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Effect of aspect ratio and curvature on characteristics of S-shaped diffusers 
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Performance characteri stics of S-shaped rectangular diffusers have been investigated using CFD. The characteristics 
have been obtained for 15°/1 5°,22.5°/22.5°, 30°/30°, 45°/45° and 90°/90° diffusers for constant circular center line length 
of 600 mm having an aspect ratio of 2, 4 and 6 at inlet. It is observed that as the curvature increases, the uniformity of flow 
at the outlet reduces, the cross flow velocities at the outlet increase and the coefficient of pressure recovery decreases. The 
effect of aspect ratio on the performance characteristics of these diffusers is also similar, i.e. reduction in aspect rat io 
reduces flow unifonnity and pressure recovery . 

Diffusers are used for converting kinetic energy of the 
fluid to pressure energy . There is a continuous 
reduction in the flow velocity along the length of the 
diffuser. Diffusers can be broadly classified into two 
categories: Straight and Curved Diffusers. The S­
shaped diffusers fall in the category of curved 
diffusers. S-shaped diffusers are mainly used in 
aerospace applications as intake ducts. 

The flow characteristics at the outlet of S-shaped 
diffusers play a crucial role in the design of the 
downstream elements, namely, the compressor, 
combustor, etc. The flow in these diffusers becomes 
complicated due to the presence of inflection point in 
curvature in the direction of flow resulting in strong 
pressure driven stream-wise vortices. The flow 
characteristics are also affected by the inlet conditions 
and the aspect ratio of the diffuser. The flow displays 
three-dimensional features, mainly due to curvature 
induced stream-wise vorticity and secondary motion 
associated with diffusers. 

Studies have been conducted on constant area S­
shaped ducts with circular cross-section 1-3. The 
studies have shown the presence of a pair of counter 
rotating vortices within the duct. Taylor et a1. 4

,5 have 
reported measurements of flow in circular and square 
cross-section S-shaped ducts for developing laminar 
and turbulent flow. These measurements show a 
higher degree of secondary motion for laminar flow at 
the outlet due to the thicker boundary layer at inlet. 
Rojas et aZ. 6 investigated the effect of developing 
laminar and turbulent flow on the characteristics of C 
and S-shaped diffusers (22.5°/22.5°), having moderate 
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curvature. The area ratio and aspect ratio at the exit 
taken in both the cases were 1.5 and 0.67, 
respectively. The development of secondary motion 
was observed to be similar to that observed in 
constant area ducts (Taylor et ai.4), with the 
magnitude of cross flow velocity, reducing towards 
the exit of the duct. The pressure recovery achieved 
was 1/51h of the velocity head. Guo and Seddon7

•
8 

studied the effect of swirl in S-shaped diffusing duct 
used in modern aircraft. Different techniques have 
been proposed to improve the performance of the 
diffuser. Seddon9 has explained the phenomenon of 
self-generated swirl and suggested means to 

h Sh ' li D II · . d h overcome tern. Imzu et a.' lIlvestigate t e 
effect of inlet boundary layer thickness on the 
performance of these diffusers. Whitelaw and Yu l2 

have studied the turbulent flow characteristics in an S­
shaped diffuser. They observed attenuation of counter 
rotating vortices in the second half, when a skewed 
velocity profile was fed at the inlet. Lien and 
Leschinger13 have demonstrated that the mean flow 
features of diffusers and in curved ducts can be well 
predicted and are insensitive to the turbulence model 
used, on the contrary turbulence field energy is very 
sensitive to the variation of the turbulence model. 
Majumdar et ai.14 have characterised the flow in S­
shaped diffuser, with an area ratio of 2. The results 
obtained by their experiment have been used to 
validate the CFD code, used in the present study. A 
survey of the available literature reveals that many 
experimental investigations have been reported to 
understand the flow complexities in S-shaped 
diffusers but no systematic attempt has been made to 
unravel the flow features in S-shaped diffusers with 
different area ratios and curvatures, either 
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experimentally or using Computational Fluid 
Dynamics (CFD). 

The results presented in the present paper have 
been obtained using commercial CFD software 
FLUENT'5. CFD has distinct advantages over 
experimental techniques, like high speed and low cost 
with reasonable accuracy. It can also be used to 
simulate flow in complex geometries with immense 
ease. 

Mathematical Formulations 

The governing equations are: 

... (1) 

... (2) 
a (-, .) +- -pu; Uj 

aXj 

Where, p is the density of the medium (air, in the 
present case); U; is the mean velocity in the three 
directions for three values of i = 1, 2, 3, respectively; 
J1 is the viscosity of the medium, P is the static 
pressure and U;' is the perturbation in velocity due to 
turbulence. 

Additional terms -pu;'u/' in the momentum 
equations, are the Reynolds stresses and these must be 
modeled in order to have the close form solution. 
Various turbulence models have been developed to 
incorporate the Reynolds stresses. The k-E turbulence 
model has been used in the present study. The 
selection of the k-E turbulence model has been made 
on the basis of the experience of Koutmos and 
McGuirk'6 and Majumdarl7. They have used standard 
k-E turbulence model for predictions in a dump 
diffuser and S-shaped diffusers, respectively. In S­
shaped diffusers , Majumdar'? has observed no 
separation zone and has reported that k-E model works 
reasonably well for all engineering purposes. 
Boussinesq hypothesis is used to relate the Reynolds 
stresses to the mean velocity gradient as described in 
the form of Eq. (3); 

- pu;u . = III -+ - - - pk + 1l1- 8ij -, , ( au; aUj) 2 ( au; ) 
} aXj ax; 3 ax; 

... (3) 

where, J11 is the eddy viscosity and k is the turbulence 
kinetic energy. 

Two additional transport equations one for 
turbulent kinetic energy (k) and another for the 
turbulence dissipation rate (E) are solved to evaluate 
J11. which is computed as, 

... (4) 

Where, CJ-I is a constant. 
The additional equations are 

DE a [( ~t J ak 1 P-=- ~+- - +Gk+Gb-pE-Ym 
Dt ax; (J k ax; 

.. . (5) 

Where, Gk is the generation of turbulent kinetic 
energy due to the mean velocity gradient. 

. .. (7) 

Here S is the modulus of the mean rate of stress 
tensor, defined as 

.. .(8) 

Sijis given by, 

IJ ---+-S.. - 1 (au; aUj J 
2 aXj aXi ... (9) 

Gb is the generation of turbulent kinetic energy due 
to buoyancy. In present study, it has been taken as 
zero because of zero temperature gradient. The term 
YIII represents the contribution of the fluctuating 
dilation in compressible turbulence to the overall 
dissipation rate and is taken as zero, since the flow 
considered is incompressible. CI £ and C2£ are 
constants. Ch and a£ are the turbulent Prandtl numbers 
for k and E, respectively . 

The value of constants in the present study taken 
fo r the turbulence model are the standard values 
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reported in literature and are: C2E = 1.92; C1E = 1.44; 
C,u = 0.09; ak= 1.0; and, aE = 1.3 

These values have been found to work fairly well 
for a wide range of wall bounded and free shear 
flows. 

Validation of the code 
The geometry, used for validation, is same as that 

used by Majumdar et al. 14 The geometry of the 
diffuser has been shown in Fig. 1. Velocity profiles 
have been obtained at various stations, which are 
nearly similar to those used in the experiments 14 

(Fig. 2). The coefficient of pressure recovery value 
predicted (41.7%) agrees reasonably well with the 
measured values (45.6%). The discrepancies observed 
in the predicted and the experimental results could be 
due to error in the simulation of the inlet velocity 
profile as that of Majumdar 14 and the limitations of 
the turbulence model to handle zones of steep velocity 
gradient. Modifications in the inlet velocity profile 
showed improvement in matching but the results of 
validation have been given only for that inlet velocity 
profile which in view of the authors was true 
representative of the velocity profile measured by 
Mazumdar et al. 14 

Investigation of geometries 
To establish the effect of curvature, five 

combinations of angles of tum, namely, 15°115°, 
22.5°/22.5°, 30°/30°, 45°/45° and 90°/90° for an S­
shaped rectangular diffuser, have been selected. The 
other parameters, which were kept constant, are 
aspect ratio at inlet (6), area ratio (2), centerline 
length (600 mm) and centerline shape (circular). 

For studying the effect of aspect ratio, aspect ratios 
of 2, 4 and 6 at inlet were chosen for 30°/30° and 
90°/90° S-shaped diffusers. The other parameters 
were kept constant as above. 

(enter line length: 600mm 

Aspect ratio .. 6 

V olocity inlet 

Pressure outlet 

Fig. I - Geometry of S-shaped diffuser used for validation 

Specification of boundary conditions 
A uniform velocity profile is specified at the inlet, 

with magnitude equal to 40mls. Atmosphere pressure 
is specified at the exit as an outlet boundary 
condition. Turbulence intensity is specified as 3-4% at 
the inlet and 7-8% at the outlet, for purpose of 
initialization to have faster convergence. 

Results and Discussion 
To clearly bring out the effect of radius of 

curvature and aspect ratio, results in the subsequent 
discussion are divided into two parts. The analysis is 
restricted to the pressure recovery and outlet velocity 
profile and only selected graphs are presented here. 

Effect of variation of radius of curvature on velocity profile at 
the outlet 

Velocity has been broken up into two components 
for studying the behaviour of the flow at the outlet. 
The components, which have been chosen, are 
longitudinal velocity and the in-plane velocity. The 
profiles of both the components have been carefully 
observed at the outlet. Isovelocity contours are 
presented to depict the variation of longitudinal 
velocity at the outlet, whereas in-plane velocity 
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Fig. 2a - Mean velocity at outlet at various locations using CFD 
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Fig. 2b - Mean velocity at various locations at the outlet 
(experimentation) 
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vectors have been drawn for depicting the variation of 
cross flow velocity at the outlet in Figs 3 - 5. 

For 15°/15° diffuser, longitudinal veloci ty is 
observed to be uniform in the core and it is seen to 
decrease with a steep gradient to zero at the wall, as 
expected due to the wall effect. The in-plane velocity 
vectors depicting cross flow show the presence of one 
pair of counter rotating vortices, though of very low 
intensity, which are only prominent at the left and 
right boundaries of the outlet plane and negligible 
along the concave and convex walls . The maximu m 
value of the cross flow velocity is observed to be 0.8 
m/s. For 22.5°/22.5° diffuser (Fig. 3a, b), longitudinal 
velocity is again observed to be uniform in the core, 
and the profile is almost the same as that observed for 
15°115° diffuser. The cross flow veloci ty vectors 
again show a pair of counter rotating vortices, with a 
~ li ghtly greater intensity . The maximum cross flow 
veloc ity is observed to be 0.9m/s. For 30°/30° 
diffuser, a simi lar trend as that in 22.5°/22.5° diffuser 
is observed, with intensity of vortices increasing a bit 
more. For 45°/45° diffuser (Fig. 4a,b), uniformity of 
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the longitudinal veloci ty is lost and it is observed to 
vary along the width , with the highest value in right 
and left top halves. The in-plane velocity vectors still 
show a simi lar sort of configuration with further 
increase in the intensity of the counter rotating 
vortices, the max imum being 1.8rn/s. For the 90°/90° 
diffuser (Fig. 5a,b), flow is observed to be highly non­
uniform at the outlet, showing no particu lar behavior. 
There are three pairs of vortices observed at the 
outlet, instead of the one pair of counter rotating 
vortices, observed in previous cases. Mazumdar 
et aZ. 14 have also reported presence of about three pair 
of vortices at the outlet of 90°/90° diffuser. 

Effect of variation of radius of curvature on pl'essure recovery 
and cross now velocity 

Fig. 6a gives the variation of ;n :'f:1ge cross flow 
velocity at outlet. ft is seen th o ... c magnitude of 
cross flow velocity increases wi th increase in 
curvature. Fig. 6b gives the n riation of pressure 
recovery coefficient as a functi o'l of angle of turn. It 
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Fig. 4a - Contours or longituciinal veloc ity at ouLiet for 45°145° 
diffuser 
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Fig. Sa -- Contours of longi tudinal  velocity at outlet for 90°/90° 
diffuser 
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Fig. Sb -- Veloc i ty vectors showing cross flow velocity at outlet 

for 90°/90° diffuser 

is observed, that the coeffi cient of pressure recovery 
decreases, as the angle of turn of the d i ffuser 
i ncreases. The pressure recovery coeffi cient for 

1 5°/ l 5° combi nation is predicted as 65 . 1  % which 
reduces to 62.5% for 45°/45° "S" di ffuser, a fal l  of 
about 4%. For 90°/90° angle of turn, the pressure 
recovery fal ls  to 4 1 .7% show i n g  a fal l  of 
approxi mately 30%. 

It  can be seen from the predicted trends that  as the 
curvature of the d i ffuser i ncreases, longitudinal 
veloc i ty profi l e  at the outlet becomes less u n i form. 
This non-uniformity at outlet can be attri bu ted to 
i ncrease i n  intens i ty of secondary flows, which are 
generated due to centrifugal for.ceg, and are more 
predomi nant i n  the case of high curvature d i ffusers. 
As a result  of th is ,  high curvature diffusers have l ess 
u n i form flow tit the outlet, when compared w i th low 
curvature diffu sers. The generation of the counter 
rotating vortices can be attribu ted to the centrifugal 
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Fig. 6a -- Variation of average cross-flow velocity at outlet with 
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forces, which try to push the fl uid towards the ' 
concave wal l ,  but the tl u i d  turns due to the normal 
pressure from the concave wal l ,  leading to the 
generation of the vortices. The i ncreas ing i ntens i ty of 
the counter rotati n g  vort i ces w ith increase in 
curvature also suggests the i nvol vement of centrifugal 
forces, generated due to the curvature.  

Effect of variation of aspect ratio on velocity profile at the 
outlet 

Figs 7 and 8 show the variation of longitudinal 
veloc i ty and cross flow veloci ty at the outlet for 
30°/30° di ffuser having an aspect rat io of 2 and 6 at 
the i n l et,  respecti vely.  It  is observed that as the aspect 
ratio increases, flow gains u n i formi ty at the outlet for 
the 30°/30° di ffuser. As a resu l t, more u n i form flow i s  
observed ti t  t h e  outlet for a n  aspect ratio o f  6 than that 
observed for an aspect ratio of 2. It  may be due to the 
slow penetration of corner effects to the core of the 
flow for the case of h igh aspect ratio diffuser. A high 
value of cross flow velocity is observed near the 
paral lel wal l s  and very low magni tude is  observed i n  

the center o f  the outlet plane (Fig .8b) .  For 90°/90° 
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Fig. 7a - Contours of longitudinal velocity at outlet for 30°/30° 
diffuser having an aspect ratio of 2 at inlet 
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outlet for 30°/30° diffuser having an aspect ratio of 2 at inlet 

diffuser the flow is accompanied with high level of 
secondary motion, making the secondary flow more 
prominent in the case of aspect ratio 6 than that for 
aspect ratio 2, which can also be seen in the respective 
cross velocity profiles (Figs. 5b and 9b). For 90°/90° 
S-shaped diffuser, the pair of contra rotating vortices 
for two aspect ratio shows a tendency of breaking into 
larger number of pair of contra rotating vortices 
(Fig. 9b). 

Effect of variation of aspect ratio on Coefficient of pressure 
recovery and cross flow velocity 

The variation of coefficient of pressure recovery 
with aspect ratio for 30°/30° and 90°/90° diffusers are 
shown in Figs. lOa and lOb, respectively. For 30°/30° 
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Fig. 8a - Contours of longitudinal velocity at outlet for 30°/30° 
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Fig. 8b - Velocity vectors showing cross flow velocity at outlet 
for 30°/30° diffuser having an aspect ratio of 6 at inlet 

diffuser the pressure recovery coefficient increases 
with increase in aspect ratio, the increase is of the 
order of around 15% for aspect ratio of 6.0 (Fig. lOa). 
This can be attributed to the increase in effective 
diffusion area for high aspect ratio diffusers. For 
90°/90° diffuser, the flow has high degree of 
secondary motion, which increases with aspect ratio~ 
therefore the loss of energy to secondary motion is far 
greater than the gain due to increase in effective 
diffusion area. Hence, an overall decrease in CPR is 
observed with increase in aspect ratio for 90°/90° 
diffuser (Fig. lOb) . The fall in the pressure recovery 
for aspect ratio 6.0 is the order of 20% in comparison 
to aspect ratio 2.0. 

Conclusions 
The flow field at outlet in all the rectangular cross 

section diffusers studied are observed to contain a pair 
of counter rotating vortices and the intensity of these 
vortices increases with increase in angle of tum of the 
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diffuser. The increase in the intensity of the vortices 
can be attributed to the centrifugal forces, whose 
dominance increases with the curvature of the 
diffuser. Also, the uniformity of longitudinal velocity 
has been observed to decrease with the angle of turn 
of the diffuser, where as uniformity of flow is seen to 
increase with aspect ratio, since the influence of the 
corner effect reduces, 

The coefficient of pressure recovery decreases with 
increase in the curvature of the diffuser, whereas the 
magnitude of cross flow velocity increases with the 
curvature, leading to a lower pressure recovery for the 
high curvature diffusers, A higher value of coefficient 
of pressure recovery is observed for high value of 
aspect ratio diffusers for low angle of turn, whereas 
the inverse is observed for high angle of turn. 
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7 

On the basis of this study, it can be concluded that 
the desired S-shaped diffuser would be one with low 
curvature and high aspect ratio, The angle of turn 
should not exceed 30°/30° combination if reasonable 
flow uniformity is required at the outlet without 
sacrificing the pressure recovery, 

Nomenclature 
k Turbulent kinetic energy 
Uma< Maximum velocity 
U Mean longitudinal velocity 
E Turbulence dissipation rate 
p Density 
)1 Dynamic viscosity 
V Kinematic viscosity 
)1, Eddy/turbulence viscosity 
AJ Area of face 
V Cell volume 
VJ Mass flux (velocity) through the faces 
a. Under relaxation factor 
Sill Mass added to continuous phase 
i. j Indices of tensorial notation 
x Longitudinal coordinate 
r Radial coordinate 
p Static pressure, Pa 
CI£. C2., C)1, Uk, U. Constants of the turbulence model 
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Gk Generation term (k inet ic energy) 
Gb Gener:llion term (buoyancy) 
YIll Fluctuating dilation 
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