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Turbulent swirling flow through wide-angle conical diffusers, with inlet swirl intensities 

sufficient to avoid flow separation are predicted by k- Reynolds stress turbulence model. 

The main objective of this study is developing numerical predictions of the detailed 
turbulence quantities for swirling diffuser flows, regarding the effect of inlet swirl type. The 
effects of inlet swirl intensity and inlet swirl profile on the flow characteristics are also 
discussed. Comparisons between predicted results and published data are performed to 

verify the mathematical model. A good agreement is obtained with available experimental 
data for the mean velocities and Reynolds stresses quantities. With swirling flow, the 
location of the turbulence peak shifts towards the diffuser centerline as the flow proceeds in 
the downstream direction due to the effect of pressure gradient with swirl. The Solid-Body 
Rotation (SBR) inlet swirl flow causes a rapid axial velocity decay in the core region than 
does with the Free-Vortex (FV) inlet swirl flow and increases the near-wall axial velocity 
which tends to retard near-wall flow separation.  

يقدم البحث دراسة نظرية للسريان الإضطرابى الدوامى الغير قابل للإنضغغاط لاغ ل النوا غر الملاروطيغة  زاو ةاويغة جنكغراة  بيغر  
ولحالغغة  غغد  دواميغغة دنغغد الغغدلاول للنا غغر  افيغغة لمنغغن الإنكوغغال للسغغريان المحغغورذج وزلغغض باسغغ لادام النمغغوزة الرياضغغى الغغزذ يح غغم 

والغزذ  ي ضغمن الإجدغاداو  k-المماسى( من جسغ لادام نمغوزة الإضغطرا    –القطرذ  –المحورذ ة )السريان فى الإ جاهاو الث ث
يددف هزا البحث جلى دراسة  أثير ونوع ال د  الدوامية دنغد المغدلال للنا غر دلغى  يكيغة  غيغر طاقغة  الإضطرابية العمودية والمماسيةج

وال غى  غرثر دلغى لاوغالس السغريان    Reynolds stressesلمماسغية الحر ة الإضطرابية والإجداداو الإضطرابية العمودية وا
وحدوث الإنكوال فى النوا ر الملاروطية زاو ةاوية جنكراة  بيغر  وزلغض للحوغول دلغى  فضغل  داو للنوا غر ال غى  عمغل  حغو هغز  

وزلغغض لل حقغغ  مغغن دقغغة النمغغوزة الظغغروفج  غغم دمغغل مقارنغغة بغغين الن غغالل النظريغغة والن غغالل المعمليغغة الم احغغة مغغن ا بحغغاث المن غغور  
 الرياضى ، وقد  ظدرو الدراسة  قار  جيدا ومقبولا بين الن الل النظرية والمعمليةج 
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1. Introduction 

 
Diffusers are important elements in 

turbomachinery and are commonly used in 

many other fluid devices to convert kinetic 

energy into pressure energy. In flow through a 

diffuser, the total pressure loss is caused by 
the wall friction and flow turbulence. The 

turbulence loss increases with the increase of 

diffuser divergence angle, and if the rate of 

divergence is great enough, flow separation at 

the walls occurs. The total pressure loss is 

dependent on the geometrical parameters and 
inlet conditions. Extensive literature on 

conical diffusers is available, and several 

reviews have been conducted by many 

investigators [1 to 5]. It has known that 

certain types of inlet swirl and inlet distortion 
increased diffuser pressure recovery coeffi-

cients. The swirling inlet velocity component 

in the diffuser is often observed in flow 
downstream of the turbomachines or certain 

types of combustor chambers. The effect of 

inlet swirl on conical diffuser performance was 

experimentally studied by McDonald et al. [6] 

and Senoo et al. [7]. With the swirling velocity 
component, the flow is less likely to separate 

even if the divergence angle of diffuser is large, 

and a high-pressure recovery coefficient is 

observed. However, excessive amount of swirl 

results in a low-pressure recovery rate. Moore 

and Kline [8], Sajben et al. [9], and Hoffmann 
[10] altered inlet velocity and turbulence 

characteristics to maintain large effective area 

for improving the overall efficiency of wide-

angle diffusers. The one aspect of diffuser 

study which has received little attention is the 
investigation of the turbulence characteristics 

of the swirling flowfield. In non-swirling flow, 

an investigation was performed to analyze the 
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structure of turbulence in conical diffuser 

[11]. The results showed that, a significant 

peak in all of the turbulence quantities occurs 
but displaced from the diffuser wall as the 

flow proceeds into the diffuser. Unfortunately, 

a few experimental data for turbulence 

quantities of swirling flow in conical diffusers 

have been reported [12, 13]. They measured 

Reynolds stresses within the boundary layer 
in the presence of swirl flow in the 20 degrees 

conical diffuser. The measurements conducted 

for only swirl intensity of 0.3.  

Flow in diffusers present several 

interesting features such as the presence of 
regions of separation and recirculating flows, 

strong streamline curvature and adverse 

pressure gradient so that turbulent swirling 

flows in conical diffusers are extremely 

complicated. A few numerical predictions for 

turbulence quantities of swirling flows in wide-
angle conical diffusers have been reported. 

Previous numerical predictions have been 

obtained using algebraic eddy-viscosity 

models, two-equation turbulence models, and 

algebraic Reynolds sress models for swirling 
flow in conical diffusers with and without a 

tail pipe [14-17]. Okhio et al. [14] predicted 

the mean velocities in a 16.5 degrees diffuser 

with a tail pipe using a Prandtl mixing length 

model. Armfiled and Fletcher [15] predicted 

mean velocities fields in a 7 degrees diffuser 
using a reduced form of Navier-Stokes equa-

tions with a mixing length turbulence model. 

Habib and Whitelaw [16] calculated swirling 

recirculating flows using a k-  turbulence 
model in wide-angle diffusers of 40 and 90 

degrees with relatively longer tail pipes than 

the diffuser section. Hah [17] used an 
algebraic Reynolds stress model to predict the 

flow characteristics in two diffusers ( 8 and 16 

degrees). Most of previous studies concen-

trated on the performance of conical diffusers 

regardless the turbulence structure. In recent 
years, numerical methods have been exten-

sively developed for the simulation of non-

swirling turbulent flow in diffusers. Most of 

such numerical studies solve the time-

averaged Navier-Stokes equations combined 

with turbulence models and others using the 
integral method [18-21]. It was pointed out 

that the predictions for this problem are 

strongly affected by the level of turbulence 

intensity, adverse pressure gradient and the 

approaching flow at the diffuser entrance. 

Some predictions have shown reasonable 
agreements with measurements. As the 

accuracy of physical models and the capacity 

of computers increase, efforts on numerical 

simulation of the flow field in the diffusers are 

being made and must be employing fine mesh 

for numerical solution of diffuser flows. 
Authors have previously reported on swirling 

flow through smooth and rough wide-angle 

conical diffusers, and concluded that, the 

inclusion of swirl upstream of the diffuser 

inlet prevents separation. Increasing the 
surface roughness makes the swirl decay 

faster and the diffuser performance is reduced 

[22]. It is rarely to find predictions of the 

Reynolds stresses for the practically wide-

angle diffusers with total divergence angle 

ranged from 10-30 degrees [23, 24]. Therefore, 
the main objective of this study is developing 

numerical predictions of the detailed 

turbulence quantities for swirling diffuser 

flows, regarding the effect of inlet swirl type. 

This study is very important for 
understanding the physical aspects of swirling 

turbulent flow characteristics in the presence 

of pressure gradient. 

 

2. The mathematical formulation     

 
2.1. Governing equations and turbulence  
 closure modeling 

 

The problem under consideration is governed 

by the steady two-dimensional axisymmetric 
form of the continuity and the time-averaged 

Navier-Stokes equations.    The cylindrical 

coordinate-system (x, r, )  is used to describe 

the swirling flow in the axisymmetric conical 

diffuser, fig. 1. For the present study, the 

steady state equations for incompressible, 

axisymmetric, turbulent swirling flow may be 

written as follows [25, 26]. The equations 
governing the continuity, momentum and 

turbulence model in generalized    form  can 
be written as follow, where, u, v and w are the 

axial, radial and tangential velocities, 

respectively.  is the general dependent 

variable. x, r,  and  are the axial, radial and 

tangential  coordinates.   and   are  the  
density      and      the     effective     diffusivity 
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Fig. 1. Diffuser geometrical parameters. 
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coefficients. S  is the source of . In the 

present calculations, equations were solved for 

mean continuity and with dependent 

variables, , corresponding to the axial, radial 
and tangential velocity components. The 

effective diffusivity was calculated from the 

two-equations k- turbulence model that is 

valid for both smooth and rough surfaces by 
incorporating the equivalent sand-grain 

roughness height into the model functions.  

The effective viscosity, , and the length 

scale of turbulence motion,  , are given by the 

following  equations, respectively.  

 

  /2k C   ,        (2)  

 

./2/3  kC           (3) 

 

Where   is the laminar viscosity. The 

standard k- turbulence closure model 

involves five modeling constants, C = 0.09, C1 

= 1.44, C2 = 1.92, 1 = 1.0 and 2 = 1.3. These 

values are recommended by Launder and 
Spalding [25] based on extensive examination 

of turbulent flows.  

The Reynolds stress components are given 

by the following equations, refs. [25, 27]. 
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where k is the local value of the turbulent 

kinetic energy, 
 

k=0.5( 2 u  + 2 v  + 2 w ).           (5) 

 
2.2. Boundary conditions  
 

The governing equations by themselves do 

not yield a solution to a given problem. 

Additional boundary information is required at 
the inlet, outlet, the axis of symmetry and the 

solid wall. The inlet plane is located for 

enough upstream the diffuser inlet. Therefore, 

inlet velocity profiles corresponding to uniform 

flow were considered at the inlet section. In 
the case of swirling flows, the tangential 

velocity profile of a forced vortex was assumed 

at the inlet section. The inlet conditions 

required for the turbulence model are the 

turbulence intensity and the turbulence 

length scale. These values are set according to 
refs. [28, 29], the turbulence intensity was 

taken as 3   when experimental values were 
not available, and the characteristic length 

scale is 0.5  multiplied by the inlet diffuser 
diameter. At the exit plane, all of the 

streamwise gradients of unknown variables 

were presumed to be constant and overall 

mass conservation through each cross section 
was imposed. The exit plane is located far 

enough downstream where the flow will not 

influence the upstream properties. Along the 

axis of symmetry, the gradient in the radial 

direction of all variables is set to zero, except 
for the radial velocity component which is 

given a definite value of zero.  

On the solid boundary, the no-slip velocity 

boundary conditions specified. In the standard  

k-  model, viscous diffusion are neglected and 

empirical wall functions are used to bridge the 

viscous layer. This is accomplished by relating 
the velocity component at   the  first  grid node  

outside this layer to the wall shear stress via 

the logarithmic law of the wall. A uniform 
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shear stress prevails in this viscous layer, and 

generation and dissipation of energy are in 

balance there via the assumption that the 
turbulence is in a state of equilibrium. When 

local equilibrium conditions prevail in the 

near-wall layer, the near-wall grid node values 

of k and   are fixed to the following empirical 

correlations via the incorporated logarithmic-

law option applicable to smooth walls. The 

wall functions most commonly used are: 
 

 ,  )Ey n(  
1

  u

;        y) ( / u ;              C / uk  ww







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

32

 (6)  

 

where u is the friction velocity, 
50.

w )/(u    and C = 0.09 .  is the Von-

Karman constant, taken to be 0.41, and E is 
the roughness parameter, taken to be 9.7 for 

smooth wall.   

 
2.3. Solution procedure  

 
The governing equations were integrated 

over the two-dimensional axisymmetric control 

volume which is created by the cylinderical 

grid system of coordinates to provide the finite 

difference equations. The discretization 

scheme used is a hybrid system (an upwind-
central difference scheme) explained in detail 

by Launder and Spalding [25]. The set of the 

resulting algebraic finite-difference equations 

were solved numerically by an iterative, line-

by-line procedure [26]. A staggered grid 
system is employed in the present computa-

tion. For the grid used in calculations, various 

grid sizes were used to obtain a grid 

independent solution. The calculations show 

that the grid size 5352 provided grid 
independent solution. The solution was 

considered to be converged when the maxima 
of the mass flux and momentum flux residuals 

summed at all nodes were less than 0.05 % of 

the inlet flux. 

 

3. Comparison between the numerical  

      predictions and the measurements 
 

To verify the numerical method, predicted  

results are compared with existing 

experimental data for selected flow of conical 

diffusers. A non-swirling in 8 degrees total 
divergence angle conical diffuser is predicted 

and compared with the measured mean and 

turbulence data of Trupp et al. [30], and Azad 

and kassab [31] at Re =1.15105. The 
experimental data of the mean axial and radial 
velocities and the turbulence quantities, k and 

vu  , are available for comparison at six 

downstream positions. Others were predicted 
of the mean axial and radial velocities and the 

turbulence quantities, [22]. The Reynolds 

shear stress component vu   is presented in 

fig. 2-a. Predicted results are very similar 

except at the first two inlet stations. Near the 

diffuser entrance, the predicted magnitude of 

near-wall Reynolds stress component vu   is 

higher than that the measured values. Singh 
and Azad [32] extended the measurements of 

Azad and Kassab [31] for the same conical 

diffuser configuration. The measurements of 

Reynolds stress components 2 u  and vu   are 

conducted at Re = 0.69105. The predicted 
and experimental results of turbulent stresses 

profiles 2 u and vu   are shown in fig. 2-b and 

fig. 2-c. It is seen that the peaks of both 

profiles of 2 u and vu   occur near the 

diffuser wall and then the peaks are shifted 
toward the center of the diffuser as the flow 

proceeds downstream. This occurs due to the 

presence of an adverse pressure gradient 

which increases the boundary layer thickness 

as the flow moves in the downstream 

direction. The values of 2 u  and vu   are 

found to increase along the flow direction. The 

difference between the predicted and 

experimental results in the outer region of the 

conical diffuser may referred to the higher 

uncertainties in the pulsed-wire measure-

ments in the wall region and small 
instantaneous back flow in the outer region of 

the diffuser, as given in [32]. Qualitative 

agreement of 2 u  and vu   profiles is also 

achieved with the experimental data.   

The experimental data, on the effect of the 

swirl by Senoo et al. [7], are used for 
comparison       purpose. They      investigated  
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Fig. 2-a. Shear stress ( vu  ). 
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Fig. 2-b. Normal stress ( vu  ). 
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Fig. 2-c. Shear stress (  v u  ). 

 
swirling conical diffuser flow with a FV inlet 

swirl profile. The tested diffuser has an angle 
of 16 degrees with an area ratio of 4.0 and 

flow Reynolds number of 3105. Four different 
swirl intensities were tested, namely S1 = 0.0, 

0.07, 0.12 and 0.18, and the velocity 

measurements at the inlet and exit of the 

diffuser were reported in addition to pressure 

recovery coefficients. No experimental data for 

the turbulence quantities are available. The 

predicted velocity profiles at the outlet of the 
16-diffuser and the overall pressure recovery 

coefficient were compared with the experimen-

tal data of Senoo et al. [7]. Fig. 3-a presents a 

comparison of the axial velocity profile at the 

diffuser exit for the tested swirl intensities. As 

seen, for the non-swirling flow condition, 
predicted values are in good agreement with 
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swirling conical diffuser flow with a FV inlet 

swirl profile. The tested diffuser has an angle 

of 16 degrees with an area ratio of 4.0 and 

flow Reynolds number of 3105. Four different 
swirl intensities were tested, namely the 

experimental data. On the other hand, 

relatively small disagreement is observed as 

the swirling intensity is increased. The 

tangential velocity at the outlet of the 16-

diffuser for tested values of swirl intensities is 
shown in fig. 3-b. Although most of the 

predictions are adequate, some disagreement 

is observed at some portions of the diffuser. It 

is also shown that, the free-vortex inlet swirl 

profile becomes flattened at the diffuser outlet, 
and this is predicted very well. The variation of 

pressure recovery coefficient with swirl 

intensity is shown in fig. 3-c. The predictions 

are in good agreement with the experimental 

data. However, beyond a swirl intensity of 

approximately 0.1, the computations give 
values slightly lower than those measured.  

Measurements of turbulence quantities for 

the 20 degrees swirling diffuser flow have been 

made by Clausen et al. [13]. The inlet swirl 

type is a Solid-Body Rotation (SBR). Measured 

profiles of axial and tangential velocity compo-
nents  at  the  diffuser  inlet  are  used  for the 
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Fig. 3-a. Axial velocity. 
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  Fig. 3-b. Tangential velocity. 

 
 

0.0 0.1 0.2
0.6

0.7

0.8

S1

2    = 16
AR = 4

Re = 3  10 
5x

o

Symbols : Exp. [7]
Lines : Present prediction

CPo

 
Fig. 3-c. Overall pressure recovery coefficient. 

calculations. Fig. 4-a shows a comparison of 
the experimental data and the prediction for 

the radial distributions of the axial velocity 

along the diffuser. It is found from the 

numerical prediction that, the mathematical 

model predicts reasonably the effect of swirl in 
reducing the centerline axial velocity and 

increasing the near-wall axial velocity. The 

predicted tangential velocity distributions are 

presented in fig. 4-b. It can be noted that an 

excellent agreement all the way to the last 

station downstream. In the region near to the 
diffuser exit, however, there is a discrepancy 

which is due to an initial back flow occurs 

near the center of the diffuser, for the last two 

stations. Fig. 4-c shows the radial distribu-

tions of the turbulent kinetic energy K , the 
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normal Reynolds stress components ( 2 u , 

2 v  and 2 w ) and the tangential shear stress 

vu   profiles at three locations along the 

diffuser. The data shown in the figure were 

normalized by the square of the inlet average 

velocity at the diffuser inlet. The numerical 
model predicts reasonably the magnitude and 

location of the turbulent kinetic energy peak 

near the wall and the flow characteristics. 

However, under-predicted values of K  and 

2 u downstream of the diffuser entrance are 

observed. The reason for this behaviour is 

thought to be referred  to the strong variation 
of adverse pressure gradient at the diffuser 

inlet and the experimental error.      

 
4. Discussion of predicted results 

 

The diffuser geometry of Clausen et al. [13] 
is used in the present study. Moreover, a tail 

pipe is assumed to be fitted at the diffuser 

outlet in order to investigate the flow 

characteristics with a separating flow in this 

diffuser. The prediction of mean flow and 

turbulence  quantities   is performed  to asses 
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Fig. 4-a. Axial velocity. 
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Fig. 4-b. Tangential velocity. 
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Fig. 4-c. Turbulent kinetic energy and Reynolds stresses. 
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Fig. 5.  Inlet conditions for axial velocity , tangential  
velocity (SBR & FV) and turbulent kinetic energy. 
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Fig. 6.  Predicted axial velocity profiles for non-swirling 
and swirling flow (SBR) at different downstream sections. 

the effects of the inlet swirl intensity and the 

inlet swirl type on the turbulence characteris-

tics. A SBR inlet swirl profile corresponding to 
the experimental data of Clausen et al. [13] is 

predicted and compared with the prediction of 

a free-vortex inlet swirl flow. The FV inlet 

velocity profile is taken as a mirror image of 

the measured solid-body rotation inlet swirl 

profile [13], as shown in fig. 5. 
The predicted axial mean velocities for 

non-swirling and swirling flows are plotted in 

fig. 6. The figure indicates that, the decrease 

in the slope and magnitude of velocity profiles 

especially near the wall is due to retardation of 
the fluid flow as a result of the adverse 

pressure gradient in the downstream direc-

tion, fig. 6-a. The results indicate flow 

separation near to the diffuser exit for non-

swirling condition. Fig. 6-b shows that, the 

inclusion of forced-swirl with intensity of 0.27 
at the diffuser inlet suppresses the flow 

separation and produces much faster decay in 

the centerline axial velocity than in the non-

swirling flow case. But a stronger swirl 

intensity of 0.6 results in a near-centerline 
flow recirculation in the diffuser outlet region, 

fig. 6-c. Fig. 7 shows the tangential velocity 

distribution at different sections of diffuser. 

The position of maximum tangential velocity 

shifts towards the diffuser centerline as the 

flow proceeds in the downstream direction. 
The influence of the wall causes a reduction of 

the tangential velocity. The maximum 

tangential velocity and the maximum axial 

velocity as shown in figs. 7-a and 6-b having, 

approximately, occurs at the same radial 

position around x  = 0.51.  After this position, 

the tangential velocity profile flattens out near 

the wall which leads to an extra production of 
turbulent energy. However, the strong swirl 

intensity increases the tangential velocity in 

the core region near to the diffuser exit due to 

the formation of a recirculation region  which 

decreases the effective area of pressure rise, 

fig. 7-b.  
Fig. 8 shows the turbulent kinetic energy 

distribution for non-swirling and swirling 

flows. The magnitude of K  is very small in the 

core region and rises to a maximum value 

close to the wall, then falling to zero at the 
wall. For no-swirl flow, the axial variation of 

the near-wall peak is seen to increase in 
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magnitude in the downstream direction, fig. 8-

a. The location of the turbulence peak shifts 

towards the diffuser centerline as the flow 
proceeds in the downstream direction due to 

the effect of pressure gradient with swirl. In 

case of moderate swirling flow, fig. 8-b, the 

magnitude of the turbulent kinetic energy is 

seen to increase to a maximum at x  = 0.51.  

Further downstream, the turbulent kinetic 

energy peak decays, which is consistent with 

the experimental data shown in fig. 4-c. It is 

shown also, the magnitude of turbulent 
kinetic energy in case of non-swirling flow is 

higher than that of swirling   flow due to     the  

presence of flow separation near to the 

diffuser outlet. With strong swirl flow, the 

turbulent kinetic energy rapidly increases in 
the core region because the recirculation 

region is enlarged and moves towards the 

diffuser entrance, fig. 8(c).    

Fig. 9 shows the predicted normal radial 

distributions of the Reynolds stress compo-

nents ( 2 u , 2 v  and 2 w ) for non-swirling 

flow case. It is observed that the peak which is 
developed close to the wall near the diffuser 

inlet moves outwards in the streamwise 

direction. Apparently the level of 2 u  is 

higher than those of 2 v  and 2 w , as shown 

in fig. 9-a, 9-b and 9-c, due to the greater 

contribution of axial velocity gradients to 

production of turbulent kinetic energy. The 
Reynolds shear stress component, which is 

the only shear stress component in a non-

swirling axisymmetric case is shown also in       

fig. 9-d. The peak values of vu  generally 

increase and the location of the peak moves 

quickly away from the wall, resulting in the 

initiation and rapid separation in this region. 
Generally, the development of peaks with a 

trend similar to those noted for the normal 

stresses. The trend is agree with the experi-

mental data of Okwuobi and Azad [11]. It is 

evident also that, the magnitudes of Reynolds 
shear stress maxima at various stations 

increase rapidly in the initial sections and 

slowly in the final sections of the present 

diffuser. This behaviour is similar to the 

growth of the pressure rise along the diffuser.  

 

 

 

 
 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 
Fig. 7. Predicted tangential velocity profiles for 

swirling flow (SBR) at different downstream sections. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 Fig. 8. Predicted Turbulent kinetic energy profiles for 
non-swirling and swirling flow (SBR) at different 

downstream sections. 



A.A. Abdalla et al. / Turbulence in wide-angle 

510                    Alexandria Engineering Journal, Vol. 44, No. 4, July 2005  

0.0 0.2 0.4 0.6 0.8 1.0

0.0

1.0

r

0.0

1.0

2.0

0.0

1.0

2.0

u'

    = 0.29
    = 0.51
    = 0.75
    = 1.0

x

o

5

2    = 20 

AR = 2.84

Re = 2.02  10

( a )

( b )

( c ) w'

u' v'

   2

0.0

1.0

2.0

3.0

    2

v'
    2

No-swirl

( d )

%

%

%

%

x

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 

 

 
 

Fig. 9. Predicted Reynolds stresses for non-swirling flow at 
different downstream sections. 

 

Fig. 10 shows the normal Reynolds 

stresses components ( 2 u , 2 v  and 2 w ) for 

the case of SBR swirling flow, S1 = 0.27. When 

this case is compared with the non-swirling 
flow case presented in fig. 9-a, some important 

changes are seen in the normal Reynolds 

stresses profiles. The near-wall peaks of the 

normal Reynolds stresses decrease in the 

region of the diffuser inlet and then increase 

downstream in the flow direction up to x  = 

0.51. Afterwards, the level of the normal 

Reynolds stresses are decreased in the region 
of diffuser exit. In addition, inclusion of swirl 

shifts the peak locations towards the diffuser 

wall. It is also seen that the 2 u profiles have 

the largest values near-wall peaks. The 2 w  

profiles have, approximately, the same 

magnitude for 2 v  along the diffuser. The 

magnitude of peak reaches its maximum value 

just after the diffuser inlet, because the flow 
accelerates within a very short distance from 

the diffuser inlet and then decelerates under 

the influence of the adverse pressure gradient. 

This behaviour of turbulence quantities are 

referred to the effect of radial pressure 

gradient in the earlier stations caused by the 
presence of swirl, which may alter the 

turbulence field in the diffuser. As shown in 

fig. 11, it is seen from the distributions of 

pressure gradient along the diffuser wall and 

its axis that the pressure gradients near to the 
diffuser inlet are rapidly changed. Whereas, 

the flow near the axis is subjected to a 

continuous process of deceleration while the 

flow in the near-wall diffuser initially 

accelerates until the readjustment of the 

pressure distribution is completed shortly 

after the diffuser inlet, x = 0.25. It is found 

that the inclusion of SBR inlet swirl may not 

alter the near-wall axial pressure gradient, but 
the overall shape is not much changed from 

the non-swirling case. Correspondingly, the 

peak-positions of the normal Reynolds 

stresses move away from diffuser wall as the 

flow is retarded by the axial pressure gradient.  
Fig. 12 shows the predicted shear stress 

components of the Reynolds stresses ( vu  , 

wv  and wu  ) for swirling flow in the 20 

degrees diffuser with a tail pipe. Predicted 

results show that the peak levels of vu  in the 

diffuser inlet region are reduced compared 

with those of non-swirling flow, fig. 9-d, due to 

the increase of pressure gradient intensity in 

the core region with swirling flow, as shown in 

fig. 11. The peak levels of wv  and wv  are 

found     smaller       than        that     of  vu   

because the angular momentum decreases 

along the radius of curvature near the wall. In 

addition, the reduction may be due to the 

localized stabilizing effect of convex curvature 

caused by the diffuser corner at the entrance, 
[23]. 
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Fig. 10. Predicted normal stresses for swirling flow (SBR) 
at different downstream sections. 

 
 
 

 

 

 

 

 
 

 

 
 

 
 
 
 
 
 
 

Fig. 11. Predicted pressure gradient along the wall and 
the core for non-swirling flow and swirling flow (SBR) in 

conical diffuser. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 
Fig. 12. Predicted shear stresses for swirling flow (SBR) at 

different downstream sections. 
 

To evaluate the effect of inlet swirl type on 

the flow characteristics in wide-angle conical 

diffuser, the flow was also computed with the 
same inlet conditions of u, v, and k profiles as 

those for the solid-body rotation swirling and 

non-swirling flows. The free-vortex inlet swirl 

profile is taken as a mirror image of the SBR 

inlet swirl profiles, fig. 5. The outer part of the 

tangential velocity profile is a free-vortex 

pattern with the smaller inner part of SBR 
swirl pattern. Fig. 13 shows the axial and 

tangential velocity profiles at the diffuser exit 

for non-swirling and swirling flow with differ-

ent inlet swirl distributions, for comparison 

purpose. The SBR swirl causes a rapid axial 
velocity decay in the core region than those 

obtained for FV inlet swirling flow and 

increases the near-wall axial velocity which 

tends to retard near-wall flow separation, fig. 

13-a.  The     inlet FV    swirl   profile becomes  
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Fig. 13. Predicted axial and tangential velocity profiles at 
the diffuser exit. 

 
 

 

 
 

 

 

 

 
 

 

 

 
Fig. 14. Predicted turbulent kinetic energy for non-

swirling and swirling low at diffuser exit. 

 
flattened at diffuser exit while the SBR swirl 
profile maintains its general form in the 

downstream direction, fig. 13-b. Fig. 14 

indicates the radial turbulent kinetic energy 

distributions for the same cases. The most 

noticeable difference between the SBR swirling 
flow and the others appears in the near-wall 

region. The peaks of turbulent kinetic energy 

for the FV inlet swirling flow and non-swirling 

flow at the diffuser exit are maintained at 

approximately the same level and location. It 

can be concluded that, the inclusion of FV 
swirl changes the turbulent kinetic energy in 

the near-wall region slightly little while SBR s 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
Fig. 15. Predicted normal stresses for non-swirling and 

swirling flow at diffuser exit. 

 

wirling flow is having a large effect on the 

turbulence structure in this region. The 
presence of SBR swirling flow is significantly 

acting to damp the turbulence in the near-wall 

region. In addition, the FV swirling flow gives 

larger values of the turbulence level in the 

core region than the non-swirling flow because 

of larger gradients of mean axial velocity 
components. This means a significant 

production rate of turbulent kinetic energy is 

obtained. As expected, the normal stresses 

2 u  , 2 v  and 2w for both cases of swirling 

flows follow the same behaviour of the 

turbulent kinetic energy, as shown in fig. 15. 

Fig. 16 shows the shear stress components 

( vu  , wv  and wv  ) at the diffuser exit for the 

three cases tested. The peak levels of vu   for 

non-swirling and FV inlet swirl have the same 
behaviour of the normal Reynolds stresses. 

However, the maximum vu  of non-swirling 

and    FV     swirl     are    larger   than  that of



A.A. Abdalla et al. / Turbulence in wide-angle 

  Alexandria Engineering Journal, Vol. 44, No. 4, July 2005                 513 

0.0 0.2 0.4 0.6 0.8 1.0

r
-0.05

0.00

0.05

-0.05

0.00

0.05

0.10

0.15

u' v'

No-swirl

S    = 0.27  (SBR)

      = 0.08  (FV)

x

o

5

2    = 20 

AR = 2.84

Re = 2.02  10

     = 1.0

( a )

( b )

( c ) 

u' w'

0.00

0.25

0.50

0.75

1.00

v' w'

1

x

%

%

%

 

 
 
 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 

 
 

Fig. 16. Predicted shear stresses components of Reynolds 
stresses at diffuser exit. 

 

SBR swirl case, due to the large gradients of 

axial and tangential velocities in the near-wall 

region and the presence of separation flow. 

The location of the maximum vu  is nearer to 

the wall than the others because the boundary 

layer thickness in the presence of SBR swirl is 

smaller than that of the non-swirling and FV 

swirl cases.   The      remarkable    observation  

shown from the distributions of wv  and 

wv  is the increase of the levels of the shear 

stresses in core region with the FV swirl. This 

is referred to the severe negative gradient of 
FV tangential velocity in the core region and 

the presence of separation near to the diffuser 

exit.  

5. Conclusions  
 

The main conclusions drawn from the 
present study are: 

1. Good prediction of the mean flow 

characteristics and turbulence stresses in 

swirling diffuser flows is obtained. 

2. For no-swirl flow, the axial variation of the 

turbulent kinetic energy, normal and shear 
stresses increases in the downstream 

direction and the location of the peak moves 

away from the diffuser wall. 

3. With swirling flow, the location of the 

turbulence peak shifts towards the diffuser 
centerline as the flow proceeds in the down-

stream direction due to the effect of pressure 

gradient with swirl. The magnitude of 

turbulent kinetic energy in the case of non-

swirling flow is higher than that of swirling 

flow due to the presence of wall separation. 
With strong swirling flow the turbulent kinetic 

energy rapidly increases in the core region due 

to the formation of recirculation zone that has 

a larger size near to the diffuser exit.  

4. It is found that the inclusion of SBR inlet 
swirl may not alter the near-wall axial 

pressure gradient, but the overall trend is not 

much changed from the non-swirling case. 

Correspondingly, the peak-positions of the 

normal Reynolds stresses move away from the 

diffuser wall as the flow is retarded by the 
axial pressure gradient 

5. With non-swirling flow, the magnitudes of 

Reynolds shear stress maxima ( vu  ) at 

various stations increase rapidly in the initial 

sections and slowly in the final sections of the 

wide-angle diffuser, similar to the growth of 
the pressure rise along the diffuser. The peak 

values of vu  of non-swirling and FV swirl are 

larger than that of SBR swirl case, due to the 

large gradients of axial and tangential 

velocities in the near-wall region and the 

presence of separation flow.   

6. The inlet SBR swirl causes a rapid axial 
velocity decay in the core region than does 

with the FV inlet swirl flow. The near-wall 

axial velocity increases and the tendency of 

flow separation is retarded. The inclusion of 

FV swirling flow gives larger values of the 
turbulence level in the core region than 

occurring in the non-swirling flow because of 

larger gradients of mean axial velocities. 
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Nomenclature 

 
A   is the cross-sectional area, (m2),  

AR   is the diffuser area ratio, (A2 / A1),  
Cp   is the local pressure recovery  

   coefficient,  

Cp    is the ),(/)( 2
12

1
1  U  ρ    p  p 

 x    

CPo   is the overall pressure recovery  

   coefficient,  

Cpo   is the )(/)( 2
12

1
12  U  ρ    p  p 

 
 , 

D   is the diffuser inlet diameter, (m),    

E    is the roughness parameter eq. (6),  
FV   is the free-vortex inlet swirl, 

k    is the turbulent kinetic energy,  (m2  

/sec2), 

K    is the dimensionless value of  

   turbulent kinetic energy,    

   2
1

U  /  k  K  , 

Ld   is the diffuser axial length, (m), 

Le    is the entry pipe length, (m), 

Lt   is the tail pipe length, (m), 

P   is the static pressure, (N / m2),        

P+   is the dimensionless static  

   pressure gradient,  (
dx

dp
  

U 3
1


),            

R   is the local diffuser radius, (m), 

Re   is the Reynolds number, μ / D U ρ 1 ,  

r    is the dimensionless radial  
   distance, (r/R), 
S   is the swirl intensity,   

   

 )(

0

  dr r u   R  ( /    )dr r w u  S

R

0

2

R

2

 , 

SBR  is the solid-body rotation inlet  

swirl, 

U1   is the mean-bulk longitudinal  

   velocity, (m/sec ), 
u, v, w  are the local mean velocity in axial,  

radial and  tangential coordinates, 

(m/sec), 

U   are the dimensionless axial  

  velocity, ( 1U / u ) 

W    is the dimensionless tangential  

   velocity, ( 1U / w ), 

x, r,   are the axial , radial and tangential  

   coordinates, m,  

x    is the dimensionless axial distance   

   )dL / (x ,    

vu  ,w  are the velocity fluctuation,  

   components in x, r and  direction, 

2 

2 2 

w

v u



 ,
 are the normal stress components  

   in  x, r and  direction, and 

wu

wu vu



 ,
are the tangential sheer stress  

   components.  

 
Greek symbols 
 

a is the diffuser half-cone angle, (degrees), 

  is the dissipation rate of turbulence kinetic 
energy, (m2 / sec3),  

 is the density, (kg / m3),  

    is the effective viscosity, and (N.sec/m2), 
and 

  is the kinematic viscosity (m2 / sec).  
 
Subscripts 
 

1  is the inlet / reference condition, 

2         is the diffuser exit condition,     
C  is the centerline condition, 

w  is the wall condition, and 

x  is the axial distance. 

 
Superscripts 

   dimensionless and average conditions 
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