
Maldistribution on a Vertical
Manifold With Guide Vanes
Wall-Modeled Large Eddy Simulation (WMLES) has been used to study a subsonic verti-
cal manifolds (VMs) in terms of maldistribution, i.e., how much the flow splitting deviates
from an equal flow distribution between the outlets. The analyzed configuration is charac-
terized by a wide-angle plane diffuser and by four outlets and it has been studied at high
Reynolds number (Re� ¼ 10000, with Re� ¼ u�Dh=�, where u� is the friction velocity at 
the inlet, Dh ¼ 4A=P is the hydraulic diameter with A the cross-sectional area at the inlet
and P the perimeter, � is the kinematic viscosity). In the basic configuration, a jet flow
develops in the diffuser with two stable flow separation regions at the inclined walls,
which prevent an equal flow distribution at the outlets, and determine a maldistribution
around e ¼ 37%, where e is a parameter that quantifies the flow rate deviation from an 
equal distribution. To increase the equal flow distribution between the outlets, guide
vanes have been used. A conceptual model to reduce the maldistribution has been devel-
oped using the momentum and the mechanical energy conservation laws. The model uses
as main parameter the relative distance between the guide vanes, and it allows to mini-
mize e. Taking advantage of this method, the maldistribution has been reduced from 
e ¼ 11:20%, for the case of equally distributed guide vanes, to e ¼ 0:32% in the opti-
mized configuration. The methodology is of general use also for hydraulic systems.

1 Introduction

Uniform flow distribution is a common problem in many appli-
cations. This issue rules, for example, the exhaust flow collection
from engines [1], the distribution in water supply network [2], the
air distribution in HVAC system [3], it can be very important in
chemical reactors [4], in the catalyst converter [5], in solar collec-
tors [6], in heat exchangers [7] and so on. Generally, in pipe sys-
tems, the arrangement for the flow distribution (or collection) is
defined as a manifold. Its main scope is to split the flow rate from
a main channel to different branches, or if it works in the opposite
way, its role is to merge the flow from several inlet into a common
outlet. The first case is defined as a diverging manifold, while the
second one as a combining manifold. Considering the diverging
manifold class, a key point is to guarantee an equal flow distribu-
tion between the different outlets. The flow splitting is often asso-
ciated with a pressure recovery, which in the end prevents the
equal distribution. This phenomenon is called maldistribution.

Over the years, different strategies have been adopted to study
the manifold: first laboratory experiments have been carried out
and successively the analysis has been conducted using analytical
model, discrete model, or computational fluid dynamics (CFD). A
seminal work is that of Ref. [8], where an analytical model, based
on momentum balance, has been used. This approach has been
extended by [9], with a simplified procedure for the manifold’s
analysis, based on the solution of two equations: a pressure-flow
equation and a flow distribution equation. A further development
is by [10] to include frictional effects. For discrete model see
among the others [11]. When using CFD, manifolds are generally
investigated by taking advantage of the Reynolds-averaged
Navier–Stokes equations (RANS), see for example, [12], and for
the turbulence modeling see Ref. [13]. For a general introduction
to the theory of manifolds see Ref. [14].

Most of the analysis has been done on the consecutive manifold
configuration, where a main header is associated with a set of lat-
eral parallel branches. On the other hand, other arrangements are
relevant, see for example, [15]. For example, other manifolds are

based on flow bifurcation, with a tree-shaped structure, and with
the inlet aligned with the outlets, see for example, Refs. [16] and
[17]. These configurations allow a better equal flow distribution,
but with a strong drawback related to the space requirement,
which prevents its practical applicability. Within the same con-
cept, a particular type of diverging manifold is that of Fig. 1(a),
this arrangement is characterized by an inlet aligned with the out-
lets, in this sense, we talk about a vertical manifolds (VMs), and
the flow distribution is performed through a diffuser. In some
way, this configuration resembles a Penstock bifurcation or trifur-
cation, and it is common in industrial drying hood, in catalyst con-
verter (see Refs. [1,5,18]), in chemical reactors (see Ref. [19]), in
plate-fin heat exchanger (see Ref. [20]).

In a classical consecutive diverging manifold, the key element
for the flow distribution analysis is the T-junction, in the VM this
role is taken by the diffuser. Its geometrical characteristics,
together with the inlet flow condition, rule the distribution.

For a planar diffuser, where the wall expansion angle acts only
in one direction, the most important geometrical aspects are: the
diffuser wall expansion angle /, the characteristic lengths ratio
N=W1, where N is the diffuser extension, while W1 is the inlet
width, and the aspect ratio AR ¼ W2=W1, where W2 is the width at
the diffuser exit, see Fig. 1(b). In this configuration, the fluid
dynamics is characterized by different flow regimes, in terms of
flow separation at the walls. If the Reynolds number
(Re ¼ UDh=� with U the mean inlet velocity, Dh the hydraulic
diameter, and � the cinematic viscosity) is sufficiently high, larger
than 5� 104 ([21]), these flow regimes depend only on the geo-
metrical aspects, / or W2=W1 versus N=W1, [22]. For example,
consider the case where the lengths ratio N=W1 is maintained con-
stant, while the diffuser angle / varies:

(1) A first regime is obtained for small angles. The flow from
the inlet, going into the diffuser, remains attached to the
walls and there are no appreciable flow separation regions
if time-mean is considered, while, instantaneously flow sep-
aration can occur.

(2) Increasing the angle, a second regime takes place. The flow
in the diffuser is characterized by the presence of a large
transitory flow separation region, which alternatively forms
at the two expansion’s walls. When these structures detach,
they have transported away in the flow field. With a further
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increase of the angle, the flow separation region may be
quasi-stable, it develops only on one side of the diffuser
and it can persist for a long time in this condition without
detaching.

(3) For an even larger angle value, the flow from the inlet to
the diffuser behaves like a jet, two large stable flow separa-
tion regions are present at the diffuser walls, this is the third
regime. This last condition is typical for the so-called wide
diffuser.

For a better description of these flow regimes see Ref. [23] and
its famous chart.

If, for example, we have the ratio AR¼ 3, a value of N ¼ 60W1

is required to obtain a small angle / and to be in the first regime
of no appreciable flow separation condition. This configuration is
desirable because it reduces the local head loss and it guarantees a
better flow uniformity at the diffuser exit. On the other hand, the
extension of the diffuser, related to N, can be an issue. Indeed, in
a number of situations, this solution cannot be implemented
because of space restrictions. In real applications, the wide dif-
fuser is the rule, not the exception, typical values are in the range
from N=W1 ¼ 1:5 and AR> 2.5, to N=W1 ¼ 10 and AR> 30.
Once a wide planar diffuser is used in a VM, stable flow separa-
tion regions develop at the diffuser walls, interacting with the out-
let channels, and consequently, a strong maldistribution condition
is expected. Several strategies can be used to improve the flow
uniformity at the diffuser exit. The key point is to prevent flow
separation formation. A simple solution is to use screens (or per-
forated plates, or cylinder arrays) inside the diffuser. The flow is
forced to pass through a grid, which increases turbulent mixing,
and forces momentum transfer from the streamwise to the trans-
verse directions, see among the other [24–26]. The main

disadvantage is that the screen introduces a strong head loss.
Another solution, which avoids increasing the head loss, is to use
guiding vanes at the diffuser inlet, see for example, [27]. Other
strategies could be implemented (flow suction, artificial rough-
ness, cavities, vortex generator, threshold, etc., see for example,
[28–30]), but in most applications, this is considered the only
practical method to improve flow distribution in a wide planar dif-
fuser ([31]). The guiding vanes can also extend for the entire dif-
fuser length. In this case, the diffuser can be considered as divided
into several subdiffuser with a smaller characteristic expansion
angle. The use of guide vanes results in an increase in the continu-
ous head loss due to the additional walls, but overall the head loss
is reduced if the flow separation regions disappear or are strongly
reduced. This can be obtained using an optimum number of vanes,
which is strictly connected to the diffuser expansion angle, for
example, in the range 60 deg < 2/ < 90 deg is 6, see Ref. [27].

If a wide planar diffuser is associated with a VM, it could be
reasonable to use a number of guide vanes directly associated
with the number of outlets. Within this work we want to analyze a
VM characterized by a planar wide diffuser, where guide vanes
are used to create smaller diffusers, directly connected to the out-
lets. Then we address the following questions:

(1) how much beneficial is the use of guide vanes in a VM in
terms of the maldistribution?

(2) which strategies can be adopted for the guide vanes posi-
tion in the inlet channel to reduce maldistribution?

The study is carried out using both an analytical method and a
numerical one. First, the VM configuration will be analyzed in
terms of characteristic control volumes, where the conservation
law for momentum, for mass and the energy equations will be
applied. As a result, a strategy to avoid maldistribution will be
derived. This approach will be later used to define the configura-
tions to be studied numerically through CFD, in this case we take
advantage of Wall-Modeled Large Eddy Simulations (WMLES),
solving the filtered version of the Navier–Stokes equations. In
WMLES the large energy carrying turbulent scales are directly
resolved, while the smallest ones, below the grid cell size, are
modeled through a subgrid scale model (SGS). Moreover, to
reduce the computational cost, the viscous sublayer is not directly
solved and its effect is provided to the interior flow with a wall
function, see Ref. [32]. The WMLES, although computationally
expensive, is used because it is able to reproduce unsteadiness and
three-dimensional features hardly reproduced by standard RANS
computations. In a wide diffuser, the flow separation regions are
mainly fixed, but once subdiffusers with a reduced angle are intro-
duced, transitional flow separation could appear, see for example,
[33]. Unsteady Reynolds-averaged Navier–Stokes (URANS)
model can be unable to reproduce these phenomena, see Ref. [34].

The paper is structured in the following way: in Sec. 2 an ana-
lytical model is proposed together with the cases under investiga-
tion; the governing equations, for the numerical simulations, are
described in Sec. 3; the boundary conditions for the test cases are
in Sec. 4; results are in Sec. 5; finally, the conclusions are in
Sec. 6.

2 Analytic Model and Test Cases

A sketch of the geometry for the manifold herein considered is
in Fig. 2(a), only a plane xz is shown, considering that the expan-
sion angle / does not act in the y direction. Along the flow direc-
tion (from left to right in Fig. 2(a)) the system is composed of
four main elements: an inlet duct, a diffuser, a mixing area, and
several outlet channels. The first element is a square channel
with a side dimension W1, and an extension of 4W1, to avoid
reflection toward the inlet condition. The diffuser has a length of
N ¼ 1:5W1 and a total wall expansion angle 2/ ¼ 70 deg. With
these geometrical aspects the diffuser belongs to the wide-diffuser
category and in the case of high Reynolds number the jet regime
is expected. Between the diffuser and the outlet channel an area

Fig. 1 (a) Sketch of a vertical diverging manifold and (b) planar
diffuser geometrical aspects
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with extension 0:5W1 is considered. Generally, this area should be
longer, because it is beneficial to allow a channel flow profile
recast. Here it is considered small, in the view of the space restric-
tion issue, related to the use of a wide diffuser, and then to high-
light the possible maldistribution. Finally, there are four outlet
ducts with width of 0:75W1 and with an extension of 6:6W1 to
avoid possible interaction between the entrance effects and the
domain outlet.

The geometry of Fig. 2(a) is considered as the initial case (C0).
The other configurations have the presence of the guide vanes,
these extend for W1 inside the main channel and are connected to
the outlet channels. The total number of guide vanes is three, one
along the symmetry plane of the diffuser, the other two are sym-
metrical with respect to the central one, see Fig. 2(b), where only

half of the manifolds are shown. The positions of these two exter-
nal guides is defined in terms of aW (where W ¼ 0:5W1 is half of
the inlet channel height), the distance from the symmetry plane,
where 0 < a < 1. To analyze the manifold, we first consider the
flow rate Q�. It is defined as the target value to have an equal flow
distribution at the outlet, therefore, Q� ¼ Qin=Nout, where Qin is
the flow rate at the inlet and Nout the number of outlet channels. In
the present case Qin ¼ 4Q�.

Consider the scheme of Fig. 3, where only half of the manifolds
are shown, with respect to a plane of symmetry. The presence of
the external guide vane, splits the right part of the geometry into
two channels, channel 1 is the external and resembles an s-bend
configuration; channel 2 is closer to the symmetry line and is char-
acterized by an asymmetric diffuser. Within half of the manifold
the inlet flow rate will be 2Q�. The generic flow rate measured at
the outlet can be declined in terms of Q�, as Q� þ eQ�, where e is
a number, �1 < e < 1, which represents a maldistribution param-
eter. If Q� þ eQ� flows through channel 2, by continuity, Q� �
eQ� flows through the channel 1. Now, to analyze the behavior of
the manifold, we defined two characteristic sections: section A is
taken in the main duct, upstream, far from the guide vanes, in a
location where the inlet channel flow can be considered unaf-
fected by the presence of the guide vanes; section B is taken
exactly at the origin of the guide vanes. If we draw an imaginary
line, from section A to section B, at the height of the guide vane,
it divides the inlet channel into two control volumes, see Fig. 3.
The inflow flow rate can be declined in terms of Q�, so Q� þ dQ�

flows through section with area A2, and Q� � dQ� through the sec-
tion with area A1, where d is a number, �1 < d < 1.

Looking at the control volume 2 of Fig. 4(a), by continuity, a
flow rate is required to pass between section A and section B,
through the imaginary line. This flow rate will be function of d, e.
There will be a transfer of momentum to the streamwise direction,
associated with this cross flow and to its velocity component Vx

along the streamwise direction. So, there will be a loss of momen-
tum in the control volume, if the flow rate is going out from it,
and a gain of momentum if the flow rate is going into the control
volume. Table 1 shows the possible contribution with its sign for
the control volume 2.

Figure 4(b) shows a scheme of the momentum and the forces
acting on the control volume 2, this extends also in the y direction
till the walls. By applying the momentum conservation on the
control volumes 1 and 2, we obtain

A1 PA1
� PB1ð Þ � 2WLs12 � 2WLswz � 1� að ÞWLswy

¼ q
Q� � eQ�ð Þ2

A1

� Q� � dQ�ð Þ2

A1

þ FVxQ�

" #
(1)

Fig. 2 (a) Sketch of the vertical manifold and its characteristic
dimensions and (b) planar guide vanes arrangement and geo-
metrical aspects

Fig. 3 Sections and control volumes definition for half manifold
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A2 PA2
� PB2ð Þ � 2WLs12 � 2WLss � aWLswy

¼ q
Q� þ eQ�ð Þ2

A2

� Q� þ dQ�ð Þ2

A2

� FVxQ�

" #
(2)

where the reaction R from the guide vane has not been taken into
account, considering that the guide vane width is small compared
to the control volume and it faces the flow with a rounded profile.
In the equations, P is pressure, L is the length of the control vol-
ume in the streamwise direction, A is the cross area, q is density,
s12 is the stress along the imaginary line, swz and swy are the wall
stresses in direction z and y, ss is the stress along the symmetry
line (therefore ss ¼ 0), the indices 1 and 2 refer to the control vol-
ume. The term F quantifies the momentum transfer to the stream-
wise direction between the two control volumes, because of the
flow rate through the imaginary line, so it takes opposite sign in
the two equations, its form is

F ¼ q½ð2ld � 1Þdþ ð1� 2leÞe� (3)

The term ld;e is a number with value 0 or 1, the term F repre-
sents all the possible cases as described in Table 1. Subtracting
Eq. (1) from Eq. (2), the following relation is obtained

PB1
� PB2

¼ q
A2

Q� þ eQ�ð Þ2

A2

� Q� þ dQ�ð Þ2

A2

� FVxQ�

" #

� q
A1

Q� � eQ�ð Þ2

A1

� Q� � dQ�ð Þ2

A1

þ FVxQ�

" #
(4)

Section A is far from the guide vanes, in an undisturbed posi-
tion, and we have assumed PA1

¼ PA2
, then we have considered

that the differences between the stresses are negligible, this choice
has been adopted for example, in Ref. [8]. Equation (4) shows
how the pressure difference at the inlet of the two channels is a
function of the momentum transfer characterizing the two control
volumes in front of the guide vanes and the flow rates.

Now, we consider the mechanical energy equations between
section B and the outlet for the channels 1 and 2. In the present
study, there is no a mechanical work due, for example, to a pump.
External heat transfer has not been considered. The gravity vector
is considered acting on the y direction (in case of liquid). Further-
more, working with an incompressible flow, we assume that pres-
sure and temperature do not affect the density, so the thermal
terms are dropped out except for that related to friction. Then the
mechanical energy equation reduces to

PB1

q
þ a

Q� � eQ�ð Þn

2An
1

¼ Pout

q
þ a

Q� � eQ�ð Þn

2An
out

þ k1a
Q� � eQ�ð Þn

2An
out

(5)

PB2

q
þ a

Q� þ eQ�ð Þn

2An
2

¼ Pout

q
þ a

Q� þ eQ�ð Þn

2An
out

þ k2a
Q� þ eQ�ð Þn

2An
out

(6)

Here the subscript out refers to the outlet section, and we have
considered that the outlet sections for the channels 1 and 2 are
equal; k1 and k2 are the head loss coefficients which take into
account both the local and the continuous head loss; a is the Cori-
olis parameter and n the exponent for the kinetic term. At section
B, the velocity profile is related to an incoming well-developed
pipe flow; the outlet sections are at a distance larger than 5Dh

from the diffuser, sufficient to have a recast to a well developed
velocity profile because of turbulent mixing, for these reasons a is
set equal to one. Moreover, the high Reynolds number considered
allows to set n¼ 2. Subtracting Eq. (6) from Eq. (5)

PB1
� PB2

¼ q
1þ k1

2A2
out

� 1

2A2
1

� �
Q� � eQ�ð Þ2

� q
1þ k2

2A2
out

� 1

2A2
2

� �
Q� þ eQ�ð Þ2 (7)

Equation (7) shows how the pressure difference at the inlet of
the two channels is a function of the head loss coefficients, of the
flow rates and of the areas. Combining Eqs. (4) and (7), allows to
drop out the pressure terms, and after a rearrangement, we obtain
a quadratic equation in e

we2 � 2neþ g ¼ 0 (8)

where the terms are

w ¼ k1 � k2

2A2
out

þ 1

2A2
1

� 1

2A2
2

(9)

n ¼ 2þ k1 þ k2

2A2
out

þ 1

2A2
1

þ 1

2A2
2

� 1

A1

þ 1

A2

� �
1� 2leð Þ Vx

Q�
(10)

Fig. 4 Control volume 2: (a) flow rates at the boundaries and
(b) forces acting on the control volume

Table 1 Possible cases of flow rate through the imaginary line
and the associated momentum for control volume 2

Case Flow rate Direction Momentum ld le

d > e > 0 ðd� eÞQ� out qðe� dÞVxQ� 0 0

d ¼ e > 0 0 — qðe� dÞVxQ� 0 0

e > d >¼ 0 ðe� dÞQ� in qðe� dÞVxQ� 0 0

d > 0; e < 0 ðdþ eÞQ� out �qðeþ dÞVxQ� 0 1

d < 0; e > 0 ðdþ eÞQ� in qðeþ dÞVxQ� 1 0

d < e <¼ 0 ðe� dÞQ� in qðe� dÞVxQ� 0 0

d ¼ e < 0 0 – qðe� dÞVxQ� 0 0

e < d < 0 ðd� eÞQ� out qðe� dÞVxQ� 0 0
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g ¼ wþ 1þ dð Þ2

A2
2

� 1� dð Þ2

A2
1

þ 2
1

A1

þ 1

A2

� �
Vx

Q�
2ld � 1ð Þd

(11)

Equation 8 allows understanding the maldistribution not only
for the values of k1 and k2, but also as a function of the position of
the guide vane, and the associated momentum transfer before the
diffuser. The equation should be used to understand when the
modulus of e has a minimum. In Ref. [35], a maldistribution
parameter has been explicitly computed through a model based on
the energy equation, for a flow between parallel microchannels.
For this case, a direct solution was possible, because the authors con-
sidered a laminar flow, the head loss coefficients were not unknown
and the transverse velocity (before the parallel channel) was set to a
prescribed value. In the present case, the computation of e would
require the knowledge of the head loss coefficients, which in the end
are also function of the guide vanes position, and cannot be esti-
mated a priori. Nevertheless, Eq. (8) provides useful information.
Indeed, a possible condition to have a minimum for e, is when g¼ 0,
and e ¼ 0 is a solution for Eq. (8), which means from Eq. (11)

wþ 1þ dð Þ2

A2
2

� 1� dð Þ2

A2
1

þ 2
1

A1

þ 1

A2

� �
Vx

Q�
2ld � 1ð Þd ¼ 0

(12)

And expanding the terms of Eq. (12)

k1 � k2

2A2
out

¼ 1� dð Þ2

A2
1

� 1

2A2
1

� 1þ dð Þ2

A2
2

þ 1

2A2
2

� 2
1

A1

þ 1

A2

� �
Vx

Q�
d

(13)

On the left-hand side (LHS), we have collected the difference
between the two head loss coefficients k1 and k2. The right-hand
side (RHS) is a function of the areas A1 and A2, of d and Vx, while
ld ¼ 0, because e ¼ 0 is associated with Eq. (13), see Table 1.

Analyzing the terms on the RHS, it can be observed
that the area A1 and A2 can be expressed as a function of a, with
A1 ¼ 2ð1� aÞW2 and A2 ¼ 2aW2.

The split term d is also a function of a. Fig. 5(a) shows, for a
turbulent square channel flow at Re� ¼ 10000, how d varies in
terms of a (see the solid line). It can be observed that, for a large
range of a, the behavior is linear (see the dashed line). At high Reyn-
olds number flow, because of turbulent mixing, the mean velocity
profile, in the core region, tends to be flat, and this is reflected by the
linear behavior of d. As a tends to 1, the velocity profile is affected
by the wall friction and d deviates from the linear behavior. When d
is linear it assumes the form d ¼ ca� b, with c the angular coeffi-
cient and b the intercept. a� is the value giving d ¼ 0.

Finally, an evaluation of the term Vx is required; we can con-
sider that its value is related to the streamwise velocity at the
interface between the two control volumes. This velocity varies
between the section A and the section B. At the section A, by defi-
nition, the flow is undisturbed and we can consider a velocity
scale of the form ðQ� þ dQ�Þ=2aW2, i.e., the mean velocity cross-
ing section A2, at section B there will be a stagnation point
because of the guide vane, so the streamwise velocity tends to
zero as the guide vane is approached. If we assume a linear behav-
ior between the two sections, then a characteristic velocity scale
for the momentum transfer could be Vx;mean ¼ ðQ� þ dQ�Þ=4aW2.

Substituting the above relations, Eq. (13) can be expressed in
terms of a as

A2
A

2A2
out

k1 � k2ð Þ ¼ 3a� 2

1� að Þ2a2
ca� bð Þ2 � 4a2 � 5aþ 3

1� að Þ2a2
ca� bð Þ

þ 2a� 1

2 1� að Þ2a2

(14)

where AA is half of the total inlet area. Equation 14 relates the dif-
ference between the head loss coefficient to the a parameter.
Without knowing the value of K1 and K2, the equation still pro-
vides useful information, if it is declined in terms of the sign of
the difference between k1 and k2. If k1 > k2 then it must be
RHS> 0, if k1 < k2 it implies RHS< 0. Fig. 5(b) shows the
behavior of RHSðaÞ considering the inlet condition that will be
later adopted in the simulations, with c¼ 2.0798 and b¼ 0.983 for
the linear assumption on d. The RHS goes to þ-infinite as a tends
to 0 or to 1, respectively, and it has a zero value at
aT ¼ 0:461 < a�. This trend is reasonable and intuitive. Assume
that the guide vane is located at half of the midchannel, a ¼ 0:5,
and k1 is much greater than k2, then most of the flow rate would
pass through channel 2 with respect to channel 1, to compensate
this trend a should be moved toward the 0, to increase the transfer
of momentum from channel 2 to channel 1. Then the RHS must
be positive as a tends to zero, and negative if a tends to 1.

The limit case of a¼ 1 corresponds to a configuration where
the flow cannot pass through channel 1, because of the guide vane

Fig. 5 Channel flow with square section at Re*510000: (a) d in
terms of a, solid line, linear assumption for d, dashed line and
(b) RHS as a function of a
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position. In this case it would be e1 ¼ �1 and e2 ¼ 1, very far
from the equal flow distribution condition e ¼ 0. Therefore the
condition g¼ 0 should not be satisfied. If a¼ 1, then the
RHS¼�1, see Fig. 5(b). The condition of zero flow through
channel 1 can be associated with k1 ¼ þ1, while k2 has a finite
value, then LHS¼þ1. Therefore, the LHS and the RHS have
opposite infinite values, Eq. (14) is not satisfied and we cannot
expect e ¼ 0. The same reasoning applies to the case a¼ 0, but
with opposite values.

From these limiting cases, we can derive another relevant state-
ment, as a goes from zero to one, the LHS goes from �1 to þ1,
while the RHS goes from þ1 to �1, then there must be at least
one intersection between these two functions, and therefore a con-
dition g¼ 0 exists.

The LHS of Eq. (14), as mentioned, is not known a priori, but it
can be computed numerically. Then for a specific a, if the LHS is
equal or close to the analytical RHS, e should be close to zero,
i.e., an equal flow distribution. After these considerations, the test
cases, solved numerically, in terms of the guide vane position, are
chosen according to Table 2.

Case 0 (C0) is the case without guide vanes. It allows to high-
light the maldistribution. The other cases use the guide vanes.
Case 1 (C1) has a ¼ 0:5. It means that a uniform distribution of
the guide vanes is considered in the inlet channel. This configura-
tion is the one suggested by [27]. Case 2 (C2) has a ’ a�. In this
case the parameter a is chosen such that d¼ 0. Case 3 (C3) has
a < aT . Finally, case 4 (C4) is with a much lower than aT. These
cases allow to define a trend for the head loss coefficient differ-
ence k1 � k2. Then, a final case, defined from the intersection
between the RHS and LHS behavior, will be run.

As a final note, the above method could be declined for an arbi-
trary number of outlets, introducing for each branch i the parame-
ters di and ei and the additional equationsX

di ¼ 0;
X

ei ¼ 0 (15)

3 The Numerical Model

The test cases are analyzed numerically, solving the filtered
version of the Navier Stokes equations, namely, the mass and
momentum conservation which read as

@ui

@xi
¼ 0 (16)

@ui

@t
þ @uj ui

@xj
¼ � 1

q
@P

@xi
þ @

@xj
�
@ui

@xj
� @sij

@xj
þ D (17)

where the overbar means filtered quantities, ui is the velocity com-
ponent in the xi direction; and directions 1, 2 and 3 correspond to
x, y, and z in a cartesian frame of reference. P is the hydrodynamic
pressure, D is a bodyforce acting on the flow (for example, grav-
ity), sij is the sub-grid scale (SGS) momentum fluxes. This ele-
ment derives from the filtering operation, and it represents the
flow contribution of the unresolved scales, while the large, aniso-
tropic and energy-carrying scales of turbulence are directly
solved.

The SGS term is modeled with an eddy viscosity approach
based on the equilibrium assumption

sij ¼ �2�tSij (18)

where �t is the eddy viscosity and Sij is the large-scale strain rate
tensor equals to

Sij ¼
1

2

@ui

@xj
þ @uj

@xi

� �
(19)

Finally, the eddy viscosity is computed as

�t ¼ csD
2jSj (20)

where cs is the Smagorinsky constant, set to 0.85, D is the filter
width, relate to the grid through the Deardorff length scale,
D ¼ ðdxdydzÞ1=3

, where dx, dy, dz are the cell length in the three
directions, jSj is the strain rate contraction.

The governing equations are solved numerically on a structured
grid with collocated variables. The algorithm is a fractional step
method as in Ref. [36]. The Poisson equation to force continuity
is solved with a SOR method with a V-cycle multigrid
accelerator.

The solver is second-order accurate both in space and in time.
The time advancement is performed semi-implicitly with an
explicit Adams-Bashfort scheme for all the terms except the diag-
onal diffusive ones, where a Crank-Nichols implicit scheme is
used. Finite differences are used for space derivatives, particularly
the convective term is solved with a third-order cubista scheme,
[37]. The analysis is carried on with a structured cartesian grid, an
immersed boundary method (IBM) is used to deal with the geo-
metrical characteristics of the manifolds, see Fig. 6 for a sketch.
The employed IBM belongs to the direct-forcing approach as in
Refs. [38] and [39], and the boundary effect is considered in
Eq. (17) through the term D. For a general review on the approach
see Ref. [40].

The computational domain has dimensions Lx ¼ 12:60W1;
Ly ¼ 1:0342W1 and Lz ¼ 3:6198W1, and it is discretized with 280
cells in the streamwise direction, 128 in the y direction and 448 in
the z direction, with a total of approximately 16 million cells,
around 6.5 million belong to the solid phase of the immersed
boundary.

The mesh size has been defined accordingly to the wall model
requirements, see Ref. [41], and to avoid an excessive cell aspect
ratio, see Ref. [42]. Therefore, the grid cells are constant every-
where with Dyþ ¼ Dzþ ¼ 80:8, (in terms of wall unit
yþ ¼ yu�=�), while Dxþ ¼ 404, except in the outlet channels

Table 2 Simulation cases

Case a Condition

C0 — —
C1 0.500 a > a� > aT

C2 0.468 a ’ a� > aT

C3 0.452 a < aT < a�

C4 0.404 a < aT < a�

Fig. 6 Domain sketch
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where a 1% stretching is used for the streamwise direction to
guarantee a longer outlet section and to avoid to cut the stable sep-
aration areas developed from the diffuser.

In terms of the length scale W1, the grid sizes are Dy ¼ Dz ¼
0:00808W1 and Dx ¼ 0:0404W1. The inlet channel in both y and z
direction is solved with 126 fluid cells, in the subchannels, defined
from the guide vanes and the inlet duct, the z resolution is between
28 and 32 cells, therefore with a resolution often employed in
large eddy simulation with wall function, see Refs. [43–46], and it
allows to solve the boundary layer, see Ref. [47].

4 Boundary Conditions

At the domain inlet, a turbulent velocity profile with coherent
evolving structure is required, otherwise LES is not able to sustain
turbulent production. This issue is solved by considering a prerun
simulation of a periodic duct flow, driven by an imposed pressure
gradient. At each time-step, a cross-sectional plane yz of variables
has been stored, and then it has been provided as a prescribed
inflow condition at the inlet of the manifolds. The prerun simula-
tion has the same grid resolution of the manifold inlet duct, to
avoid interpolation errors, the streamwise length is 3:5W1, with
sides of length W1. This periodic square channel has been run
with Re� ¼ 10000, where Re� is based on the friction velocity u�

as velocity scale and the hydraulic radius as length scale. Before
running this simulation, the model has been tested at Re� ¼ 3860,

and the results have been compared with experimental data of
Ref. [48]. Figure 7 shows the results from LES with wall model-
ing for the mean streamwise velocity (scaled with the centerline
mean velocity Uc) along y direction at different locations along
the z direction, compared with the experimental results. The com-
parison looks satisfactory. The reference paper reports the follow-
ing ratios Uc=Ub ¼ 1:2 and u�=Ub ¼ 0:47 (where Ub is the bulk
velocity), while the WMLES simulation has 1.184 and 0.0478,
respectively.

Less satisfactory results, but still acceptable, are obtained for
the turbulent fluctuations. Figure 8 shows the root-mean-square
(rms) values for velocity at different locations. The peak in the
experimental data for the streamwise component is well repro-
duced by WMLES, then the numerical simulation provides
information closer to the wall and therefore higher peaks are
observed. Overall the WMLES results are lower than the exper-
imental results, in Ref. [48] the quantities vrms and wrms are
reported to be computed with lower accuracy with respect to
the other turbulent quantities. On the other hand, the general
behavior is reproduced, at the location z=W1 ¼ y=W1 ¼ 0:5 (the
square duct center) an isotropic behavior is observed as
expected. Maintaining the y location and moving along lower
values of z=W1, the turbulent structures reflect the wall influ-
ence, an anisotropic behavior is observed for both the numeri-
cal and the experimental results, with vrms and wrms values
lower than urms.

Fig. 7 Mean streamwise velocity scaled with the mean centerline velocity, comparison at different
location in the z direction, solid line represent WMLES solution, black circles are from the experimen-
tal results of Ref. [48]
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At the outlet an Orlanski condition is applied, [49]. It means
that a purely convective equation is solved at the boundary. To
avoid reflection from the outlet inside the domain, the equation is
solved with a dissipative first-order upwind scheme.

At the wall, considering the Reynolds number, a wall function
is applied, this means that the viscous layer is not directly solved,
to avoid an excessive computational cost. In the context of the
immersed boundary, the standard wall model approach cannot be
used, because the grid and the wall do not coincide, therefore, we
use the specific method of Ref. [45], which is based on a velocity
reconstruction from the interior flow field at the first off-wall node
and on a local increase of the eddy viscosity derived form a mixing
length procedure; where flow separation occurs a linear scheme is
used to interpolate the velocity field at the interface between the
fluid and solid zone. The present model takes advantage of the ana-
lyzed configuration: the large wall expansion angle induces a strong
adverse pressure gradient, moreover, the presence of a sharp corner,
between the inlet duct and the diffuser, triggers flow separation. In
the case of small expansion angles, with mild or weak adverse pres-
sure gradient, a proper model would require considering the
dependency on the pressure gradient.

5 Results

Figure 9 shows an instantaneous contour plot for the stream-
wise velocity u, made nondimensional with the inlet friction

velocity u�, at a section y=W ¼ 1 for the manifolds in the initial
configuration, so without the guide vanes. Fig. 9 refers to a time
before the steady-state condition is reached. With LES also the
transitional phase has a physical meaning, and figure allows to
understand the interaction between the flow separation regions
and the outlets.

As expected, the flow from the inlet channel, as it goes into the
diffuser, behaves like a jet, and two strong stable recirculation
regions develop at the inclined wall. The diffuser angle is so high
that its throat can be considered as a discontinuity for the flow, so
we are not in the case of smooth surface transition. These flow
separation structures start immediately downstream of the throat,
span over the entire diffuser and also in the short area of mixing,
and they strongly interact with the outlet channels, especially the
channel 1 and 4. The flow separation regions maintain the flow
from the inlet channel confined into the core of the diffuser. This
has a strong impact on the flow distribution. As the simulation
reaches a steady-state, the flow separations areas have ruled the
flow dynamic, see Fig. 10, where a contour for the mean streamwise
velocity is shown. The samples for the statistical procedure have
been collected for a total time of 133:6T (where T ¼ 0:5W1=Uc is
an inertial time scale related to the boundary layer thickness at the
inlet channel 0:5W1). Then, averaging has been performed with
respect to the axis of symmetry.

The flow separation regions, shown in Fig. 9, determine a back-
flow at the outlet 1 and 4, which in the end behave like an

Fig. 8 Turbulent fluctuations intensities in terms of rms scaled with the friction velocity comparison
at different location in the z direction: solid line, dash dot, and dash line represents urms, vrms, wrms

WMLES solution, black circles, triangles and squares are urms, vrms, wrms from the experimental
results of Ref. [48]
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additional inlet, for a similar behavior see Ref. [50]. Therefore,
the incoming flow from the inlet flows into the interior channels, 2
and 3, and the maldistribution coefficient has a value greater than
one.

To improve the performance of the manifolds, without adding
the guide vanes, two strategies can be implemented: first, the
width of the outlet channels can be increased, in this way the head
loss is reduced, moreover, the larger cross-sectional area avoid to
have a complete obstruction from the flow separation region; sec-
ondary, the mixing area can be extended to allow a better recast to
a uniform flow by turbulent mixing.

To prove the benefits of these solutions, an additional simula-
tion, C0b, has been run increasing the outlets areas for channels 1
and 4 (Aout;1;4 ¼ W2

1 and Aout;2;3 ¼ 0:5W2
1 ) and with a mixing area

of 4W1. For this case the streamwise number of cells has been
increased to 336. Figure 11 shows a contour for the instantaneous
streamwise velocity, when a steady-state condition is reached.
The flow separation regions in the diffuser are clearly detected,
moreover strong entrance effects are visible at the beginning of
the outlet channels, especially for the exterior ones. With this con-
figuration the exterior channels behave as outlet, still the maldis-
tribution is relevant, with an average value of 37%. Although
there is an improvement, the obtained maldistribution justifies the
use of different solutions, like the guide vanes.

Figure 12 shows a contour plot at y=W ¼ 1 for the instantane-
ous streamwise velocity for case C1, with a ¼ 0:5, so the configu-
ration suggested in Ref. [27]. As already mentioned, with this
configuration the diffuser is divided into subdiffuser elements,
directly connected to the outlets. The subdiffuser connected to
channels 2 and 3 resembles an asymmetric diffuser, while for the
channels 1 and 4 a turning diffuser, with something like an” s”
configuration. The guide vanes start in the inlet channel, allowing
a better split of the flow rate and reducing the impact on the flow
of the two stable regions observed for the case C0. At the begin-
ning of the guide vanes, flow separations associated with entrance
effects are not observed. This is related to the fact that the guide
vanes face the streamwise flow with a rounded profile to reduce
the drag. Qualitatively, from Fig. 12, it can be seen that the outlets
channels are characterized by a better flow distribution. Still sepa-
ration areas are observed in the subdiffusers, especially at the
walls with a higher inclination, but also at the exit from the sub-
diffuser for channel 1 and 4.

For case C1, the samples for statistics are collected for the
same time window as case C0, because of the presence of the
guide vanes, an inertial time scale of the type Tdiffuser ¼
0:5hðx; aÞ=Ub can be defined, where h is the height of the subdif-
fuser and it varies as a function of the x coordinate and of a, see
Ref. [33]. For channel 2, we have DT ¼ 534Tdiffuser;inlet and

Fig. 9 Contour for the instantaneous streamwise velocity component u for the base configuration, case C0,
before a steady-state condition

Fig. 10 Velocity vectors and contour for the mean streamwise velocity component U for the case C0. For the
sake of clarity only one vector every 16 is shown.

Fig. 11 Contour for the instantaneous streamwise velocity component u for the base configuration, case C0b
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DT ¼ 59Tdiffuser;outlet, where Tdiffuser;inlet is computed at x ¼ 3W1,
the subdiffuser inlet, and Tdiffuser;outlet is computed at x ¼ 6W1, the
subdiffuser outlet. This last time scale is larger than that at the
inlet, because Ub is reduced at the subdiffuser outlet. The simu-
lated cases show the presence of stable separation zones, therefore
the flow is characterized mainly by high-frequency structures,
related to the shear effect between the reverse flow areas and the
through flow, while low-frequency structures, associated with
transitional separation areas, are not observed. For this reason,
and for the results obtained (later described) the time window
seems adequate.

The stable separation areas can be better appreciated by looking
at Fig. 13, where a contour plot for the mean streamwise velocity
is shown at y=W ¼ 1. The white circles show the point where the
first off-wall velocity changes the sign, and provide an indication
about flow reattachment and where the wall stress is going to
zero. The flow separation areas have a longer extension for the
interior channels 2 and 3 with respect to the exterior channel 1
and 4. Indeed, for channels 1 and 4, the S-shape configuration
brings the main flow to be pushed against the outer wall, allowing
a confinement of the separation into the subdiffuser.

Figure 14 shows the instantaneous value of e, computed for
each one of the outlets, in a time range of 133.6 T, after the
steady-state condition is reached. The values are quite constant in
time, except for very small variations due to the evolution of tur-
bulent structures and of the separation zones, as previously
described. With respect to the base configuration, the maldistribu-
tion between the outlets has been strongly reduced, with an aver-
age value of e ¼ 11:2%. A greater flow rate is observed in the
interior channels 2 and 3, and accordingly, a lower value in the
exterior channels 1 and 4 (negative value of e). Although the sys-
tem behavior has remarkably improved with respect to the base
configuration, still the maldistribution cannot be considered
satisfactory.

In terms of the flow field, the simulations C2, C3, and C4 show
similar behavior with respect to C1, as it can be seen for the mean
streamwise velocity from Figs. 15(a), 15(b), and 15(c). For these
cases the inertial time scales, related to the subdiffuser, are of the
same order of magnitude of case C1. As a is reduced, Tdiffuser;inlet

decreases and Tdiffuser;outlet increases. In all the analyzed cases the
area of the flow separation appears in a stable way at the most

inclined walls. Within the considered range for a, the flow reat-
tachment positions are similar between the cases, see Table 3,
only for the case C4, with the lower value of a, the reattachment
point for channel 2 and 3 is further downstream, on the other
hand, this behavior is consistent with the increase of the aspect
ratio for the axisymmetric diffuser, indeed separation increases as
a function of the Reynolds number [51] and of the diffuser angle
[52].

Concerning the maldistribution, the case C2 is with a ¼ 0:468,
and it corresponds to the condition d ¼ 0, so the imaginary projec-
tion of the guide vane toward the inlet splits the inflow into two
equal parts. The flow distribution has improved with respect to the
case C1, with an average value of e ¼ 3:40%. The performance is
even better for the case C3, with an average value of e ¼ 0:70%,
while for case C4 it becomes worst with e ¼ 12:53%, with a larger
flow in the channels 1 and 4 with respect to 2 and 3.

Figure 16 shows the analytical and the numerical results related
to Eq. (14), i.e., the simplified model for the equal distribution
condition. The solid line represents the right-hand side of
Eq. (14), which is computed analytically as a function of a only.
The triangle symbols are the results from the simulations
C1� C4, where the difference between the head loss coefficient

Fig. 12 Contour for the instantaneous streamwise velocity component u for the case C1, at a steady-state
condition

Fig. 13 Streamlines, velocity vectors, and contour for the mean streamwise velocity component U for the case
C1. The circles correspond to the point with swall 5 0. For the sake of clarity only one vector every 16 is shown.

Fig. 14 Instantaneous maldistribution coefficient e for the case
C1 with a 5 0:5 for the outlets 1 to 4
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for the outlet channels have been computed and reported in the
plot in terms of the left-hand side of Eq. (14). For the cases C1
and C2 the value of k1 is greater than k2 and therefore the LHS is
positive, as a is further reduced, cases C3 and C4, the channels 1
and 4 have a greater flow rate with respect to the interior channels,
and this behavior is associated with a value of k1 lower than k2, so
the LHS values become negative. This behavior looks linear with
a as it can be seen from the dashed line.

Together with the LHS and RHS computations, Fig. 16 reports
also the modulus of e values for the different cases. The simplified
model indicates that an equal flow distribution can be obtained if
Eq. (16) is satisfied, that is when the LHS is equal to the RHS. For
a ¼ 0:5 and a ¼ 0:404 the flow rate deficit is of the order of 10%,
while moving to intermediate value of a the flow rate deficit
reduces suggesting the existence of a minimum as a function of a.
In the view of these results, and to prove the effectiveness of the
simplified model, an additional simulation is run, setting
a ¼ 0:462, i.e., at the intersection between the RHS and LHS
lines, for this case, a maldistribution of 1.23% is obtained. The
minimum maldistribution is reached for a ¼ 0:460 (case C5),
which corresponds to the intersection of LHS and RHS if Vx is set
to half of the previous value in Eq. (13).

The behavior of e for this last case is very close to zero, with an
average value of e ¼ 0:32%. Although a very good value is
obtained, it has to be noticed that for this case, the expected value
of the RHS should be �0.07, while numerically it is obtained
�0.17, so it deviates from the previously supposed linear behav-
ior. However, the condition of equal distribution looks satisfied.

Table 4 shows the maldistribution parameter averaged in time,
for each outlet and for all the simulated cases with guide vanes.
Statistically, few parts per thousand variations are observed. The
values e14 and e23 report the mean value averaged between chan-
nels 1 and 4 and between 2 and 3 , respectively, they have oppo-
site equal values as expected to satisfy the continuity equation.
Finally, the values e12 and e34 report the summation of the maldis-
tribution parameters with respect to the symmetry axis, showing a
flow unbalance of few parts per thousand for all cases, except the
optimized case C5, which has an order of magnitude less than the
other cases.

Figure 17 shows the positions of eight lines on z direction along
the x coordinate of the VM to evaluate the mean velocity profiles.

Figure 18 shows, for the above mentioned locations, the x com-
ponent of the mean velocity Um normalized by us, the z coordinate
has been normalized by the channel height hðx; aÞ, which for each

Fig. 15 Streamlines, velocity vectors, and contour for the mean streamwise velocity component U. The white
circles correspond to the point with swall 5 0: (a) case C2, (b) case C3, (c) case C4. For the sake of clarity only
one vector every 16 is shown.

Table 3 Points of flow reattachment in terms of distance L=W1

from the inlet

Case Channel 1, 4 Channel 1, 4 Channel 2, 3

outer wall inner wall outer wall
C1 6.32 6.81 6.88
C2 6.24 6.81 6.88
C3 6.28 6.76 6.88
C4 6.28 6.81 7.05

Fig. 16 Behavior of LHS and RHS of Eq. (14). Solid line the
analytical RHS, Triangle and dashed line the LHS from simula-
tion C1–C4.
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channel varies in terms of the x coordinate and of the guide vane
position as a function of a. For each panel, the profile at the top
refers to channel 1 (here the z=hðx; aÞ has been shifted by a quan-
tity one), while the profile at the bottom refers to channel 2. The
optimized case C5 is with a bold solid line, to highlight the differ-
ences with respect to the other cases. Therefore, the coordinate
z=h ¼ 0; 1 and z=h ¼ 1; 2 correspond to the walls in the z direc-
tion for channel 2 and 1 , respectively.

The first location is at x=W1 ¼ 3:5, in the inlet duct within the
guide vanes, the velocity profiles differ between the two channels,
the flow enter the channel 1 with an already developed boundary
layer, while at the walls z=h ¼ 0 and z=h ¼ 1 for channel 2, and
z=h ¼ 1 for channel 1 the boundary layer is still developing.

At the location x=W1 ¼ 4:5, channel 1 exhibits flow separation
at the upper wall, while this behavior is not observed for channel 2,
although some initial effect is visible close to the upper boundary.

Moving downstream, till x=W1 ¼ 6:0, flow separations are
clearly identified for both the channels.

For all the cases, moving along the diffuser, from x=W1 ¼ 4:5
to x=W1 ¼ 6:0, the velocity gradient tends to reduce in the core of
the two channels, between the through-flow region and the reverse
flow region, probably, this is due to large scale mixing. Indeed, at
x=W1 ¼ 4:5 a strong shear is observed, this shear allows the for-
mation of Kelvin–Helmholtz billows, as they travel along the dif-
fuser, they start to break, inducing turbulent mixing and the
consequent effect on the velocity profile. For these locations,
larger velocity is observed for the case C4 in the channel 1, and
for the case C1 in the channel 2. The case C5 has lower velocity
peaks with respect to the other cases, and in general it has an inter-
mediate behavior with respect to the cases C1 and C4.

At the location x=W1 ¼ 6:5, the flow has reattached at the upper
boundary for channel 1, but the velocity profile shows that a small
flow separation area has developed at the bottom boundary,
z=h ¼ 1. For channel 2 the flow is not yet reattached.

The location x=W1 ¼ 8:5 is between the diffuser exit and the
domain outlets, the velocity profiles are not symmetrical, for both

Table 4 Maldistribution parameter across the channels

Case e1 e2 e3 e4 e14 e23 e12 e34

C1 �0.1103 0.1155 0.1085 �0.1137 �0.112 0.112 0.0052 �0.0052
C2 �0.0317 0.0350 0.0327 0.0363 �0.034 0.034 0.0037 �0.0037
C3 0.0070 �0.0085 �0.0055 0.0070 0.007 �0.007 �0.0015 0.0015
C4 0.1287 �0.1243 �0.1263 0.1219 0.125 �0.125 �0.0044 0.0044
C5 �0.0008 0.0008 0.0060 0.0055 �0.003 0.003 0.0002 �0.0002

Fig. 17 Line data positions in the vertical manifolds

Fig. 18 Mean velocity x component profile along z direction, at 8 differents x-location for channel 1, top profile, and for chan-
nel 2, bottom profile
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channels 1 and 2, with a peak close to the upper boundary and to
the bottom boundary , respectively. This behavior is related to the
effect of the flow separation region at the diffuser exit for channel
2, while for channel 1 is related to the flow change direction
between the diffuser and the outlet channel. A larger peak value is
observed for the case C4 in the channel 1 and for the case C1 in
channel 2, while the case C5 shows intermediate values and a
smoother behavior.

At the exits, x=W1 ¼ 12:6, the velocity profile becomes uni-
form, because of the turbulent mixing. It can be observed that
between the channel 1 and 2, for the case C5, the velocity profiles
are very similar, while higher values are observed again for C4 in
channel 1 and for C1 in channel 2, which is consistent with the
analyzed maldistribution coefficient.

Table 5 shows the head loss coefficient for the system, consid-
ering both the local head loss due to the flow separation and the
secondary flow and the continuous head loss due to friction. Over-
all the head loss coefficient k0 (related to the inlet bulk velocity)
for case C0 is a little bit lower than the cases with the guide vanes,
and its value is in agreement with literature, 0:68� 0:70 by [27],
and above 0.7 by [31]. The small discrepancy is probably due to
the additional head loss related to the outlet channels. The guide
vanes number adopted in the analyzed configurations is not the
optimum number (six dividing walls), as suggested by literature,
and they are not sufficient to avoid or at least to drastically reduce
the flow separation at the inclined walls of the subdiffusers. More-
over, the subdiffuser configuration adds walls and therefore con-
tinuous loss for the flow, justifying the head loss results for the
cases with guide vanes. Table 5 reports also the head loss coeffi-
cient, related to the outlet velocity, for the channels 1 and 2, after
averaging with respect to the symmetry axis. These values show
that the minimum maldistribution is not associated with the mini-
mum value of Dk ¼ jk1 � k2j, but to the configuration that has a
Dk able to compensate the effect of the inlet velocity profile and
of the momentum exchange before the guide vanes.

6 Conclusions

In the present work, the maldistribution of a VM has been ana-
lyzed both analytically and numerically with LES. The configura-
tion was characterized by a wide planar diffuser and four outlets,
with a varying position of the guide vanes spanning from the inlet
to the outlet channels.

From a conceptual model of the system, a strategy to determine
an equal flow distribution as a function of the guide vane position
has been derived and then tested numerically. The results have
shown that the use of guide vanes is very beneficial in terms of
flow equal distribution, but also that it is very sensitive to the
guide vane position. The configuration with an equal distance
between the guide vane in the inlet channel, as suggested by liter-
ature, provides a maldistribution of 11.2%. Taking advantage of
the analytical model, the maldistribution has been reduced to
0.32%, proving the quality of the method.

The proposed method can be useful for the design procedure to
reduce man hours and computational cost, minimizing the number
of simulations required to obtain a configuration with the best

performance in terms of maldistribution. For example, a trend for
the head loss difference between the channels (LHS of Eq. (14))
can be determined with three simulations, then the optimum con-
figuration can be found from the intersection with the RHS of
Eq. (14). The method can be easily adapted to the case of dis-
turbed inlet velocity profile, for example, downstream a fan or a
bend, simply introducing a different expression for dðaÞ in the
Eq. (13). Morover, the method can be used also in the framework
of anular diffuser, for this case the assumption that the wall stress
in the spanwise direction (read angular direction) is negligible, is
not necessary. In general, f m the experimental result it can be
useful for flow partitioning in hydraulic systems.
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