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Introduction

The increasing interest in turbulent flows in non-circular ducts, which are present in many important technical
applications, such as heat exchangers, air conditioning systems and rotary machinery, among others, has led to a
considerable research effort aiming the understanding and characterization of these flows. The most common
configurations are the triangular and the rectangular cross-section shapes [1-2]
In engineering applications, it is quite common to consider the fully developed flow characteristics in non-circular ducts
to be similar to those flowing on pipes of circular cross-section ([1-3]), with the cross-section being described by its
hydraulic (or equivalent) diameter (D},).
It is well established that, for fully developed flow, the pressure drops linearly in the stream wise direction, being
pressure frequently presented in the form of the dimensionless pressure coefficient (Cp):
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where p (Pa) is the static pressure at the point of interest, p,.r(Pa) is the reference static pressure, p (kg/m?) is the density
of the fluid and U (m/s) is the axial mean velocity.
Assuming ducts of constant cross section, the pressure drop between two sections can be used to evaluate the mean
friction coefficient [1]. Therefore, the Darcy’s friction factor (C;) can be used, which is defined by the following
expression:
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being ﬁ the pressure gradient in the axial direction.

The numerical simulations, performed within this work, were implemented in the open source OpenFOAM [4] CFD
toolbox, being nowadays very popular in industrial engineering as well as in the scientific community. Several reasons
led to the choice of this code, such as no limitations for parallel computing and being open for adaptation and
development, bringing great flexibility and suitability for the users, contrarily to commercial computational fluid
dynamics (CFD) codes.

This work is framed in the study of the applicability of Irwin [5] probes in incompressible flow through rectangular
ducts and on its use under pressure gradient conditions. In the present work, simulations performed with OpenFOAM,
and also with ANSYS CFX, are compared against experimental results.

Experimental Setup

In the present study, a rectangular duct with a constant width of 0.12 meters was used. A movable top wall permitted to
vary the height, and four different aspect ratios (AR) were considered (1:4.00, 1:2.67, 1:2.00 and 1:1.03).

Figure 1 schematically depicts the experimental apparatus. A centrifugal fan was used to move the air into the 5 meters
long plywood rectangular duct. The duct has an initial flow developing section followed by the so-called test section;
both sections have the same length (2.5 m). Fifteen pressure taps were initially considered in the test section, aiming the
selection of 4 averaging locations. On each averaging location, the mean pressure was obtained by using 4 pressure taps

(one in each side of the duct, as indicated by the dashed lines in Figure 1).
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Figure 1: Schematic of experimental apparatus — Top View (Dimensions in meters)
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Numerical Setup

For the OpenFOAM [4] simulations, several structured grids were tested (generated using the blockMesh utility) with
increasing resolution to evaluate the mesh dependency. The standard solver simpleFOAM was employed, assuming
steady state and incompressible conditions, to solve the RANS equations based on the finite-volume (FVM)
discretization method. The maximum allowable absolute residual for the linear solvers was 1E-05. The k-w SST (Shear
Stress Transport) [6] turbulence model was employed with the automatic near-wall treatment [7]. A turbulence intensity
of 5% was considered at the inlet.

The following boundary conditions were applied at the inlet: zero gradient for pressure and fixed values for the other
properties. At the outlet, zero gradient was assumed for all, except pressure, which was set equal to experimental value.
Symmetry conditions were imposed in two of the domain boundaries, due to the geometry (rectangular duct) of the
domain (only a quarter was simulated). Walls were treated as smooth, with a no-slip condition. Similar conditions and
identical mesh sizes were adopted for the ANSYS CFX simulation.

Results

The results discussed here are only for the duct aspect ratio 1:2.00, which is representative of all other cases. Figure 2
depicts the C, distribution along the test section. The experimental results are the mean values calculated at each the
averaging section, and the computational distributions are a result from a mesh sensitivity study, performed in
OpenFOAM (Figure 2.a)). Then a comparison between experimental data, CFX and OpenFOAM (mesh with best
agreement, y'=56.7) can be established (Figure 2.b)).
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Figure 2: Pressure coefficient distribution. a) Mesh study in OpenFOAM (various values of y") and b)
Experimental results against predicted values by OpenFOAM and CFX

In fully developed flow conditions, the relation between pressure gradient and friction coefficient is obtained through a
force balance. Assuming that pressure drops linearly, a constant value is obtained in the test section. Table 1 shows the
Cy values and the respective deviation of computational predictions.

Table 1: Friction coefficient predicted and deviations from experimental results
| ¢; | Deviation (%)
Experimental | 0.0173 | -
OpenFOAM | 0.0168 | 2.84
CFX 0.0159 | 8.20
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