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Abstract— Numerical simulations were carried out on four 

lobed corrugated nozzles by varying their lobe lengths. The 
Unsteady RANS calculation with SST k-ω turbulence model was 
used to predict the aerodynamics characteristics of jets 
emanating from corrugated nozzles. The experimental results 
reported by Anderson et al. (2005) were used to compare the 
predictions from URANS calculation to analyse the deviation of 
flow characteristics of corrugated nozzle from the conventional 
round nozzle. The decay in axial velocity of corrugated nozzle is 
faster when compared with circular nozzle. It was also observed 
that the centerline velocity increases with the increase in lobe 
length. Moreover, the trends in fluctuating components of 
velocity (u’u’, v’v’ etc.) in jets issuing from corrugated nozzles 
are similar with the experimental data reported for conventional 
round nozzle. The velocity at the exit of the nozzle along the 
centerline is seen to increase with nozzle exit radius along the 
radial direction. The rise in velocity downstream of the nozzle 
exit along the centerline is due to the area variation of the 
corrugated shape which tends to accelerate the flow further. 

Keywords— Numerical simulation; corrugated lobed nozzles; 

centerline velocity. 

NOMENCLATURE 

Dj  = Nozzle exit diameter 

R  = Radial distance from centerline 

Uj  = Maximum jet velocity 

u  = Axial velocity 

v = Radial velocity 

X = Axial distance from nozzle exit 

I.  INTRODUCTION  

Research on nozzles is always a fascinating area due to its 
wide area of applications. Some of the applications of nozzle 
are noise suppression of vehicles, process of mixing in 
combustion chamber, the rate of mixing etc. Noise 
suppression is a relevant topic whose importance increases 
day by day, especially for aircrafts, as more stringent 
regulations have been updated regularly. Also the noise from 
compressed air nozzles employed in transportation, cooling, 
cleaning and drying of products can cause hearing disability.  

The corrugated lobed nozzle is a device which can be used 
in the above area without considerable demerits. Currently, 
many researches are going on in the usage of lobed nozzle as 

an efficient mixer. However, the research on lobed nozzles as 
a noise suppression device is still in the preliminary stage. 
Here the flow characteristics of jets issuing from lobed nozzles 
are compared with the conventional round nozzle. This helps 
us to get new insight into the benefits of lobed nozzle over the 
conventional round nozzle and thereby widen its application. 

Pulsed laser sheet flow visualization and hot film 
anemometry were used by McCormick and Bennett (1994) for 
understanding the vortical and turbulent structures of a lobed 
mixer. In addition to normal stream wise vortex array, they 
confirmed a new vortex structure in lobed mixer which 
enhanced the mixing process. 

Gilinsky and Seiner (1996) reported numerical results for 
bluebell and telescopic nozzles which were more efficient in 
mixing ambient air and supersonic jet. They proposed a model 
which reduced noise by 4 dB with 1% thrust augmentation. 

The experimental investigation of lobed nozzle mixing was 
conducted by Hu et al. (2000) using LIF and PIV. They 
compared the jet mixing of six lobed nozzle with that of 
conventional circular nozzle and found that lobed nozzle have 
shorter laminar instability region, early occurrence of 
turbulence structure, faster turbulence transition and smaller 
scale of span wise Kelvin Helmholtz vortices. The faster 
decay of centerline velocity and more rapid growth of shear 
layer were also observed in lobed nozzle. 

Kopiev et al. (2004) proposed a new approach of 
aeroacoustics supersonic jet noise from corrugated nozzle. The 
circular nozzle was weakly deformed into a corrugated shape 
and different instability waves were studied which intensified 
and suppressed the aerodynamic noise. 

Large eddy simulation was performed by Anderson et al. 
(2005) on subsonic jets to find the flow characteristics of jets 
and to predict the Sound Pressure Levels (SPL). Isothermal 
and heated jets were simulated and the predictions compared 
with the experimental values available in the literature. Their 
predicted SPL’s were within ±3 dB from the measured values. 

Tide and Babu (2009) conducted numerical simulation of 
jets from nozzles with and without chevrons. By plotting the 
variations of u’u’, v’v’ and v’u’ in radial and axial direction, 
they showed that the Unsteady RANS can predict the trends 
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reasonably well. Also SST k-ω model used here predicted the 
mean turbulence quantities extremely well with default values 
for model constants. 

Kopiev et al. (2013) compared the sound field of six 
tabbed corrugated nozzle with varying corrugation amplitude 
to the circular subsonic jet. By the implementation of 
corrugations, they found that there was a reduction in noise by 
2 dB within the range of Strouhal number from 0.1 < St < 0.7. 
Slight increase in noise in the high frequency region was 
observed. However, due to the smallness of high frequency 
region, overall noise reduction was achieved in the order of 2 
dB. 

The present work focuses on the investigation of flow 
characteristics of jets emanating from corrugated lobed nozzle. 
The URANS calculation with SST k-ω turbulence model was 
used to predict the aerodynamics characteristics of jets issuing 
from the corrugated nozzles. Numerical simulations were 
carried out for the above nozzle by varying lobe lengths. The 
experimental results reported by Anderson et al. (2005) were 
used to compare the predictions from URANS calculations to 
identify the deviations in the flow structure. ANSYS CFD 
version 14.0 was used for all the calculations. 

II. PROBLEM DESCRIPTION AND SOLUTION METHODOLOGY  

 
Fig. 1. Illustration of four lobed corrugated nozzle 

The model of corrugated lobed nozzle developed is 
illustrated in Fig. 1. The nozzle inlet diameter was 50 mm and 
exit diameter (Dj) was 40 mm. The total length of the nozzle is 
50 mm inclusive of the lobe length. Since the geometric model 
was axisymmetric, half section (180⁰ domain) of the nozzle 
configuration was fitted into a semi-circular cylindrical 
domain of dimension 30Dj x 16Dj.  

The lobe length (L) is defined as the distance between the 
starting sections of corrugation to the nozzle exit. The 
difference between the outer and inner radius of the nozzle 
exit cross section is termed as lobe penetration (P) and the 
number of lobes in the nozzle exit plane is termed as lobe 
count (N). Three corrugated nozzles were modelled with 4 
lobes, 10 mm lobe penetration and 600 mm2 nozzle exit area 
by taking variation in lobe lengths as 10 mm, 15 mm and 20 
mm. 

The steady state pressure based turbulent solver was used 
in this work as the flow is turbulent.  Since the flow is internal 
flow through nozzle, the turbulent model chosen is Unsteady 
RANS calculation with SST k-ω model. The inlet of the 
nozzle was defined as pressure inlet with inlet pressure of 50 
kPa. The reference conditions for both inlet and outlet were 
taken as ambient. 

III. RESULTS AND DISCUSSION  

 
Fig.  2. Variation of axial velocity along centerline for different lobe lengths 

(Experimental values correspond to conventional round nozzle) 

 

The results obtained from the simulation are plotted into 
graphs. The blue, red and green lines represent corrugated 
lobed nozzle with lobe length 10, 15 and 20 mm respectively. 
The black circles correspond to experimental values of 
conventional circular nozzle. 

 Variation of axial velocity along the centerline is plotted 
in the Fig. 2. From the graph it is clear that length of the 
potential core of conventional circular nozzle is 6Dj where as 
in the case of corrugated nozzle it is only 4Dj. This 
demonstrates that the centerline velocity of corrugated nozzle 
degrade faster than the conventional round nozzle.  

Fig. 3 shows the velocity variation in radial direction. The 
centerline velocity is lower than the outer edge velocity in all 
the three nozzles and this is a major deviation from 
conventional round nozzle. But as lobe length increases, the 
centerline velocity also increases and seen much more uniform 
with the outer edge velocity. 

 
Fig. 3. Variation of axial velocity along radial direction for different lobe 

lengths 
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Fig. 4. Radial profile of velocity at different axial sections for different lobe lengths 

(Experimental values correspond to conventional round nozzle) 

 
 Unlike round nozzles, the centerline velocity is less 

along the central region at the nozzle exit and can be clearly 
observed in Fig. 4. However, higher velocity is observed in the 
corrugated region of the nozzle. The low velocity in the 
central region at the nozzle exit accelerates downstream after 
gaining momentum from the corrugated stream surrounding 
the central jet. Further downstream from the nozzle exit, the 
velocity profile shows similar trends as that of the jet issuing 
from the conventional round nozzle. 

 
Fig. 5. Variation of 1/2 along the centerline for different lobe lengths 

(Experimental values correspond to conventional round nozzle) 

 

 
Fig. 6. Variation of 1/2 along the centerline for different lobe lengths 

(Experimental values correspond to conventional round nozzle) 

 Radial profiles of velocity at different sections are 
illustrated in Fig. 4. At X/Dj =1, the velocity profile is similar 
to that of the experimental value. However, at X/Dj = 2.5 and 
5, the velocity degrades faster and thus the magnitude of 
points in the velocity profile of corrugated nozzle is much 
lower than that of conventional round nozzle. 

 The variation of 1/2 and 1/2 along axial 

directions are shown in the Fig. 5 and 6 respectively. The 

trend shown by the corrugated nozzle in fluctuating quantities 

is similar to the experimental data corresponding to 

conventional round nozzle. However, the location of peak 

value for the round nozzle was 9Dj where as it is only 6Dj for 

the lobed nozzle. In the case of corrugated nozzle there is a 

steep slope to the peak value compared to the conventional 

nozzle. 

IV. CONCLUSIONS 

Numerical simulations were carried out for three 
corrugated nozzle configurations with lobe lengths of 10 mm, 
15 mm and 20 mm. These results were compared with the 
experimental data reported by Anderson et al. (2005). The 
trends exhibited by the corrugated nozzles were seen to be 
similar to the conventional round nozzle. However, in the case 
of corrugated nozzle centerline velocity at the central region of 
the exit cross section was lower than that of the corrugated 
outer region. The rise in velocity downstream of the nozzle 
exit along the centerline was also observed. This is due to the 
entrainment of high momentum flow of fluid from the 
corrugated region to the central region. 

 The centerline velocity was found to increase with 
the increase in lobe length. As the lobe length increases, the 
centerline velocity becomes comparable to outer edge velocity 
even at nozzle exit region. The velocity decays much faster in 
corrugated nozzle than the conventional round nozzle, 
especially in the axial direction. 
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