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Abstract

Diffusers are devices found in several engineering applications and their per-
formance and design are object of numerous investigations. However, relatively
few investigations have been dedicated to diffusers operating at low and moder-
ate Reynolds numbers. In this regime, the flow could be laminar, turbulent or
transitional, and the aerodynamic performance of the diffuser becomes highly
dependent on the specific value of the Reynolds number and inlet conditions.
In particular, the present study focuses on evaluating the role of inlet condi-
tions on the performance and flow behaviour of two-dimensional diffusers on this
specific Reynolds number regime (Re ≈ 8000). Furthermore, the diffuser dis-
charges in a stationary chamber and it does not present a tail-pipe configuration,
a condition that has not found a clear presence in the existing literature so far.
A numerical investigation of two-dimensional plane diffusers was performed at
Re = 8163 for 9 different cases, combined varying the inlet turbulence inten-
sity (0.05, 3, and 10 percent), and the velocity profile, characterised by different
blockage factors (0, 0.05 and 0.33). For each case, the divergence angle ranged
from 0 to 30 degrees, and several URANS simulations were performed using the
k − ω Transitional SST model that accounts for the possible transition of the
boundary layer. The results show that the design recommendations valid for high
Reynolds number diffusers with a thin boundary layer are not always applicable,
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and extreme caution must be exercised when dealing with operating conditions
that do not ensure a sufficiently high turbulence level at the inlet. The divergence
angles of the stall regimes are shown, and performance indicators (e.g. pressure-
recovery coefficients) are reported. These reveal a strong decrement (up to 60
percent) of the pressure recovery on reducing turbulence intensity from 10 per-
cent to 0.05 percent. The blockage factor of the velocity profile has an important
effect on performance as well. In order to simplify the comparison between the
different blockage factors, a modified effectiveness was employed to account for
the distortion introduced by a non-uniform inlet velocity profile.

Keywords: Diffuser, Separation, Flow transition, Numerical analysis, RANS

1 Introduction

Diffusers are devices found in applications where it is necessary to decrease the flow
velocity while recovering the static pressure. For a subsonic inlet flow, this is achieved
by gradually increasing the cross-sectional area of the duct. A canonical model of such
devices is the 2D planar diffuser. 2D planar diffusers are good approximations of planar
diffusers with high aspect ratios often used in ventilation systems, air intakes or other
similar engineering applications. Due to their geometry, a positive pressure gradient is
established with the consequent risk of separation of the boundary layer, compromis-
ing the diffuser performance. Therefore, the capacity to predict the separation onset
is crucial to the optimization of diffuser design. Being a complex phenomenon, sepa-
ration not only depends on the diffuser geometry but also on many flow parameters,
including inlet velocity profile, free stream turbulence, Reynolds and Mach numbers
and parameters of the boundary layers, to name the most important.

Because the study of diffusers mainly originated in aeronautics where typically
diffusers operate at high Reynolds numbers, the majority of existing investigations
focus on this type of regime. For example, Reneau et al. (1967) gathered data from
different experiments on two-dimensional diffusers at Re > 5 × 104 (Re = ŪW1/ν,
where Ū is the bulk velocity, W1 is the inlet width and ν is the kinematic viscosity), a
value indicated as the threshold that ensures a turbulent boundary layer at the inlet.
Although limited to two-dimensional geometries, their results provide conservative
design guidelines for arbitrarily-shaped diffusers. This is because the flow in a 2D
diffuser is more prone to separation than in a 3D geometry with equivalent length
and area ratio. In their work, Reneau et al. (1967) identified different stall regimes (as
previously identified also by Fox and Kline (1962)): the no appreciable stall regime,
the large transitory stall regime, the two-dimensional stall regime and the jet flow
regime. For a detailed description of these regimes, the reader is referred to the work
by Reneau et al. (1967). They concluded that for high Reynolds numbers, maximum
pressure recovery (usually expressed with the adimensional form of CP = (P̄2−P̄1)/q̄1,
where P̄1 and P̄2 are respectively the mean static pressures at the inlet and outlet, and
q̄1 is the mean dynamic pressure at the inlet) is affected mainly by inlet velocity profile
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and turbulence level (Tu). In particular, they reported that the maximum pressure
recovery is achieved with values of turbulence intensity of about 10 percent at the inlet.

The influence of the velocity profile can be described in terms of a blockage factor,
which takes the following form:

B =
2δ∗1
W1

=
1

W1

∫ W1

0

(
1− U

Umax

)
dy = 1− Ū

Umax
(1)

where δ∗1 is the displacement thickness at the inlet, U is the velocity and Umax is the
velocity at the center line. B represents the fraction area blocked due to the boundary
layer and it was found to correlate with the inlet velocity profile effects. The pressure
recovery decreases if B increases.

In the case of high blockage factors, it was found that the pressure recovery coeffi-
cient can exceed the unitary value (Tyler and Williamson, 1967). Indeed, to obtain the

adimensional coefficient CP , the static pressure recovery is divided by q̄1 = 1
2ρU

2

1, that
is the dynamic pressure of the flow at the diffuser inlet in case of a uniform velocity
profile (ρ is the fluid density). However, if B ≫ 0, it means that the flow is not uni-
form at the inlet, and its dynamic pressure (Equation 2) is greater than the dynamic
pressure that the flow would have if the velocity profile were uniform. Therefore, the
diffuser can recover the additional pressure by making the flow uniform through the
diffuser; even for 2θ = 0° (θ is the half angle of the diffuser), the channel can act as
a virtual diffuser and convert the dynamic pressure into static one. This reduces the
momentum flux at the outlet, balancing the friction losses. Hence, in the case of a non-
uniform inlet velocity profile, the dynamic pressure can be expressed in the following
form (Cockrell and Markland, 1963):

q̄1 =
1

2
αρU

2

1, with α =

∫W1

0
U3
1 dy

U
3

1W1

, (2)

where U1 is the bulk velocity at the inlet. It can be noticed that the velocity profile
energy coefficient α is equal to one for a uniform velocity profile.

The ideal pressure recovery CPid = 1− 1/(AR)2 (with AR being the Area Ratio)
represents the maximum pressure recovery obtainable by a uniform inlet velocity pro-
file in the hypothesis of inviscid flow (and uniform inflow conditions). For non-uniform
inlet velocity profiles, the CP can be greater than the CPid, bringing to an effective-
ness η (CP /CPid) greater than one. Therefore a modified definition of effectiveness
must be introduced to compare cases with non-zero blockage factors. One example is
the definition introduced by Tyler and Williamson (1967). This modified effectiveness
reads as η̄=(DF )2 − 1/(AR)2, with the distortion factor DF accounting for the addi-
tional dynamic pressure of the flow at the inlet. The distortion factor DF depends on
the blockage factor as: B = 1 − 1/(DF ). Thus, this modified effectiveness is always
smaller than the effectiveness, apart from the case of B = 0, in which they coincide.

Other numerical and experimental investigations (Gullman-Strand et al., 2004)
have studied asymmetrical diffusers (e.g. Buice-Eaton 2D diffuser) where even exper-
imental data is present in large quantities. Despite several analyses that have been
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performed on diffusers operating at high Reynolds numbers, the literature seems to
lack a deep investigation on the performance of diffusers at low and moderate Reynolds
numbers, namely for those applications in which either the size or the velocity of the
flow are rather small. In this case, the flow is not ensured to be completely turbulent
and the performance depends on the Reynolds number. Some experimental and numer-
ical analyses investigated the role of the Reynolds number (between 56 and 360) on
the stability and symmetry of the flow in two-dimensional (Tsui and Wang, 1995) and
three-dimensional (Nabavi, 2010) diffusers. Yang and Hou (1999) numerically studied
the flow characteristics for turbulent flow in symmetric two-dimensional diffusers for
Reynolds numbers ranging from 6000 to 12000. In this study, however, the simulations
are performed on a domain that includes inlet and outlet channels in which the flow
can develop; therefore, it is difficult to systematically control the flow parameters at
the diffuser inlet. Furthermore, this setup, although computationally efficient, strongly
impacts both the performance and the flow behaviour as compared to the case with a
plenum, which more closely reproduces the case of a real diffuser without a tail-pipe.

Sparrow et al. (2009) performed a computational investigation on conical diffusers
ranging from low to moderate Reynolds numbers (500 to 33000), with a fully developed
flow at the inlet and tail-pipe at the outlet, to analyse the separation region with
respect to the Reynolds number and the divergence angle. It must be pointed out
that in numerical studies related to diffusers, it is also important to adopt models
that are capable of predicting both transition and relaminarisation of the boundary
layer, especially if the Reynolds number is not high enough to ensure a fully turbulent
boundary layer. Among the different numerical investigations at low and moderate
Reynolds numbers, Sparrow et al. (2009), for instance, used a universal flow-regime
model. It was found that the behaviour of diffusers drastically changes if a transition of
the flow is involved. In particular, the divergence angle at which separation appears is
significantly lower, moving from a total included angle of 15 degrees for high Reynolds
numbers to 5 degrees for low Reynolds numbers. The results obtained in the work
of Sparrow et al. (2009) are valid for conical diffusers with an inlet and outlet pipe,
sufficiently long for the flow to become fully-developed. The duct after the diffuser
outlet would also slightly increase the pressure recovery due to confinement.

In this paper, we aim to analyse the performance of two-dimensional plane diffusers
operating at a Reynolds number sufficiently low (Re ≈ 8000) to allow a mixed regime
(laminar, turbulent or transitional) depending on the inlet condition. In this regime,
we investigate the influence of different inlet conditions on the diffuser performance in
connection with the flow regime within the duct.

Three turbulence levels and three blockage factors (three different velocity profiles)
are combined for a total of nine different cases that are presumed to be representative
of a large variety of real applications. For each case, a series of numerical simulations
(ranging from a divergence angle of 0 to 30 degrees) are performed to accurately
analyse the behaviour of the pressure recovery and the velocity field. To do that, the
URANS k−ω Transitional SST model is exploited. To investigate the role of the inlet
conditions, a very short inlet duct is chosen in order to prevent the inlet conditions
from changing in a significant way before entering the diffuser. Hence, the length is
equal to the diffuser inlet width. The diffusers discharge directly into a stationary
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atmosphere, in contrast to most numerical investigations present in literature which
instead employ a tail-pipe.

In the case of conical diffusers, the Reynolds number decreases in the streamwise
direction and this may lead to a relaminarisation of the flow (Sparrow et al., 2009). On
the contrary, in two-dimensional plane diffusers, the local Reynolds number remains
constant throughout the diffuser. However, the flow can exhibit conditions (e.g. veloc-
ity profile and turbulence intensity) that may largely differ from those imposed at
the inlet. This may result in a substantial decay of fluctuations and the presence of
quasi-laminar regions, as shown in Figure 15.

2 Model

Since the objective of the investigation is to assess the behaviour of diffusers at mod-
erate Reynolds numbers and the latter scales both with inlet size and bulk velocity
(Re = Ū1W1/ν), the diffuser size was chosen according to the chosen Reynolds number
for the case. In particular, the inlet width W1 is 2 cm, while the diffuser length N is
10 cm, resulting in a N/W1 ratio of 5. The outlet width W2 depends on the divergence
angle 2θ. This is varied from zero to a maximum value of 30 degrees for each test case.

The geometry and the mesh were generated using the open-source software Gmsh
(Geuzaine and Remacle, 2009) based on the programming language Python. Figures
1 and 2 show the geometry used for the simulations; all the geometrical parameters
are constant apart from the total included angle 2θ, which is variable. The corner was
modelled as a quadratic Bezier curve.

To simulate the plenum exit condition, it was important to define an external
chamber large enough to have the minimum effect on the pressure recovery and flow
behaviour. A geometry independence study was performed to determine the minimum
size of the chamber.

As shown in Figure 3, the solution tends to become very unsteady for small sizes,
while it is rather stationary with increasing chamber size since the boundary conditions
are imposed far from the diffuser outlet. Figure 4 shows the CP convergence increasing
the external chamber size, as expected. Therefore, the external chamber was taken of
size 50x100 (length and height expressed in diffuser inlet widths) because the error
was found less than 1 percent of the 70x140 case.

2.1 CFD model implementation and boundary conditions

In the present work, unsteady RANS simulations were performed. The k −
ω Transitional SST (or SSTLM from the researchers Langry and Menter) (Langtry
and Menter, 2009) was deemed to be an adequate choice for the flow conditions
expected, namely flow transitions. This model is a modification of the standard
k − ω SST model (Menter, 1994) that includes two additional transport equations:
γ̂ and R̂eθt. The former is the intermittency variable, while the latter is the local
transition onset momentum thickness Reynolds number variable.

Besides high Reynolds numbers, this model can provide very good accuracy even
if the flow presents some laminar or transitional regions, namely in all cases in which

5



DIFFUSER

WC

HC

Fig. 1: Diffuser and external chamber geometry. WC and HC are the width and height
of the chamber respectively.

Fig. 2: Diffuser geometry and its nomenclature.

the Reynolds number is not sufficiently high to guarantee a fully-turbulent flow. Nev-
ertheless a careful choice of inlet conditions is fundamental, as well as having a mesh
resolved to y+ < 1.

To perform the URANS simulations, the open-source software OpenFOAM was
used, employing the PIMPLE algorithm. Although many papers perform steady RANS
on diffusers, even using a very similar correlation-based transition model (for example
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Fig. 3: CP series over time with different external chamber sizes [WC ×HC ], whose
width and height are expressed in diffuser inlet widths (W1). CPopt is the CP average
of the best geometry (70x140).

the work done by Sparrow et al. (2009)), for the present investigations it was not
possible to use a steady solver. Simulations did not converge to a solution mainly
because of the plenum exit condition, which does not confine the flow beyond the
diffuser.

The diffuser presents a structured grid, while the external chamber presents an
unstructured grid, as shown in Figure 5. To assess the optimal mesh sizing, the pressure
recovery coefficient at the outlet was analysed by varying the diffuser cell length and
the maximum plenum mesh size in two different studies. The results shown in Figure
6 reveal that a uniform cell length of 1 mm in the streamwise direction and a total
cell number of around 4− 5× 104 ensure to be within 1% from the finest mesh, which
results in an acceptable, mesh-independent solution. The cell height of 1×10−4 mm at
the wall increases towards the centerline with a geometrical progression of coefficient
1.2 and ensures y+ < 1.

To determine the total simulation time, a sensitivity analysis was conducted and
the results are shown in Figure 7. The maximum range of the pressure recovery
coefficient was studied by performing a moving average evaluation at different time
windows. The maximum CP range was found to converge well as the time window
increased, and a total simulation time of 5.5 seconds was deemed sufficient to obtain a
statistically homogeneous solution (within 1% of the global average). Specifically, the
simulation time is a sum of a first transient time of 0.5 seconds corresponding to 30t
(where t = N/Ū1 is the characteristic time scale of the diffuser) and a following time
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Fig. 4: Relative CP averages at different external chamber sizes expressed in diffuser
inlet widths (W1). The height HC is always 2WC . CPopt is the CP average of the best
geometry (70x140).

of 5 seconds corresponding to 300t, in which data were time-averaged. An adjustable
time step with an explicit scheme was adopted.

In the k−ω Transitional SST model, the turbulence kinetic energy k, the specific
turbulence dissipation rate ω, the intermittency γ̂ and the R̂eθt boundary conditions
must be specified besides velocity and pressure. k and ω were defined as follow:
k = 1.5(UI)2 ω =

√
k/l

where l is the turbulence length scale (set as l = 0.038 ∗Dh for B = 0 and B = 0.05,
l = 0.22 ∗ δ for B = 0.33).
Concerning the other boundary conditions, at the inlet γ̂ = 1, while at the wall
∂
∂n γ̂ = 0. For R̂eθt a turbulence level-dependent equation was exploited (Langtry and

Menter, 2009); at the wall ∂
∂n R̂eθt = 0. In addition, a velocity profile at the inlet and

no slip at the wall were imposed, while for the external chamber, static pressure and
no shear were imposed respectively at the outlet and at the walls.

A bulk velocity of Ū1 = 6 m/s was chosen, which corresponds to Re = 8163
(Re = ŪW/ν). This Reynolds number is compatible with a flow prone to transition,
a condition representative of diffusers operating at relatively low velocities. The bulk
velocity is kept constant for all the different velocity inlet profiles, while the maximum
velocity at the centerline is varied according to the particular type of inlet profile.

Three turbulence levels and three inlet velocity profiles were combined (all the
other parameters like k and ω are changed accordingly), for a total of nine cases. For
each case, different divergence angles θ were simulated in order to offer a complete
characterisation of 2D planar diffusers, considering the most influential parameters.
The turbulence levels are 10, 3 and 0.05 percent, representing respectively a high,
moderate and very low turbulence intensity. For the inlet velocity profile, a generalised
power law equation was used, following the one proposed by Salama (2021):

U

Umax
=

[
1−

(
y

W1

)m] 1
n

(3)
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(a) Diffuser mesh.

(b) Diffuser and plenum mesh.

Fig. 5: Representation of a part of the total mesh domain with a detailed view of the
structured grid of the diffuser.

where m and n are two coefficients function of the Reynolds number, y is the cross-
stream coordinate. Coefficients m and n were determined from experimental data
interpolations, and they vary based on the flow regime and Reynolds number. When
m = 2 and n = 1, the fully developed channel flow velocity profile corresponds to a
fully developed laminar channel flow. Salama (2021) established that a fully developed
turbulent flow has coefficients: m = 2 and n = 12. The different velocity profiles can
be described by means of the blockage factor B.

In the present work, the three velocity profiles are:

• flat profile: B = 0
• turbulent profile (m = 2, n = 12): B = 0.05
• laminar profile (m = 2, n = 1): B = 0.33

Figure 8 shows the three velocity profiles. Since the bulk velocity Ū is fixed for all
profiles, the maximum velocity Umax was obtained by the blockage factor, after having

9



10-4 10-3 10-2

Cell length [mm]

0.965

0.97

0.975

0.98

0.985

0.99

0.995

1

C
P
/C

Po
pt

(a) Cell length in the diffuser.
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(b) Total cell numbers by varying plenum mesh size.

Fig. 6: Mesh independence studies that show the relative CP by varying the cell
length of the diffuser and the largest mesh size of the plenum. CPopt is the CP of the
finest grid. Red circles correspond to the chosen grid size.
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Fig. 7: Moving average of the maximum CP range, normalised by the CP average over
20 seconds, at different time windows for a representative case (B = 0.05, Tu = 3%,
2θ = 18°) that provides a sensitivity analysis. The red circle corresponds to the chosen
time window.

defined coefficients m and n. Table 1 shows the boundary layer parameters at the
diffuser throat, in order to have a complete overview of the flow conditions for the
different simulations. As expected, these parameters do not change drastically from
those imposed at the inlet, given that the inlet channel is very short.
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B = 0.05
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Fig. 8: The three different velocity profiles at the diffuser inlet.

Tu = 10%

2δ/W1 2δ∗/W1 2θm/W1 H

B = 0 0.10 0.03 0.01 2.29
B = 0.05 0.62 0.05 0.04 1.56
B = 0.33 0.90 0.31 0.13 2.25

Tu = 3%

2δ/W1 2δ∗/W1 2θm/W1 H

B = 0 0.08 0.03 0.01 2.50
B = 0.05 0.61 0.06 0.03 1.69
B = 0.33 0.93 0.33 0.13 2.44

Tu = 0.05%

2δ/W1 2δ∗/W1 2θm/W1 H

B = 0 0.08 0.03 0.01 2.52
B = 0.05 0.61 0.06 0.03 1.70
B = 0.33 0.93 0.32 0.13 2.44

Table 1: Boundary layer thickness (δ), dis-
placement thickness(δ∗), momentum thick-
ness (θm) and shape factor (H) at the diffuser
throat, for the different turbulence intensity
cases and 2θ = 14°. No relevant difference
was observed at different divergence angles.
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2.2 Model validation

2.2.1 Validation against experimental data

A validation of the numerical framework against experimental data was performed.
The literature does not present experimental data suitable for our geometry and flow
conditions (namely moderate Reynolds numbers at different turbulence intensities).
Nevertheless, a validation was performed at high Reynolds numbers, by adapting the
flow conditions of the simulations to the experimental tests provided by Reneau et al.
(1967). The Reynolds numbers of the experimental data were well above 5 × 104.
Therefore, a value of 1×105 was chosen, ensuring a fully turbulent boundary layer. Fol-
lowing the experimental conditions, a turbulence intensity of 2 percent was selected,
and a uniform velocity profile was imposed as boundary condition at one throat length
upstream of the diffuser inlet, to ensure an inlet blockage factor of 0.007 at the throat.
The results, shown in Figure 9, demonstrate a good agreement in detecting the pressure
recovery trend at different divergence angles. The URANS model tends to overpredict
the maximum pressure recovery and the stall angle, but the difference in the pressure
coefficient CP between simulations and experiments remains always below ±0.15, indi-
cating good correspondence, considering the strong dependency of the data on inlet
conditions and geometrical features.

0 20 40 60
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(a) Absolute value of CP . The green points were
deduced from the interpolation curve of B = 0.015.
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(b) Relative error of the linear interpolation of CP .

Fig. 9: Comparison of pressure recovery coefficients between simulations and experi-
mental data (Reneau et al., 1967), varying the divergence angle. Tu = 2%, B = 0.007.
The dashed lines represent the angles of the stall regimes: a-a for the Large Transitory
stall, b-b for the Fully-Developed two-dimensional stall, c-c for the Jet Flow.
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2.2.2 Validation against Large Eddy Simulation

As complementary analysis to the comparison with experimental data, the k − ω
Transitional SST model was validated against LES for a representative case. A quasi-
2D geometry with a periodic boundary condition on the faces normal to the spanwise
direction was adopted. A mesh size of 7×105 cells was employed and the boundary layer
was fully resolved. Second-order schemes were adopted for the temporal and spatial
discretisation, with a fixed time step of 1 × 10−5 s. As inlet conditions, a turbulence
intensity of 3%, B = 0 and 2θ = 10° were chosen because URANS simulations show
separation and reattachment under these specific conditions. The turbulence intensity
was generated with a digital-filter method (Klein et al., 2003).

Results show that the URANS model overpredicts the pressure recovery by 10%
compared to the LES. This is consistent with the LES flow field, which exhibits a
thicker recirculation bubble. The URANS model accurately predicts the separation
point and the length of the recirculation bubble, with both predictions differing by less
than 4% of the LES results, as shown in Table 2. A qualitative comparison of the flow
fields is illustrated in Figure 10. The wall pressure and the centerline velocity show a
good agreement between LES and URANS simulations, as highlighted in Figure 11.
Some differences are observed in correspondence with the recirculation bubble, which
is indeed thicker in the LES simulation.

Lb/W1 Wb/W1 xb/W1

URANS 2.26 0.055 0.77
LES 2.20 0.091 0.74

Table 2: Comparison between
URANS and LES simulations of
the proprieties of the recirculation
bubbles for Tu = 3%, B = 0,
2θ = 10°. Lb, Wb, and xb represent
the length, width, and position (of
the separation point) of the recir-
culation bubbles from the throat,
respectively.

Furthermore, it is important to note that the authors of the chosen model con-
ducted several validations against experimental findings of canonical cases (Langtry
and Menter, 2009). Among these, a case closely resembles the scenario investigated
in the present work. Specifically, the model was validated in the context of diffusers
with adverse pressure gradients, where it demonstrated a good agreement in pre-
dicting the flow field including separation-induced transition, natural transition and
relaminarisation.
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Fig. 10: Averaged streamwise velocity fields of URANS and LES for the case of
Tu = 3%, B = 0 and 2θ = 10°. Negative velocity is represented by magenta colour so
that the recirculation bubble is clearly visible.
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(a) Wall pressure normalised by the minimum wall
pressure of the LES simulation.
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Fig. 11: Wall pressure and centerline velocity along the streamwise direction of the
URANS and LES for the case of Tu = 3%, B = 0 and 2θ = 10°.

3 Results and discussion

3.1 Qualitative analysis of the flow field

3.1.1 Stall Regimes

To highlight the effect of the turbulence intensity and the blockage factor on the stall
regimes, the simulations performed at a moderate Reynolds number are compared to
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the high Reynolds numbers experiments analysed by Reneau et al. (1967). Figure 12
shows a marker for each simulation performed, grouped by turbulence intensity. In
addition, three different lines indicate the stall regimes as shown in the work by Reneau
et al. (1967). These regions are valid for a turbulent thin boundary layer (Tu = 2%)
at high Reynolds numbers (Re > 5×104). The figure shows a general good agreement
between the present simulations and the experimental results reported by Reneau
et al. (1967) for turbulence levels of 10 and 3 percent. Both turbulence intensities
experience an earlier stall regime for B = 0.33, moving from 2θ = 18° to 2θ = 10°.

A clear difference in stall regimes is evident for Tu = 0.05%. Indeed, a very early
separation appears, resulting in the diffuser stalling as early as 2θ = 2°. When B =
0.33, a jet flow appears at 2θ = 9°. This result reveals a strong dependency of stall
regimes on the flow type for moderate Reynolds numbers. Indeed as one may expect,
the present model confirms that if the turbulence intensity is extremely low at the
inlet, the flow exhibits a laminar behaviour through the diffusers unless the Reynolds
number is high enough.

Figure 13 shows the contour plots of the three regimes identified in the simulations.
In general, these correspond to: no appreciable stall, fully developed stall and jet flow
regimes. Unlike the flow visualisation analysis given by Reneau et al. (1967), the
simulations performed here do not show a clear transitory stall. Nevertheless, it is
not possible to state if this regime is not present at moderate Reynolds numbers or if
the chosen turbulence model cannot detect it. Future experiments with the same flow
conditions can help to clarify this point.

3.1.2 Flow features

In order to better understand this role of inlet conditions on the behaviour of stall
regimes, the velocity, intermittency and turbulence kinetic energy fields were analysed.
Since > 100 simulations were performed for this work, it is not feasible to visualise the
flow field at all time steps. Nevertheless, an accurate investigation of the flow fields
was accomplished, and the main features are now reported.

The investigation started by analysing the high turbulence intensity case (10
percent); here the flow field is completely turbulent, with a consequent turbulent sep-
aration by increasing the divergence angle. Hence, the diffuser behaves similarly to the
high Reynolds number case described by Reneau et al. (1967). The diffuser behaviour
changes when the turbulence intensity is 3 percent; in this case, a recirculation bub-
ble appears by increasing the divergence angle (Figure 14). This bubble tends to shift
towards the throat and enlarge in width if the divergence angle keeps increasing, as
shown in Table 3. Besides the recirculation bubble, no separation occurs if the diver-
gence angle is not further increased. By analysing the turbulence kinetic energy field
shown in Figure 14 and its evolution along the streamwise direction close to the wall
shown in Figure 15, it is evident that at the reattachment point of the recirculation
bubble, the turbulence kinetic energy is about two orders of magnitude greater than
that at the first separation point. Even though this factor by itself does not confirm
the presence of a separation-induced transition with certainty, it may suggest that the
flow undergoes laminar separation close to the throat, followed by reattachment in a
turbulent state, facilitated by the moderate free-stream turbulence intensity. The flow
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Fig. 12: Stall regimes for all the simulations performed. Lines are extracted from the
work by Reneau et al. (1967), and they represent the ultimate divergence angles at
which the stall regimes are observed for diffusers operating at high Reynolds numbers,
with a thin boundary layer and Tu ≈ 2%. Triangles, circles and squares represent
B = 0, B = 0.05, B = 0.33 respectively. Blue, red and green colours represent a no
appreciable stall regime, a stall regime (both transitory and fully developed) and a jet
flow regime respectively. All the markers are to be intended at N/W1 = 5, although
some are shifted for clarity.

field drastically changes when the turbulence intensity is 0.05 percent. The intermit-
tency variable tends to decrease through the diffuser from the wall to the centerline,
suggesting that the flow is laminar or transitional at the most. As a consequence, a
very early separation appears by slightly increasing the divergence angle, compatibly
with a very low momentum close to the wall and a likely laminar separation.

3.2 Diffusers performance

In order to analyse the performance, the pressure recovery coefficient CP and the
effectiveness η are investigated first. Figures 16a, 17a and 18a show the CP and η
for the three turbulence intensities, each of them with the three inlet velocity profiles
(blockage factors).

Turbulence intensity affects both the magnitude of the pressure recovery and the
divergence angle at which this maximum pressure recovery occurs: both of them
increase if turbulence intensity increases. Nevertheless, this effect is not relevant if the
turbulence level is high enough to allow the flow to be partially or fully turbulent (10
and 3 percent cases). On the contrary, if the flow is laminar, a very early separation
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(a) Tu = 10%, B = 0, 2θ = 14°

(b) Tu = 10%, B = 0, 2θ = 22°

(c) Tu = 0.05%, B = 0.33, 2θ = 10°

Fig. 13: Velocity magnitude contour plots for different stall regimes at the final sim-
ulation time. Figures (a), (b) and (c) represent respectively the No Appreciable Stall
regime, the Fully Developed Two-Dimensional Stall regime and the Jet Flow regime.
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Tu = 3%, B = 0

Lb/W1 Wb/W1 xb/W1

2θ = 6° 1.67 0.042 2.36
2θ = 10° 2.26 0.055 0.77
2θ = 14° 2.10 0.080 0.35

Tu = 3%, B = 0.05

Lb/W1 Wb/W1 xb/W1

2θ = 6° 1.68 0.039 1.83
2θ = 10° 2.58 0.069 0.61

Tu = 3%, B = 0.33

Lb/W1 Wb/W1 xb/W1

2θ = 6° 2.03 0.029 0.71

Table 3: Proprieties of the recir-
culation bubbles for the turbulence
intensity of 3%. Lb, Wb, and xb are
respectively the length, width and
position (of the separation point) of
the recirculation bubbles.

occurs, with detrimental consequences on pressure recovery. This is the case when the
turbulence intensity is 0.05 percent.

In addition, the three figures show that at low angles, when the flow is com-
pletely attached, both B = 0 and B = 0.05 behave similarly. However, a slight
reduction of pressure recovery can be noted at higher angles. For B = 0.33 a very dif-
ferent behaviour is shown: the pressure recovery curve tends to increase beyond the
ideal pressure recovery coefficient and the maximum pressure recovery occurs at very
low divergence angles. Moreover, the pressure recovery is greater than 0 when the
divergence angle is null (corresponding to a channel flow into a stationary atmosphere).

This behaviour can be explained by considering the additional pressure recovery
due to turbulent diffusion, as explained in section 1. Hence, a modified effectiveness
was considered and it is plotted in Figure 19. It is possible to notice that, unlike η, η̄
never exceeds 1 when CP > CPid. It is also important to point out that the modified
effectiveness assumes an important role even for low blockage factors. Indeed, for the
case of B = 0.05, there is more than a 10 percent difference between the original and
the modified effectiveness.

To clarify the effect of turbulence diffusion, the blockage factors at the outlet are
shown in Figure 20 for all the simulations performed. Data are available till backflow
appears at the outlet. From these plots, it is clear that in the case of a laminar inlet
velocity profile (Tu = 0.05%), there is no turbulent diffusion. Hence, the blockage
factor at the outlet is almost the same as the one at the inlet, and the flow maintains
its kinetic energy.
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Fig. 14: Streamwise velocity and normalised turbulence kinetic energy fields at the
final simulation time for the case of Tu = 3%, B = 0, 2θ = 14°. Negative velocity is
represented by magenta colour so that the recirculation bubble is clearly visible.

Table 4 summarises the performance of the diffusers simulated, by showing the
maximum values of pressure recovery coefficient CP , effectiveness η and modified
effectiveness η̄ with their corresponding divergence angle 2θ. As expected, the high-
est values of CP , η and η̄ are all found for Tu = 10%. The highest angles of these
maximum values correspond to the same case.

In order to isolate the effect of the diffuser shape (divergence angle) on the perfor-
mance, new formulations of the pressure recovery and effectiveness were defined. CPs

is zero when the divergence angle is zero. Thus, net to friction losses and turbulent
diffusion when the diffuser operates as a channel:

CPs = CP − CP (0) (4)

As a consequence, the new effectiveness can be defined as:

ηs = CPs/CPid (5)

Figure 16b, 17b and 18b show CPs and ηs for the three turbulence intensities. It can
be seen that for low divergence angles, the pressure recovery coefficients are slightly
higher than the ideal pressure recovery coefficient. This is consistent with the adverse
pressure gradient that reduces the velocity gradient at the wall. For this reason, the
effectiveness ηs is greater than 1 for low divergence angles and abruptly decreases in
correspondence with stall.

To recapitulate, even if the Reynolds number is not high enough to guarantee a
fully developed turbulent flow, some inlet conditions could bring about high pressure
recovery. This is the case for a high turbulence intensity (10 percent), which demon-
strates performance not significantly different from those of diffusers operating at high
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Fig. 15: Intermittency γ̂ and normalised turbulence kinetic energy at a constant
distance from the wall (0.05W1) from inlet to outlet of the diffuser, for the case: Tu =
3%, B = 0 and 2θ = 14°. x/L is the normalised position along the streamwise direction.
Separation and reattachment positions of the recirculation bubble are marked with
vertical lines.

Reynolds numbers. However, two main factors do not allow a high pressure recovery
for diffusers operating with a laminar flow. The first reason is that the laminar flow
tends to separate very early in the presence of an adverse pressure gradient, and the
second reason is that the lack of turbulent diffusion cannot make the flow uniform
through the diffuser. These two factors are dependent because the lack of turbulent
diffusion is not able to retard the early separation, due to low momentum close to the
wall. This is particularly visible in the case of Tu = 0.05% and B = 0.33, because
both factors affect the pressure recovery, leading to CPmax = 0.06.

Another parameter of interest in the evaluation of the diffuser performance is the
uniformity of the flow at the outlet. To quantitatively evaluate this, we make use of
the uniformity index (Daniels et al., 2019):

γ = 1− 1

W2

∫
y

Φ

2Uave
dy where Φ = ||U | − Uave|, Uave =

1

W2

∫
y

|U |dy (6)

Figure 21 shows the value of γ grouped for the different turbulence levels. It can be
observed that the flow uniformity index is inversely proportional to the blockage factor
B as expected from the definition of γ, and in general, it monotonically decreases
increasing the divergence angle 2θ. For B = 0.33, γ is significantly lower compared to
that for low blockage factors, and this worsens at low turbulence intensities. Despite
a fairly uniform decrease in γ, the rate of drop is higher in correspondence with the
stall regime, as large separation areas reduce flow homogeneity. Turbulence intensity
significantly affects the flow regime, thereby influencing the flow homogeneity. This is
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Tu = 10%

CPmax ηmax η̄max 2θ(CPmax) 2θ(ηmax) 2θ(η̄max)

B = 0 0.66 0.81 0.81 16.8 12.8 12.8
B = 0.05 0.62 0.80 0.70 14.0 11.2 11.8
B = 0.33 0.73 / 0.40 7.6 / 6.0

Tu = 3%

CPmax ηmax η̄max 2θ(CPmax) 2θ(ηmax) 2θ(η̄max)

B = 0 0.60 0.78 0.78 13.2 12.0 12.0
B = 0.05 0.52 0.72 0.63 10.8 9.0 9.4
B = 0.33 0.52 / 0.30 5.8 / 4.8

Tu = 0.05%

CPmax ηmax η̄max 2θ(CPmax) 2θ(ηmax) 2θ(η̄max)

B = 0 0.23 0.51 0.51 4.2 3.6 3.6
B = 0.05 0.17 0.41 0.32 3.8 3.0 3.2
B = 0.33 0.06 0.25 0.04 2.4 1.0 2.2

Table 4: Maximum value of CP , η and η̄ and their corresponding
divergence angle 2θ, for the different turbulence intensity cases. The
slash indicates that η loses significance because the corresponding
curve has a maximum value only for η = ∞ at 2θ = 0°.

particularly evident for Tu = 0.05%, where stall occurs at very low divergence angles
and γ rapidly decreases.

4 Conclusions

CFD simulations were performed in order to assess the behaviour of two-dimensional
diffusers operating at a Reynolds number of approximately 8 × 103. In this regime,
both laminar and turbulent separations can occur depending on the different inlet
conditions. To capture this, we employed the k − ω Transitional SST RANS model.
At the outlet, a plenum exit condition was imposed. Three turbulence intensities were
varied, in particular 10 percent, 3 percent and 0.05 percent, thus ranging from a
completely turbulent to a laminar-like inlet flow. In addition, three inlet velocity profile
shapes were modeled by a modified power law, and characterised by an adimensional
blockage factor (B = 0, B = 0.05, B = 0.33). The only geometrical variable was the
divergence angle 2θ, which ranged from 0 to 30 degrees for each case.

From the results of the simulations, some conclusions can be summarised in the
following:

1. Extreme caution must be given in exploiting the stall regimes plot presented by
Reneau et al. (1967) when the operating conditions of the diffuser differ from high
Reynolds numbers with a thin turbulent boundary layer. In particular, the stall
is brought about earlier (from 2θ = 18° to 2θ = 10°) on increasing the blockage
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factor from 0 to 0.33. A significant difference is present (stall below 2θ = 2°) for
all blockage factors when the flow is completely laminar (Tu = 0.05%).

2. The stall patterns seem to be very similar between the different turbulence inten-
sities, apart from the angles at which the stall appears. In this specific numerical
framework and for moderate Reynolds numbers (Re ≈ 8×103), the unsteadiness of
the transitory stall is not visible throughout the simulation time, unlike what lit-
erature reveals from experimental data at high Reynolds numbers (Re > 5× 104).
In any case, the mean flow velocity field seems to be well predicted.

3. Turbulence intensity affects the diffuser performance (CP and η) because it
becomes a relevant factor in the determination of transition and separation onset
when the Reynolds number is in a moderate range, as the one of the present work
(Re ≈ 8× 103). For B = 0, a difference in the pressure recovery of about 10 per-
cent was detected by reducing the turbulence intensity from 10 to 3 percent. By
reducing it to 0.05 percent, the difference increased to 60 percent.

4. The velocity profile affects the diffuser performance for all turbulence intensities.
By increasing the blockage factor, a decrement in pressure recovery and an earlier
separation were detected. An additional pressure recovery due to turbulent diffu-
sion is observed for B = 0.33. As a consequence, this does not occur if the flow is
laminar (Tu = 0.05%).

5. In the case of a high blockage factor (B = 0.33), the use of a modified effectiveness
η̄ is introduced in order to consider the additional dynamic pressure of the flow
at the inlet. Even for B = 0.05, there is a substantial difference of more than 10
percent in comparison to the classical η formulation. Furthermore, the angle of
maximum effectiveness loses its significance and is misleading for high blockage
factors because it tends to 2θ = 0°. The angle of maximum modified effectiveness
should be used instead.

In conclusion, this study provides an overview of the performance of diffusers
operating at moderate Reynolds numbers, a topic not extensively explored in the
current literature. The present work reveals that the safety divergence angles com-
monly adopted during the design process are valid only for specific conditions, i.e.
high Reynolds numbers and thin boundary layer. Instead, it emphasises the role of
moderate Reynolds numbers and inlet conditions on the flow separation and pressure
recovery, providing performance plots for multiple inlet conditions. Finally, this ini-
tial investigation will likely lead to further analyses and experiments to validate these
findings and deepen the understanding of the physics underlying transition in diffusers.
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Fig. 16: Distributions of pressure coefficients CP (a) and CPs (b) (both with a con-
tinuous line) and effectiveness η (a) and ηs (b) (both with a dashed line) at different
inlet blockage factors (inlet profiles) for Tu = 10%.
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(a) Distribution of CP (continuous line) and η (dashed line).
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Fig. 17: Distributions of pressure coefficients CP (a) and CPs (b) (both with a con-
tinuous line) and effectiveness η (a) and ηs (b) (both with a dashed line) at different
inlet blockage factors (inlet profiles) for Tu = 3%.
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Fig. 18: Distributions of pressure coefficients CP (a) and CPs (b) (both with a con-
tinuous line) and effectiveness η (a) and ηs (b) (both with a dashed line) at different
inlet blockage factors (inlet profiles) for Tu = 0.05%.
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Fig. 19: Modified effectiveness η̄ for the three turbulence intensity cases.
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Fig. 20: Blockage factor B2 at the diffuser outlet for the three turbulence intensity
cases.
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Fig. 21: Flow uniformity index γ for the three turbulence intensity cases. For each
turbulence level, the correspondent simulation with the highest angle at which the
flow is attached is marked with a black cross.
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