for the viscous diffusion terms, the third order up-stream finite difference for the convective terms and the first order
forward finite difference for time derivative. The second-order scheme is used to handle the pressure term in the
present study. In addition, an outflow flow boundary condition is used to model flow exists where the details of the
flow velocity and pressure are not known prior to solution of the flow problem. In Fig. 3 (i) and (ii), representative
mesh systems are displayed together with the cylindrical coordinate system and the definition of the vertical plane
and horizontal plane for channel 1 and channel 2 respectively. Grid independence of the results was established by
employing various number of mesh points, ranging from 100,000 to 1,296,000, but it was verified that the mesh
configuration 15 × 80 × 135 is the optimum. Further increase of mesh number did not yield further improvement of
numerical precision. The grid independence was tested under the representative Reynolds number 100, 300, 400, 630,
800 and 1000 in the present geometry configuration. The mesh configuration 30 × 160 × 270 made only maximum
0.3% difference in representative, such as the flow rate deflection and the re-attachment length at the abruptly expanded
part.

Boundary conditions for flow field calculation are:

1. Before the entrance of the abruptly expanded part at z∗ = −2.5, it is assumed that the flow is fully developed
Poiseuille pipe flow and following Dirichlet conditions are given:

u∗ = 0, v∗ = 0, w∗ = 1 − 4r∗2. (5)

2. At the exit of each outlet branch pipe, at z∗ = 11, the outlet flow condition is assumed as the fully developed flow
and is given by following Neumann condition. In addition, a pressure outlet boundary condition was used in the
numerical scheme. That is, gauge pressure was set as zero at the outlet.

∂v∗

∂z∗ = 0. (6)

The mass conservation is the most important issue in this work. For inlet volumetric flow rate in incompressible
flow, the continuity of mass (for constant density) is such that inlet volumetric flow rate equals to the volumetric flow
rate from channel 1 and channel 2. In the numerical analysis, the condition is always monitored and ensured in each
time step.
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Fig. 3. Mesh system.

3. At every wall in the test section, non-slip flow condition is given by following Dirichlet conditions:

u∗ = 0, v∗ = 0, w∗ = 0. (7)

4. Particular attention was given at the axis of the test section, r∗ = 0, where the singularity of numerical solution
occurs. The following Neumann condition is given at the center r∗ = 0:

∂5u∗

∂r∗5
= 0. (8)

The cylindrical coordinate system was used in the present study, and the calculation of flow velocity on the central
axis could not be carried out. So the fourth order polynomial function (8) was used to obtain the central value of
u∗ by an extrapolation method (the fifth derivative was tested as an optimal value between the accuracy and the
computational time).

Since in the present numerical analysis the explicit formulation (time marching convergence procedure) was adopted
in HSMAC method, time step 	t is limited for the numerical convergence and 	t = 1.0 × 10−5–1.0 × 10−3 were
used to meet the following convergence criteria:

|ε| < 1.0 × 10−4, ε = ζ n+1 − ζ n

ζ n
, (9)

where ζ represents u∗, v∗, w∗, and p∗ in whole calculation domain and n represents time. It should be mentioned that
the calculation was terminated when the velocity v∗ at P1, P2, P3, and P4 locations become periodic (at the steady
flow, the amplitude of periodic velocity is zero). Namely, the amplitude of the oscillation of velocity field at each
given point did not change with time.
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Fig. 4. Flow rate ratio vs. Reynolds numbers.

4. Results and discussions

4.1. Flow rate distribution

In order to characterize the hydrodynamic behavior of the cylindrical distributing channel, the flow rate distribution
ratio λ is defined as the ratio of flow rate between two outlet branch pipes, λ = q1/q2 for channel 1 and λ = q3/q4 for
channel 2, where q1, q2, q3 and q4 are the flow rate from two outlet branch pipes as shown in the horizontal planes of
Fig. 2 (i) and (ii).

In Fig. 4 (i) channel 1 and (ii) channel 2, λ versus Reynolds number is displayed for Re � 1000 within the range
of present study, where data obtained in the experiments are compared with the numerical results. The Reynolds
number range was chosen in this study to include the steady state flow regime (including steady state symmetric
flow and steady state asymmetric flow) and unsteady (time-dependent periodic) flow regime, which was particularly
important in highly viscous fluid flows as often seen in chemical plants, processing plants and bio-medical flows et
al. As indicated in Fig. 4(i), there exist two major regions of λ variation. First distinct region of λ, where deflection
of flow rate distribution to either outlet branch pipe (the flow rate deflection) occurred, can be seen in the range of
Reynolds number, 40 � Re � 150. The maximum flow rate deflection occurred at approximately Re ≈ 80, where
the magnitude of λ was λ = 1.009 for pipe 1 and λ = 0.991 for pipe 2 from numerical results, while in experiment
λ tends to deviate towards the outlet branch pipe 1, showing higher deflection results than the numerical results.
It is seen that for the deflection to the outlet branch pipe 2 the numerical value tends to give good estimate to the
experimental data (that is, the same probability deflection is seen in the numerical simulation) as seen in Fig. 4(i).
Second distinct region of λ of the flow rate deflection was observed in the Reynolds number of 160 � Re � 550,
not only from experiment data, but also numerical results. The maximum deflection λ occurred at Re ≈ 330 and the
magnitude of the deflection λ was largely greater than the first region, i.e., λ = 1.035 for pipe 1 and λ = 0.965 for
pipe 2 from numerical results. In the experiment data tended to show more deflection towards the outlet branch pipe 1
(although there was good agreement between the numerical results and experimental data for the outlet branch pipe 1
in the second distinct region, 160 � Re � 550) while for the outlet branch pipe 2 the experimental data has a trend of
reading lower values than that of numerical results. It should be emphasized that in experiments and numerical results,
the deflection towards each outlet branch pipe occurred with the same probability (in the present study, for the steady
state flow regime, “the same probability” means that on changing the Reynolds number and restarting the experiment
there is equal probability of the flow deflection being toward either pipe. For the unsteady flow regime, it means that
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λ oscillates back and forth with equal time spent at pipe 1 and pipe 2 or pipe 3 and pipe 4), although the magnitude
of λ is different for pipe 1 and pipe 2. In the numerical analysis, the deflection phenomena were also dependent upon
the Reynolds number, but occurred evenly to both outlet branch pipe with the same order of magnitude of λ (not
only including the steady flow regime, but also time dependent periodic flow regime). This is because no matter how
precise for the experimental setup and for keeping experimental conditions constant there exists a certain amount of
error of tolerance, which reflects the major deviation of λ for pipe 1 and pipe 2 in the experimental data. Those were
approximately maximum 2.1% in the first flow rate deflection region towards pipe 1 and 3.3% in the second flow rate
deflection region towards pipe 1. However, in spite of some difference between numerical results and experimental
data, the general trend shows a good agreement, as seen in Fig. 4(i).

In the same manner, in Fig. 4(ii), λ (= q3/q4) versus Reynolds number are displayed for Re � 1000 within the
range of present study. As indicated in Fig. 4(ii), there exists only one distinct region of λ variation in the range of
Reynolds number, 180 � Re � 600. The maximum flow rate deflection occurred at approximately Re ≈ 400, where the
magnitude of λ was 1.009 for pipe 3 and 0.991 for pipe 4 from numerical results, while in experiment λ was 1.01 for
pipe 3 and 0.99 for pipe 4. The relative error of λ between numerical result and experimental value was approximately
0.1%. In comparison with channel 1 and channel 2, it was clearly shown that the magnitude of maximum λ for
channel 2 is approximately the same as that of the first distinct region for channel 1. From general trend of λ in pipe 3
and pipe 4, the flow rate deflection for outlet pipes is moderate for channel 2, that is, when the outlet pipe distance is
kept apart from the center line of the test section. This is because of small deflection of net swirl flow (caused by the
circumferential velocity component v∗ on r–θ plane) at the abruptly expanded part, and that will be described later in
more detail. From the viewpoint of the engineering importance channel 2 can stably distribute the working fluid for
both outlet pipes with smaller deflection of flow rate rather than channel 1, and is more suitable for the purpose of
equal distribution. In addition, in the present study, for Re � 630, the steady state flow persists. For 630 � Re � 1000,
an unsteady (time-dependent periodic) flow begin to occur. A detailed description of flow regimes depending on the
Reynolds number can be seen in the Ref. [16]. But here it should be mentioned the Reynolds number range for steady
flow (Re � 630) is the same for both pipe configurations.

4.2. Variation of flow patterns

In Figs. 5–7, representative flow patterns obtained from steady state visualization and numerical simulation results
associated with the flow rate distribution (as described in Fig. 4) are displayed in the cylindrical branching channel,
i.e. the test section. The flow in the test section is strictly three-dimensional so that presentation of the flow field infor-
mation is limited and for the sake of clarity figures are divided, as (i) the horizontal plane, (ii) the vertical plane and
(iii) the r–θ plane at representative axial position z∗ in each figure. With this manner, in Figs. 5–7, the representative
flow patterns are depicted for Re = 100 and Re = 300 at channel 1 and Re = 400 at channel 2 respectively, which are
representative Reynolds numbers associated with the distinctive regimes in the flow rate deflection characteristic in
Fig. 4.

In Fig. 5, flow at Reynolds number, Re = 100 is presented, where the first flow rate deflection region (40 � Re �
150) for channel 1 was observed. As clearly seen in Fig. 5 (i) and (ii), the corner vortex region expands its size towards
the down stream in the abruptly expanded part, distinct flow deflection occurs and the corner vortex also tends to go
into breakdown, due to the vortex expansion. Large flow deflection on the vertical plane, Fig. 5(ii) is evident compared
to the flow on the horizontal plane. Higher degree of the swirl flow (velocity vector on r–θ plane) appeared, as can
be observed in Fig. 5(iii), particularly at position z∗ = 6.5 (b), and which resultantly shows strong asymmetric flow
configuration on the vertical plane. (In r–θ plane, the asymmetry is very hard to identify since the absolute magnitude
of velocity in the plane is very small in its nature. However, it is our observation that the asymmetry in r–θ plane is
better identified near the center of the channel.) It is thus interesting to note that the swirl flow and strong asymmetric
flow pattern in the vertical plane are correlated while in the horizontal plane the asymmetry of the flow pattern is not
so strong. Consequently the flow rate deflection to either outlet branch pipe is largely dependent on the swirl flow
appearing on r–θ plane as whole, which may basically be attributed to abrupt expansion characteristics of geometry
structure and helical vortex breakdown.

As it was observed in the flow rate deflection in Fig. 4(i), the second flow rate deflection regime for channel 1
appeared in the Reynolds number range, 160 � Re � 550. The representative flow states are depicted in Fig. 6 for
Reynolds number, Re = 300. In this regime, 160 � Re � 550, the general trend of flow field is such that the extended
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Fig. 5. Flow pattern; Re = 100, channel 1 (steady state flow regime); In the abruptly expanded part, the corner vortex region expands its size towards
the down stream and distinct flow deflection occurs. Higher degree of the swirl flow appeared.
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Fig. 6. Flow pattern; Re = 300, channel 1 (steady state flow regime); The extended corner vortex is further developed to the end wall and vortex
breakdown occurs. The strong swirl flow is developed from upstream position.
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Fig. 7. Flow pattern; Re = 400, channel 2 (steady state flow regime); four vortex regions are generated in the extended corner vortex and the swirl
flow at the end of the abruptly expanded part is further developed.
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corner vortex is further developed to the end wall. Particularly as seen in Fig. 6(ii), on the vertical plane the secondary
vortex region is generated in the extended corner vortex (the vortex breakdown occurs), where the re-attachment point
of the corner vortex lies on the end wall in the vertical plane while in the horizontal plane the re-attachment point
did not exist in the region, 160 � Re � 550. Strong asymmetric flow pattern appears in the vertical plane, as seen
in Fig. 6(ii) from both numerical result of flow profile (a) and the visualization result (b), and also in the horizontal
plane, Fig. 6(i), fairly strong asymmetric flow pattern appears. Again in this second flow rate deflection region, 160 �
Re � 550, swirl flow appears, as seen in Fig. 6(iii) on the r–θ plane, particularly at positions z∗ = 6.5 (b). This is
probably due to existence of the extended corner vortex with newly generated secondary vortex region close to the
end of the abruptly expanded part. The swirl flow is developed, as shown in Fig. 6(iii)(b), leading higher deflection
of flow rate and thus higher λ in the second flow rate deflection region, compared with the first flow rate deflection
region of 40 � Re � 150.

In Fig. 7, flow at Reynolds number, Re = 400 is presented, where the flow rate deflection region (180 � Re � 600)
for channel 2 was observed. In this regime, 180 � Re � 600, as seen in Fig. 7(i), on horizontal plane the main flow
extends close to the end of the abruptly expanded part. While in the vertical plane, as seen in Fig. 7(ii), four vortex
regions are generated in the extended corner vortex and the re-attachment point of the corner vortex lies on the front of
the abruptly expanded part in this regime, 180 � Re � 600 (based on Figs. 5–7, with the Reynolds number increase,
the corner vortex expands and goes into breakdown in the almost whole geometry). This is because the swirl flow at
the end of the abruptly expanded part is further developed, compared with channel 1, which will be described later.
Swirl flow appears, as seen in Fig. 7(iii) on the r–θ plane, particularly at position z∗ = 6.5 (b) there exist distinct
four vortex regions in r–θ plane (from Figs. 5(iii)–7(iii), it can be seen that swirl flow becomes stronger and stronger
with the Reynolds number increase). It is shown that the flow rate deflection occurs, which correlated with swirl and
helical vortex breakdown mode and similar phenomena can also be seen in Ref. [3,4]. However, in comparison with
Re = 300 at channel 1, the flow rate deflection is decreased. Since the strongest flow deflection occurs when there is
the strongest swirl, any mechanism/structure in the present channel configuration designed to inhibit swirl would also
reduce flow deflection.

4.3. Interpretation of flow rate deflection characteristics in three-dimensional branching channel with sudden
expansion

In order to relate the observation, Fig. 4, with one essential parameter, and to give an insight for the deflection
characteristics, a numerical study was conducted in the present study. According to the obtained results in Section 4.2,
it become clear phenomenologically that the flow states associated with the deflection characteristics are largely
affected by the presence of swirl flow in the abruptly expanded part. Thus, to relate the deflection characteristics with
parametric quantity, the following quantity is defined in the present study,

Γn = (1/V )
∫
V

v∗ dV

Wmax
, Γ n = 1

t

∞∫

0

Γn dt (10)

where Γn is defined as Swirl Ratio, which is the ratio between the axial representative velocity Wmax and the volu-
metric average of the circumferential velocity component in the abruptly expanded part. V is the total volume of the
abruptly expanded part. In case of the unsteady periodic flow, the time average of Γn is taken as defined Γ n in for-
mula (9). For Γn and Γ n, the numerical simulation was carried out for variation of Reynolds number within the limit
in the present study. The calculation was performed to produce numerical solutions of flow field by varying Reynolds
number, and for each given Reynolds number Γn and Γ n were calculated from the resultant flow field. In Fig. 8(i)
channel 1 and (ii) channel 2, results of the numerical simulation are depicted.

As seen in Fig. 8(i), there are two identical paths of Γn (and Γ n), depending upon net effect for the direction of
θ of the circumferential velocity component, and the two paths occurred with the same probability for increment of
Reynolds number as preciously described. There is the similarity between two profile of Γn and Γ n in Fig. 8(i) and λ

in Fig. 4(i). The first deflection regime, 40 � Re � 150, and the second flow rate deflection regime, 160 � Re � 550
(both are the steady state flow regimes and Re � 630 is the case of unsteady periodic flow), in Fig. 4(i) are well
matched with the result of Γn in Fig. 8(i). Reynolds numbers, which gave maximum flow rate deflection λ in the first
deflection region and in the second flow rate deflection region, Re1 ≈ 80 and Re2 ≈ 330 respectively in Fig. 4(i), are
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Fig. 8. Swirl rate ratio vs. Reynolds numbers (Re � 630, the steady state flow regime; 630 � Re � 1000, an unsteady periodic flow).

also in good agreement with the associate Reynolds numbers for Γn shown in Fig. 8(i). Thus, according to the fact
based on the comparison between λ and Γn, the net effect of the swirl flow, which is generated due to the nature of
three-dimensional asymmetric configuration of the test section and affected by the existence of vortices, is the key
factor to determine the characteristics of flow rate deflection in the benchmark model channel studied in the present
investigation.

As indicated in Fig. 8(ii), there exists a major deflection region of Γn (and Γ n), and the deflection occurred with
the same probability for increment of Reynolds number as preciously described. There is the similarity between the
profile of Γn (and Γ n) in Fig. 8(ii) and that of λ in Fig. 4(ii). The deflection regime, 180 � Re � 600, in Fig. 4(ii) are
well matched with the result of Γn in Fig. 8(ii). Reynolds number, which gave maximum flow rate deflection λ in the
flow rate deflection region, Re ≈ 400 in Fig. 4(ii), is also in good agreement with the associate Reynolds number for
Γn as shown in Fig. 8(ii). In comparison with channel 1, the deflection of Γn (and Γ n) becomes small. Consequently
both the distinct region of λ of the flow rate deflection and the distinct value of λ of the flow rate deflection in channel 2
are decreased.

5. Conclusions

Flow rate deflection characteristics in a three-dimensional cylindrical branching channel were obtained by experi-
mental measurements and numerical simulations.

There are two major regimes for channel 1 and only one distinct regime for channel 2, where the flow rate deflection
occurs to either outlet branch pipe, magnitude depending upon the Reynolds number. In comparison with channel 1
and channel 2, both the region of the flow rate deflection and the distinct value of the flow rate deflection in channel 2
are smaller than that in channel 1. From the viewpoint of the engineering importance channel 2 can stably distribute
the working fluid for both outlet pipes with smaller deflection of flow rate rather than channel 1, and is more suitable
for the purpose of equal distributor.

Detailed flow states were presented associated with the flow rate deflection characteristics, showing flow patterns
on representative planes in the abruptly expanded part. It was found that in general the weakly asymmetric flow
patterns in the horizontal plane are well kept for the entire range of Reynolds numbers in the steady state regime,
while in the vertical plane there appeared strong asymmetric flow patterns. This was chiefly related with the strong
deviation of swirl flow (on the r–θ plane) to the horizontal plane and it was found that the existence of swirl flow,
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appearing on the r–θ plane, plays an important role to determine the state of flow field and in turn affects the flow rate
deflection characteristics.

Based on the results gained from the flow field phenomena, the parametric quantity defined as the Swirl Ratio
showed excellent predictability for the flow rate deflection characteristics, and indicated that the net swirl generated
in the flow field determines the overall character of the flow rate deflection to the outlet branch pipes independent of
the flow mode. In comparison with channels 1 and 2, the deflection of the Swirl Ratio for channel 2 becomes small.
Consequently both the region of the flow rate deflection and the distinct value of the flow rate deflection in channel 2
are decreased.
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