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Abstract. This study focuses on investigating the effect of protruding branching duct on laminar fluid
field in 90° dividing pipe junction of mini heat exchanger. The ducts under study, main and branch
side, are of minichannel scale where the corresponding diameters are 3.96 and 1.6 mm respectively.
First, numerical validations are given based on the experimental measurements of Cho et al. [1] for the
case of non-protruding branching duct (h=0, B #0) and also comparing with Poiseuille flow for non-
protruding case with no flow in the branch side (h=0, f=0) where good agreements were found in each
case. Second, the degree of protrusion in pipe branching duct is characterized studying and analyzing
two cases of protrusions (2 = D1 /4 and h = D;/2). The effects of branching flow rate ratio 3 on local
pressure changes and the velocity profile are presented and examined in both main and branching ducts.
Finally, the influence of the extent of protruded branch on velocity field and the local pressure drop are
documented as expected. The results shown a strong effect of protrusion on hydrodynamic flow.

1 INTRODUCTION

The dividing flow in manifold systems is extensively employed in many industrial processes, engi-
neering and biomedical applications, especially in heat exchangers devices. Flow distribution in these
systems depends strongly to the ramifications designs and shapes. Protruding branching duct is one of
the most relevant configuration of these because of the high change of flow field in dividing arrangement
[2]. This paper is concerned with flow in piping system equipments when an extension of branching duct
is welded within the main duct of heat exchanger manifold as shown in Fig. 1.

For three dimensional flow of dividing pipe junction no investigations were revealed in the literature
about protrusion effect of branch side into main duct. For two dimensional distribution Tavers and Worek
[2] studied numerically the effect of protruding branching duct in a planar 90 degree bifurcation. They
reported that the velocity field and pressure drop were strongly influenced by the extent of the branching
duct protrusion. Yang and Tsai [3] studied fluid flow and heat transfer of turbulent regime in a planar
arrangement of protruding branching duct and they found that protrusion increased significantly the
pressure drop in the region of the protrusion. Several investigation have been carried out on protruding
branching duct for turbulent two-phase flow distribution in headers. Zughbi [4], Ren and Hrnjak [12]
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and Pei et al. [14] studied numerically and experimentally the effect of protrusion on turbulent mixing
flow and they found that the two-phase distribution depends strongly on the geometry and configuration
of the headers. Horiki and Osakabe [5] studied experimentally distribution behavior of water with a gas-
phase in a horizontal header with four vertical dividing protruded pipes. They reported that this system
contributed to raise the heat transfer efficiency in the components and by increasing the protruding length
the non-uniform distribution of water was suppressed. Other authors, like Kim and Han [8], Kim et al.
[9], Wang J. [10], Lee and Lee [11] and Koyama et al. [13], found the same conclusions when the branch
side is a rectangular duct and they revealed that the protrusion improves the headers to distribute the
phases more evenly.

Ramification of non-protruding branching duct or T-junction has been previously studied by several
researchers. Karino et al. [6] reported that in laminar flow of branching duct three areas of recirculation
may be taken place around branch site depending on the inlet flow rate and the dividing flow rate ratio
B. Cho et al. [1] carried out experimental investigation on local pressure changes and flow along the
main duct examining the effect of the flow rate ratio, upstream Reynolds number, and branch angle.
They found a significant influence of flow rate ratio on the pressure distribution. For two dimensional
branching duct Karino and Goldsmith [7] studied the effect of the branching angle and diameter ratio on
flow patterns. Also for planar rectangular dividing T-junction Liepsch et al [15] carried out measurements
and numerical calculations using Navier-Stokes equations and finite-difference method. For the same T-
junction configuration Hayes et al. [16], Khodadadi [17] and Shaboury et al. [19] reported that the
sizes of the two recirculation zones increase with the flow rate ratio. Yung et al. [18] and Neary and
Sotiropoulos [20] investigated numerically the three-dimensionality case of T-junction with rectangular
cross-section. Neary and Sotiropoulos [20] replicated the study of Liepsch et al. [15]. They revealed
that the flow was three-dimensional and flow separation and vortex flow are also function of duct depth.
Recently Haller et al. [21] carried out experimental and simulation study on microchannel networks of
rectangular cross section. He revealed that the use of smooth branching for redirecting and splitting the
fluid enhances heat transfer.

Branch side
T Outlet flow (2)
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A,
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Figure 1: Geometry of protruding branching channel

In the present study computational Fluid Dynamics (CFD) investigation is performed on laminar fluid
flow in 90° protruding branching duct of dividing mini pipe system. The results are compared with the
experimental measurements of Cho et al. [1] and the study is focused on the analysis of flow distribution
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in order to evaluate the influence of protrusion degree, the effect of flow rate ratio on pressure drop and
flow circulation in main duct and protruded mini branch side.

2 MATHEMATICAL MODEL

The mathematical model is based on non-dimensional Navier-Stokes equations given as follows:
The equation of conservation of mass (continuity equation):

V-U=0 (1)

The equation of conservation of momentum:

U 1 _,
§+(U.V)U_—Vp+EVU (2

Re is the dimensionless Reynolds number defined as:
Re = puiDy /u 3)

Where p and u are the density and the dynamic viscosity of the working fluid. D and u; are the
diameter and inlet velocity of main duct, respectively.

The flow is supposed to be steady, laminar, incompressible and Newtonian with constant properties
and no body forces.

The domain under study is based on the geometry of Cho et al. [1] where the main duct is of diameter
D) = D3 =3.96mm and lengths of L; =50mm and L3 =65mmand. The branch side is of diameter
Dy =1.6mm and length L, =25mm. In Fig. 1 the origin of the cartesian coordinates (X, y, z) is chosen
at the centre of main inlet solid boundary. As shown in this figure the branch side is protruded into the
main duct with & degree of protrusion. In this configuration the incoming flow is being divided through
protruding branching site. The branching flow rate ratio parameter 3 is given by this relation between
incoming flow and flow at mini branch side:

iy = Pniy 4

The following boundary conditions are assumed:
- At solid boundaries we suppose no-slip velocity condition.
- Atinlet of main duct fully developed velocity flow profile is fixed according to analytical solution:

2
u=2u, [1 = (r) ] 5)
ro
Where r is the radial parameter and ro = D/2.

- At outlet of main duct a reference of zero pressure is fixed.
- At outlet of mini branch side a fully developed profile is specified.

3 VALIDATION OF SIMULATION VS. EXPERIMENTS

For the numerical simulation the domain is discretized with structured mesh as ilustrated in Fig. 2. For
non-protruding branching duct three meshes were performed in order to validate numerical simulation:
M1, M, and M3 of 13005, 52086 and 165280 control volumes respectively.
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a) 3D front view of mesh b) Wall mesh of protruding branching

Figure 2: Views of the mesh used

The results reported in this work have been performed with the TermoFluids Computational Fluid
Dynamics (CFD) software package [23] which is an intrinsic 3D parallel CFD object oriented code. It
is based on the fully conservative finite volume of second order schemes for spatial discretization and
second order explicit time integration. The pressure velocity linkage is solved by means of an explicit
fractional step procedure.

Mesh-independence tests are conducted for 33% sugar-water solution with viscosity of =4 centipoise
and density of p=1142.0 kg/m at 19°C. Two cases of validation can be discussed:

- Case of (h=0, B=0): non-protruding branching duct and zero flow in mini branch side (Fig. 3a).
- Case of (h=0, B #0): non-protruding branching duct and flow through the branch side (Fig. 3b).
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Figure 3: Comparison with Poiseuille flow (f=0) and measurements of Cho et al. [1] (B #£0)

The results are given in terms of dimensionless pressure change coefficient (left-hand side of equation
6) along the main duct. The local pressure P; is evaluated along the wall opposite the branch where
measurements of Cho et al. [1] were studied.

The numerical results given in Fig. 3 indicate that the meshes M5 and M3 agree well with Poiseuille
flow for =0 and with experimental measurements for f=0.38. For two cases it was found that the meshes
M3 and M» present a mean errors around 1% and 2% respectively however the coarse mesh M| presents a
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mean errors between 8% and 9%. Because of the small difference between meshes M, and M3 the mesh
M, can be considered sufficient for grid independent solution. Consequently basing on the mesh M, the
mesh for the case of protruding branching was performed increasing density around the protruded mini
branch side into main duct, it was of 80122 control volumes.

4 RESULTS

4.1 Effect of protrusion degree on local pressure drop

For inlet Reynolds Re;=322 the results of the effect of protrusion degree on local pressure drop are
given in Fig. 4 for the case of no flow at the branch side (f=0) and in Fig. 5 for flow at the branch side
(B=0.38). For the main duct the results are given along the wall opposite the branch and for protruded
branch side the results are given along the centerline from the wall opposite the branch (y = —D; /2).
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Figure 4: Effect of protrusion degree on local pressure. Comparison vs Poiseuille flow (B=0)

0 18
Cho et al.‘ Exper. result‘s, No Prolrud‘ing branch (h‘:O) [0} ‘Presenl \‘NOI’k, NoH Protrud‘ing branéh (h=0) !
Present work, Non Protruding branch (h=0) 16 | Present work, Protruding branch at h=D1/4 ——— |
Present work, Protruding branch at h=D1/4 ——— Present work, Protruding branch at h=D1/2 ——
-1+ Present work, Protruding branch at h=D1/2 ——— 14| i
- 12 - ,
< 2r o~ %o | i
35 — © 10 - b) Protruding branch, Re1=322, =0.38
= -
[ Q a
T 3r — 4 g 8r i
a © 6 R
5 ~.
T 4L 4 4L i
2 i
5 a) Main duct, Re1=322, $=0.38 B 0 e
)
) | | | | | | | |
-6 L L L L L -40 -35 -30 -25 -20 -15 -10 -5 0
0 5 10 15 20 25 30 (Pi-P1)(1/2 pU1?)

x/D1

Figure 5: Effect of protrusion degree on local pressure field in main and branch ducts ($=0.38)

For the effect of protrusion degree two cases of protrusion are examined, at h = D; /4 and at h = D; /2.

It was observed, for f=0 (Fig. 4) that the presence of protrusion into main duct causes:
- High decreasing of local pressure in upstream main duct close to the protruding branch location
(x/Dy = 12.62) which returns to increase and recuperate the Poiseuille flow type just passing the



M. Settati, C. Oliet and A. Oliva

protruded branch side site (x/D; = 13.03).
This effect increases with increasing protrusion size.

For the case of flow at branch side (=0.38) the results are given in Figs. 5a and 5b for main duct and
branch side respectively. These results indicate that:

In main duct, the pressure drop increases with increasing of protrusion degree, that is the case of
h = D /2, presenting a significant higher pressure drop than the case of h = D; /4 (Fig. 5a).
Comparing Fig. 5a with Fig. 4, for example for the case of h = D;/2, it is observed that after the
branch location the main duct pressure drop decreases with increasing branching flow from 0 to
0.38, reflecting the reduced mass flow at main duct outlet.

At the entrance of mini branch side (Fig. 5b, -1 < y/D, < 3) pressure profile changes significantly.
This effect is more pronounced as protrusion increases, as also found by Tavers et al. [2] for a
two dimensional case. Then the pressure evolves along the branch reaching fully developed profile
type as expected.
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Figure 6: Effect of branching flow rate ratio on pressure field of protruding branching duct

4.2 Effect of flow rate ratio on local pressure field of protruding branching duct

The effect of dividing flow ratio on local pressure is given for the case of protruding branch side,
at main centerline 7 = D; /2 and for 3 from 0.2 to 0.49. The results given in Figs. 6a and 6b for inlet
Reynolds number Re=322 show that:

For main duct the pressure drop increases with decreasing branching flow rate ratio, as observed
by Cho et al. [1] in the experimental measurements for non-protruding branching case.

For protruded mini branch side the inverse is found, that is the pressure drop increases with in-
creasing branching flow rate ratio, because of the increase of mass flow rate.

4.3 Velocity profile of protruding branching duct

The study of protrusion effect on velocity profile for inlet Reynolds Re;=322 and h = D; /2 is given,
for branching flow rate ratio 3=0.0 and 0.38. The results are compared with Poiseuille velocity profile.
The results along main duct are presented in Fig. 7, showing that:

Velocity profile changes around the upper corner just upstream protruding site (location x=0.0495)
to the reverse direction where pressure drop increases due to presence of protrusion. A small zone
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Figure 8: Velocity profile of protruding branching duct. Branch side for $=0.0 and $=0.38

of recirculation flow takes place.
For $=0.0, at just protruded branch (location x=0.0508), streamwise velocity becomes negative,
reflecting a counterclockwise recirculation in the first branch diameters (not net flow, acting as a

hole).
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- A second recirculation zone was found in the upper corner just downstream protruding branching
duct (location x=0.052), while the velocity profiles also show the impact of the protrusion with
lower velocities on the upper half of the duct. For the case of f=0.38, the maximum velocity
decreases due to the effect of dividing flow rate.

- Velocity profile begins a recovery process along main duct downstream (location x=0.06, 2Dy),
with a quicker recuperation for the case of $=0.0. For =0.38, the fully developed flow is reached
approximately from 7D;.

The results along mini branch side are given in Fig. 8, indicating that:

- At one diameter of branch inlet y=+D;, velocity profile shows a reverse flow on the left half, with
a stronger recirculation zone for =0.38.

- Atthe location of y=+2D», the intensity of recirculation decreases significantly and then disappears
at y=+3D,. Reattachment flow takes place between these two locations.

- As seen at y=+8D», local velocities continue developing along mini branch side, until recuperating
developed profile.
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Figure 9: Maps of velocity flow along centerline. Cases of 4= 0 and 7 = D; /2 for f=0.0

4.4 Maps of velocity profile of protruding branching duct

Results in terms of maps of velocity profile are given in Figs. 9 and 10 for inlet Reynolds number of
Re=382 and protrusion degree of 4 = D} /2. These are examined for both cases of f=0.0 and 0.38.
For no flow at the branch side (f=0.0):
- For the case without protrusion effect (h=0), Fig. 9a reflects the expected parabolic Poiseuille
velocity profile.
- For h #0.0 (Fig. 9b) protrusion effect takes place as an obstacle. Accordingly, velocity profile
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Figure 10: Maps of velocity flow along centerline. Cases of 2 =0 and & = D, /2 for $=0.38

changes highly around the branch site.

- Flow recirculation takes place at the top corners just close to protruded branch side; a first small
vortex appears at upstream, and the second one, of higher amplitude, is found downstream. A
recirculation is also seen inside first diameters of branch side, as comented before.

For flow flowing at the branch side, case of $=0.38:

- In this case 38% of incoming mass flow is being directed into protruded mini branch side, and
velocity flow starts developing from branch inlet.

- With the presence of protrusion degree 7 = D; /2, comparing Fig. 10a with Fig. 10b, the local
velocity increases significantly at the downstream part of protruded branch entrance, as the main
duct velocity is higher in the centreline.

- As consequence of incoming mass flow part conducted into branch side (Fig. 10 a and b) local
velocity decreases along main duct downstream.

- At mini branch side entrance recirculation flow appears at first diameters, the corresponding size
and intensity increase with the presence of protrusion degree (Figs. 10a and 10b).

5 CONCLUSIONS

In this work numerical investigation of hydrodynamic effects of protruding branching duct on a di-
viding junction (employed in heat exchangers) was studied. The following consequences were found:
- In both ducts, main and mini protruded branch side, pressure drop increases significantly with
increasing protrusion degree (h).
- Pressure drop in main duct increases with decreasing branching flow rate ratio B, however in
protruded mini branch side it increases with increasing .
- In main duct local velocity decreases just main upstream close to protruded branch due to protru-
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sion effect. First recirculation and reverse flow were detected. Second flow circulation region was
found at the upper part of downstream main duct close to protruded branch side.
- In mini branch side local velocity increases significantly at the entrance, on the downstream side.
- Third recirculation region was observed at entrance of mini protruded branch side and its intensity
and size increase with increasing protrusion degree.
This study allows future characterization of dividing junction pressure losses. This information would
enhance heat exchanger flow distribution prediction, while also opens space for its control.
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