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ABSTRACT 

The numerical prediction of the turbulent flow filed in the conical 
&sers with the k-E model of turbulence is presented. The numerical 
calculation is based on the fully conservative control volume representation of 
governing conservation eqiations. Complex turbulent flows inside various 
conical diffUsers with the effects of inlet turbulence intensity and inlet swirl 
have been numerically predicted. The numerical prediction compares generally 
well with the experiments. The results show that, increasing the inlet turbulence 
intensity has resulted in a significant improvement of the &ser performance. 
However, an optimum inlet turbulence intensity for improving the static 
pressure recovery of the &ser is observed. 

The effect of swirling inlet flow on diffuser performance was found to be 
a strong h c t i o n  of the flow regime hi the same d f i se r  with axial flow. 
Swirling inlet flow slightly affect the performance ofnon-separated diffuser 
flow while swirling inlet flow caused a large improvement for wide-angled 
a s e r s  based on inlet swirl intensity. Optima of swirl intensity are presented 
for the various swirl angles investigated. It is also found that, the decay of swirl 
is strongly affected by the flow regimes in conical &sers. 

1- INTRODUCTION 

Flow in a d f i se r  is of considerable practical importance in wind tunnels, 
air br,eathing propulsion systems and in turbomachines. In contrast, flow at the 
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inlet of the diffuser such as exists in a gas turbine or air breathing system is 
distorted by wall boundary layers and blade wakes. In addition, the swirling 
inlet velocity component in the diffuser is often observed in flow downstream 
of the gas turbine or certain types of combustor chambers. Consequently, the 
overall performance of such turbomachines is strongly influenced by the exit 
conditions of the diffuser. This may ~esult in an increase of aerodynamic losses 
due to the non-uniformity of velocity profile at diffuser exit. 

A classification of flow regimes and the effect of inlet conditions on the 
performance of plane and conical diffusers can be found in Ref.[l] to Ref [6]. 
They clearly demonstrated the importance of inlet conditions on the mean flow 
development, especially for &sing ducts. It was found that boundary layer 
blockage, inlet distortion and swirl have a marked effect 'on &ser 
pe r fomce .  The effect of inlet distortion on conical diffuser were 
experimentally studied by Sajben et. al. [7], Sharan [S], while the effect of inlet 
swirl was studied experimentally by ~ c ~ o i a l d  et. al. [9], Senoo et. al. [lo] 
and Neve and Wirasinghe [ll]. Recently, Steven, et. al.[l2] predicted the 
turbulence quantities by k-E model and algebraic Reynolds stress turbulence 
model for swirling flow -through -12 and 20 degrees conical a s e r s .  
Measurements of the swirling boundary layer developing in the 20 degrees 
conical d f i se r  were made by Clausen et. al. [13]. The inlet swirl was close to 
solid-body rotation and was of sufficient magnitude to prevent boundary layer 
separation but just i n d c i e n t  to cause recirculation in the core flow. All six 
Reynolds stresses were measured within the boundary layer using a hot wire. 
The results indicated that certain types of inlet distortion increase difhser 
pressure recovery coefficients. On the other hand, with the swirling velocity 
component, the flow is pressed towards the wall by the centrifugal force and 
the wall boundary layer is less likely to separate even if the divergence angle of 
the diffuser is large, and a high pressure recovery coefficient is observed. 
However, large amount of swirl reduces the axial velocity too far near the 
centerline of the diffuser or induces a reversed flow region, which results in a 
low-pressure recovery rate. 

With long approach pipes, &ser performance rises as approach lengths 
increase. %s was attributed to changes in turbulence level which enhances 
mixing transverse to the flow direction, thus reducing distortions. Hence, 
turbulence is indeed an additional inlet parameter affecting diffuser flow. 
Moore and Kline [14], Sajben et. al. [15] and Hof3im.m [16] alteredinlet 
velocity and turbulence characteristics to improve the overall diffbser 
efficiency. It appeared fiom the previous studies that, with the inlet flow 
control device such as rod or vortex generator, the high energy fluid outside 
the wall boundary layer of the diffuser is mixed with the flow energy fluid inside 
the boundary layer to delay the separation and to maintain large effective area. 
The possibility of predicting these flows with the effects of inlet swirl and inlet 
distortion has not been previously studied in details and this is the subject of the 
present study. 



2- MATB[EmTPCAL MODEL 

2.1 Governing Equations and Turbulence Closure 

The cylindrical coordinate-system is used to describe the flow in the 
axispmetric conical dither, Fig.(l). For the present study, the steady state 
equations for incompressible, axisymmetric, turbulent swirling flow may be 
written in general form as follows [17], 

The fluxes for the source term S4 are given in table (I), where certain 
quantities are defined as follows: 

a a ~ .  l a  at' 
8'' = -(p-)+--(r p-) 

d x  d x  r d r  ax  

d d u  I d  d v  sv = -(p--) +--@ p--) 
a x  a r  r d r  d r  

where u , v and w are the axial, radial and tangential velocities, respectively. 4 
is the general dependent variable. x and r are the axial and radial coordinates. p 
and r4 are the density and the effective difhsivity coefficients. $#is the source 
of 4 . In the present calculations, equations were solved for mean continuity 
and with dependent variables, 4 , corresponding to the axial, radial and 
tangential velocity components. The effective dfisivity was calculated fiom 
the two-equations k- E turbulence model. 



The effective viscosity, p , and the length scale of turbulence motion, ! , are 
given by the following equations, respectively. 

where p, is the laminar viscosity. The standard k-E turbulence closure model 

invokes five modeling constants, summarized in table (2). These values are 
recommended by Launder and Spalding [8] based on extensive examination of 
turbulent flows. 

Table 2. Empirical constant in k-E model 

1 c, cl C2 I Ok 1 OE 

2-2 Boundarv Conditions and Solution Procedure 

The domain over which the equations have to be integrated is that 
enclosed by the inlet and outlet sections, the axis of symmetry and the solid 
wall, as shown in Fig. (1). The inlet boundary conditions were taken fiom the 
measurements where possible. The distribution of the turbulence kinetic energy, 
k, at the inlet was assumed d o r m  and the value was estimated using a fixed 
turbulence intensity when experimental values were not available. The rate of 
energy dissipation, E , at the inlet section was not available for all tested cases 
and the value was estimated using a fixed length scale at the inlet with the 
following expression, 

where !is the characteristic length scale of turbulence, equation (6). 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 wall h c t i o n  was used to reduce the number of grid points near 
the wall. At nodes nearest to the solid walls, the velocity vector is assumed to 
be on the plane parallel to the solid walls and local equilibrium is assumed for 
the turbulence quantities. On the solid wall, the no-slip velocity boundary 
condition is applied. The wall shear stress, z , , is calculated fiom the log-law or 
its alternative form, 

in which subscript, p, refers to the adjacent node to the wall, K isvon' 
Karman's constant and Vp is the velocity parallel to the wall under 

consideration. The rate of energy dissipation at this node is obtained fiom the 
following expression, 



where y, is the distance fiom the wall and N = 2.4 

A staggered grid system is employed in the present computation so that 
the grid lines do not coincide with the difbses wall. In this method, the diffUser 
wall surface must be approximated by step-like surfaces, as shown in Fig. (2). 
The discretization of the governing equations are obtained by integrating the 
differential equations over a finite control volumes. The system of equations 
with the preceding boundary conditions are solved by a finite difference 
technique. Central differencing is used for &sion terms while hybrid 
differencing is used for the convective terms [19]; source terms were linearized. 
The solution procedure is based upon the SIMPLE algorithm. A complete 
description of the solution procedure was found in Ref [20]. The numerical 
solution was obtained when the relative residuals of the total mass flow rate 
and velocities are less than 0.00 1. 

3- RESULTS AND DISCUSSIONS 

In this section, selected numerical predictions are presented and 
compared with the available measurements for two sets of experimental data 
on the diffuser flow with the " - -  effects - -  of + the inlet swirl and the inlet turbulence 
intensity. 

3-1 Effects of Inlet Turbulence Intensitv 

Various experimental studies have indicated that certain types of 
separation and transitory stall in d s s e r s  can be avoided by changing the inlet 
flow conditions. The experimental data of Sajben et. al. ' [7] were used to 
examine the effect of inlet turbulence intensity and inlet velocity pro le  on the 
performance of conical diffusers. The configuration is a conical diffuser with a 
total expansion angle of 12 degrees and area ratio of 2.43. To alter the inlet 
flow conditions, thin screens with non-uniform solidity were placed upstream 
the inlet section of the diffuser. The tested inlet conditions are summarized in 
the following table (3), 

Table 3. Inlet conditions of Ref [7] 
Bin I 0.059 1 0.068 1 0.103 1 0.164 1 0.244 1 

Where the inlet blockage, Bin, is defined as the ratio between the 
displacement thickness of the boundary layer, 6 * ,  to the diffuser radius at inlet. 
It can be seen that increased turbulence intensity, Tu, reduces the value of inlet 
blockage. As mentioned &Ref. [7], all velocity profiles generated at the 
diffuser inlet resulted in a separated flow. They verified the existence of 
separation by direct observation tuRs at the m s e r  exit and as reflected in the 
measurements of the pressure recovery coefficient. Figure (3) shows the 
comparison of the predicted and measured diffuser performance coefficient 
which was defined as, 



Predictions with fiVe values of inlet blockage and three different 
turbulence intensities are compared with the experimental data in Fig.(3). The 
comparison indicates that the calculation predicts the performance reasonably 
well for the different inlet conditions. The pressure recovery increases by 
creating a high turbulence intensity at the difhser entrance. It is obvious also 
fiom the computation and experiments that, there is an optimum inlet 
turbulence intensity to obtain the ma*= improvement in the diffuser 
performance. The predicted axial velocity profles at diffuser exit for different 
inlet turbulence intensities and different inlet blockages are given'in Fig. (4). 
The calcdated exit velocity prosles confirm the experimental observation of 
the presence of separation at the di.ffUser exit. On the other hand, the separation 
region near the wall is shrank when the inlet flows is altered with the flow 
control screen. This is due to the favorable pressure gradient along the wall and 
the smaller blockage thus obtained. Figure (5) presents the centerline velocity 
along the difhser. It can be abserved that, increasing the inlet blockage, which 
is accompained by a reduction in turbulence level, increases the core velocity 
and hence reduces the pressure recovery coefficient in the a s e r .  The 
numerical calculation predicts all of these effects clearly and can be used to 
provide guiding information for the advanced design. 

The experimental tests of the effects of inlet turbulence intensity on the 
performance of a wide-angled conical diffuser is conducted by Sharan [8]. The 
configuration is a turbulent flow inside a conical &ser of the total divergence 
angle of 15 degrees with low and high area ratios of 2.5 and 5. Tests are 
carried out of static pressure rise at the Reynolds number of 1x10~ for tbree 
different inlet turbulence levels. The turbulence intensity level of the inlet flow 
is indicated by the core turbulence intensity. Potential core turbulence intensity 
for the naturally developing flow was of the order of 1.05% and for flow with 
fixed transition was 4.6% and 8.1%. Wire gauzes were used as turbulence 
generators to produce high intensity turbulence at the =ser inlet. 

A comparison between the measured and predicted overall pressure 
recovery coefficients at different £ice-stream turbulence intensities is shown in 
Fig. (6). It can be noted fiom this figure that, a reasonable agreement between 
the predicted and experimental values of the overall pressure recovery 
coefficients. In addition, it is noticed also that a sigmficant improvement for the 
15 degrees m s e r  as the turbulence intensity increases. It can be observed 
from the predicted results of axial velocity at the wall and the centerline of the 
a s e r  which are appeared in Fig. (7) to Fig. (10) that, increasing the inlet 
turbulence intensity has resulted in a significant increasing in thevalues of 
velocity at the wall while the velocity at the centerline is decreased. As a 
consequence, the separation suppre&d inside the diffuser with increasing the 
inlet turbulence intensity due to the relaxation of the adverse pressure gradient. 
As shown in Fig. (1 l), the location of separation ( x ) moves towards the 
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diffuser exit as the turbulence intensity increases. This is true and more 
pronounced in the diffirser with low area ratio, AR = 2.5. 

Although a lot of experimental work has been carried out on conical 
a s e r s ,  few of them provide detailed measurements of nonseparating flow 
inside the &ser, particularly in the near-wall region. Also, the effect of 
turbulence intensity on the p e r f o m c e  of non-separating flow inside the 
di&ser is not examined. Trupp et. al. [21] conducted detailed near-wall 
measurements of the flow in a conical diEuser. This data set is most suitable for 
validating the present computation. The analysis also includes an examination 
of the effect of turbulence intensity on the a s e r  performance. In Ref [2 11, 
the - measurements were obtained in a conical diffuser having a total divergence 
angle of 8 degrees and an expansion area ratio of 4. The calmlations'are carried 
out for Re = 1 . 1 5 ~ 1 0 ~  and the inlet conditions were obtained fiom the 
measurements. The turbulence kinetic energy proile was assumed to be the 
same as that of fidly developed flow. The dissipation rate of turbulence kinetic 
energy at the inlet is approximated by, 

E ,n 
= k 3'2 / ( 

. - . . - . - 
(11) 

based on the equilibrium assumption Ad the data in Ref [22].Where t is the 
characteristic mixing length and is taken of 0.2 of the inlet radius of the 
d.&ser. The predicted and measured developments of the axial velocity 
proliles are given in Fig. (12), while the predicted developments of the 
turbulence kinetic energy profde are shown in Fig. (13). The comparison 
between the calculated and measured pressure recovery coefficient along the 
a s e r  wall and for the centerline velocity are shown in Fig.(l4) and Fig. (15), 
respectively. It can be seen from the comparison that, the agreement between 
the present calculations and the measurements is excellent. Unfortunately, the 
effect of turbulence intensity on the nonseparating flow in conical &sers is 
not clarified. As shown in Fig. (13), a peak in the turbulence kinetic energy 
profile is noticed at the wall region and then shifted towards the W s e r  
centerline as the flow moves in the downstream direction. 

ln the previous investigations, it is observed that, as the turbulence level 
in the free stream region upstream the &ser inlet becomes higher, the 
diffuser performance was improved. However, it is impossible to find out which 
local turbulence in the fiee stream or near the wall influences the &ser 
performance. The object of the present calculations is to establish the nature of 
the dependence of the overall S s e r  performance on inlet turbulence level and 
correspondingly on the inlet velocity profde. 

Calcdations are performed to study the behavior of flow inside 8 and 20 
degrees conical diffusers with area ratios of 4 and 6, respectively. The artificial 
method used to generate increased levels of inlet turbulence, namely thin 
annular rings located upstream of the di@ser, Fig. (1). It was resulted that the 
presence of rings would change the turbulence pattern and velocity profile of 
the flow at the diffuser entrance. For 8 degrees diffuser, the computations are 
performed at Re = 1.15~105 for uniform inlet flow conditions while the 
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Reynolds number, Re, is taken 68000 in the case of 20 degrees difkser. To 
alter the inlet flow conditions, rings with Merent porosity are used, namely the 
porosity, \y, was t aka  as 0.5, 0.7 and 0.85. Porosity equal one denotes flow 
through dilksers without rings. The developments of the diffuser performance 
with and without the flow control rings are compared. The calculated velocity 
profiles and turbulence kinetic energy distributions at the &sers entrances are 
given in Fig. (16) and Fig. (17), for different porosities. It can be observed fiom 
these figures that, the non-uniformity of the inlet velocity profile increases with , 
decreasing the ring porosity while the turbulence level is increased. It was 
found that the fiee stream turbulence intensity increased fiom 2.7% to 7.0% in 
the presence of rings. Correspondingly, the overall pressure recovery of 8 
degrees a s e r  is increased by 5.7% and by 31.5% with the 20 degrees 
&ser, as shown in Fig. (18) and Fig, (19), respectively. It can be observed 
also that the initial stages of 8 degrees d f i se r  are sensitive to the inlet 
conditions while the final stages of it are less sensitive to the initial conditions, 
as shown in Fig. (18). On the other hand, the wide-angled &ser, 20 degrees, 
is strongly affected by the inlet conditions due to the rapid change of the 
turbulent flow inside it, as shown in Fig. (19) . It can also be seen fiom Fig. 
(20) and Fig. (2 1) that, the exit velocity proiiles with upstream rings are 
symmetrical and uniform while the exit velocity profles without upstream 
rings are highly distorted. In addition, the separation tendency in 20 degrees 
&ser disappeared with increasing the turbulence intensity. The si@cant 
improvement in the velocity profiles for the conditions of the upstream rings is 
attributed to improved turbulent mixing, where the eddies generated by the 
upstream rings effectively transmit fiee stream energy to the &ser wall. 
Therefore, it appeared fiom the computational results that the local turbulence 
level in the wall region strongly affects the &ser performance. This was 
explained also by H0fha.m [ 161. The improvement in values of the pressure 
recovery is a result of the improved velocity profile with reduced distortion and 
delayed separation. It can be concluded also that, the effect of inlet turbulence 
pattern on overall perdbrmance for non-separating flow in small-angled &ser 
is expected to be relatively small while the turbulence pattern at the entrance of 
the wide-angled &ser influences the occurrence of separation. 

3.2 Effects of Inlet Swirl Intensity 

The experimental data of Neve and Wirasinghe [ll] are used for 
comparison purposes. The measurements were conducted with five different 
conical a s e r s  of total divergence angles of 10, 15,20,25 and 30 degrees to 
clan.@ 'the influence of swirl on the performance of conical diffusers. The 
Reynolds number at the a s e r  inlet was up to 46600. Three swirl intensities 
equivalent to swirl angles of 8.6, 10.9 and 15 degrees were tested for each 
&ser configuration. The measured swirl velocity profile at the inlet is a linear 
hc t ion  of radius over 90% of the radius and the swirl is the solid-vortex type. 
The measured profiles of axial and tangential velocity components at the 
diffuser inlet are used for the calculations. The variations of local pressure 
recovery coefficients, Cp, along the 30 degrees diffuser for swirling and non- 
swirling flow are shown in Fig. (22). The predictions are in good agreement 
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with the experimental data of 30 degrees diffusers. For a swirl angle of 15 
degrees, the computation give slightly larger values than those measured. The 
effect of swirl on the overall pressure recovery coefficient, Cpo, for all tested 
&sers in Ref [l 11 is shown in Fig. (23). The flows with additional amounts 
of swirl are also numerically simulated and the predicted results are compared 
for all tested diffusers. The results indicate that the addition of a swirl to an 
axial flow in a conical diffuser can lead to improvements in static pressure 
recovery and hence in efficiency. This conclusion apply to conical diflfUsers 
having moderately or hardly separated axial flow. On the other hand, swirling 
inlet flow slightly affects the performance of diffusers which having 
unseparated axial flow, as shown for 10 degrees &ser in Fig. (23). 
This may be attributed to the increase of fictional losses inside the w s e r .  

IJnfortunately, the experimental results did not pursue the optimum swirl 
angle or optimum swirl intensity requited to obtain the maximum pressure 
recovery coefficient or maximum efficiency of tested &sers. Therefore, a 
computationd study is performed to h d  out the optimum swirl iatensity of 
conical 'diffusers with included angles ranged &om 10 to 30 degrees. Figure 
(24) hres&tsFthe results of the overall pressure recovery coefficient with 
additional amount of swirl up to an inlet swirl angle of 45 degrees. The 
predicted results indicate that the optimum swirl angle for the diflfUser 
configuration with total included angle larger than 10 degrees is ranged from 30 
to 35 degrees. On the other hand, swirl angle between 10 to 15 degrees is 
required for small-angled df isers  to get an optimum pressure recovery 
coefficient. The main reasons for existing an optimum swirl intensity is that, 
with the swirling inlet flow, the flow inside the diffuser is pressed towards the 
wall and the boundary layer development and the flow separation along the 
diffuser wall is suppressed as shown in Fig. (25). This effect enhances the 
turbulent mixing near the wall, as presented in Fig. (26), and decreases the 
boundary layer thickness. As a consequence, the pressure recovery increases 
due to the reduction of turbulent flow losses. However, the strong swirl also 
creates a very low small velocity or reversed velocity region near the centerline 
which increase the turbulent flow losses and the effective area is decreased and 
results in a low pressure recovery coefficient. As shown in Fig. (27), the 
numerical prediction indicates that there exists a recirculated flow region near 
the centerline of the 30 degrees &ser when the swirl intensity is high, 
namely, the swirl angle is equal to 45 degrees. Hence, the maximum efficiency 
of the diffuser is obtained by trading of the effects between boundary layer 
thickness and the effective fiow area brought about by swirl. 

An extended computational study is conducted to determine the effect of 
swirling inlet flow on the performance of conical diffusers with unseparated and 
l l l y  separated axial flow. For this purpose, seven different conical &sers 
were tested theoretically with total divergence angles ranging fiom 10 to 70 
degrees and .with area ratio of 4. The calculated overall pressure recovery for 
different swirl angle is illustrated in Fig.(28). It can be seen fiom this figure 
that, swirling inlet flow slightly affects the performance of small-angled 
diffusers which having unseparated axial flow. For wide-angled diflfUsers which 
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are moderately or m y  separated for axial inlet flow, swirling inlet flow caused 
large performance bqrovements based on swirl intensity. For example, detailed 
predictions of flow characteristics in 30 degrees difEizser are reported at 
different sections and for different inlet swirl intensities. The distribution of the 
swirl velocity component at the inlet section is very similar to that of the solid- 
body vortex type of swirl. The flow parameters are plotted at X/Ld = 0.2, 0.4, 
0.6, 0.8 and 1.0 md the swirl angle is varied fiom 0.0 to 45 degrees. The 
predicted developments of the axial velocity profile are given in Fig. (29). The. 
developments of the predicted swirl velocity profiles are shown in Fig. (30). 
The ail velocity profiles indicate that there exists a separation near the diffuser 
wall at XILd = 0.2 up to the diffuser exit with the non-swirling flow. The wall 
separation region is suppressed and completely eliminated when the yvi1-1 angle 
becomes 45 degrees. This is attributed to the increase of angular momentum in 
the a s e r s  as shown in Fig. (30). However, the strong swirl also creates a 
reversed velocity region near the diffuser centerline. This can be e-qlained as 
follows : as shown fiom the swirl velocity profiles, with the strong swirl, a 
large solid vortex core is developed at the core region and a low pressure 
region is created near the centerline, as illustrated in Fig. (31). When the 
difference between the wall static pressure and the centerline static pressure 
becomes greater than the dynamic pressure of the axial flow, a stagnation or 
back flow region is formed at the centerline. Harvey [23] and So [24] also 
observed experimentally the recirculated or reversed region near the centerline 
when the flow has a strong swirl. Unfortunately, So did not give the swirl 
conditions at the point when the reverse flow first appeared. Zn the present 
study, the swirl angle at which the reverse flow starts in the core region inside 
the ditbser will discussed below with the discussion of the decay of swirl. 

The distributions of turbulence intensity at different locations inside the 
30 degrees diffuser for different swirl angles are shown in Fig. (32). It can be 
observed that, the maximum turbulence intensity moves towards the wall with 
increasing the swirl which leads the increase of the centagal  force. Clearer 
evidence of the increase mixing at the di&ser wall due to increasing swirl is 
given by the reduction in boundary layer thickness as can be observed in Fig. 
(29). The increased mixing increases the turbulence level and acts like an 
effective increase in Reynolds number. 

The effects of flow regimes in conical e s e r s  on the decay of swirl are 
predicted. As an example, the axial and swirlvelocity distributions at many 
sections inside the conical difhsers with divergence angles of 4, 8, 40 and 70 
degrees are presented in Fig. (33) to Fig. (36), for a swirl angle of 30 degrees. 
For unseparated flow regime, Fig. (33) and Fig. (34), the swirl velocity profiles 
indicate that the flow behaves either like a solid-body rotation over 90% of the 
radius. The decay of swirl in small-angled conical diffusers is indicated by the 
gradual downstream decreases of the slope of the swirl velocity. This means 
that the swirl decay in small-angled conical di&sers is approximately similar to 
that in pipes. On the other hand, as shown fiom Fig. (35) and Fig. (36), the 
slope of swirl velocity profiles increases for diffusers which are moderately or 
badly separated for axial inlet flow. Consequently, the swirl angles increase in 
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the wide-angled conical diffUsers due to the presence of separation. Therefore, 
it can be concluded that, the decay of swirl in conical diffusers is strongly 
affected by the flow regimes. The swirl condition at which the reverse flow in 
the core region inside the conical diffuser with the divergence angle of 30 
degrees is predicted. Since the swirl angle increase in separated conical diffuser, 
the reverse flow should first appears at the diffuser exit. The predicted results 
of axial and tangential velocity profiles which are shown in Fig. (37) indicate 
dearly that, the reverse flow near the centerline appears at the &ser exit 
when the swirl angle is equal to 37 degrees. It can be also noticed &om this 
figure that, the flow reattachment to the &ser wall at the exit is observed. At 
this swirl condition, p = 37 degrees, the decay of swirl is started and the 
&ser yielded the maximum overall pressure recovery coefficient as indicated 
in Fig. (38.). Further increase in swirl angle causes a reduction in the overall 
pressure recovery coefficient. In summary, the optimum swirl angle which is 
required to obtain the maximum improvement in the diffuser performance can 
be defined as the angle which gives swirl intensity to remove the separation 
tendency at the wall and not enough to induce a reverse flow in the core region. 

4- CONCLUSIONS 

The numerical prediction of the turbulent flow filed in the conical 
diffusers with the k-E model of turbulence is studied. The numerical calculation 
is based on the fully conservative control volume representation of the 
governing conservation equations. Complex turbulent flows inside various 
conical diffusers with the effects of inlet turbulence intensity and inlet swirl are 
numerically predicted. The important conclusions drawn fiom this study are: 
1- The numerical prediction of the complex turbulent flows inside conical 

diffusers under the effects of the inlet turbulence and the inlet swirl 
compares generally well with the experiments. The numerical calculations 
provide a useful guidance for the design purpose. 

2- The effect of increasing inlet turbulence is to improve the &ser 
performance. The overall pressure recovery of 8 degrees diifbser is 
increased by 5.7%. The percentage increase becomes 3 1.5% with 20 degrees 
diffuser, when the inlet fiee-stream turbulence increased fiom 2.7% to 7% in 
both &sers. An optimum inlet turbulence intensity for improving the 
diflkser performance is observed. 

3- Swirl can be used to improve the diffuser performance, especially in wide- 
angled diffusers based on the inlet swirl intensity. The wall separation in 
such units is suppressed and completely eliminated with increasing the swirl 
intensity. However, the strong swirl creates a reversed velocity region near 
the diffuser centerline. 

4- An optimum value of swirl is found which give maximum performance. The 
maximum performance is determined by trading of the effects between 
boundary layer thickness and effective flow area brought about by swirl. 

5- The swirl decay is strongly affected by the flow regimes in the conical 
diffusers. For unseparated conical diffusers, the decay of swirl is similar to 
that in pipes while the swirl angles increased in separated conical a s e r s .  
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NOMENCLATURE 

cross-sectional area 
&ser area ratio, A, / A, 
blockage factor, 26 * / R 
pressure recovery coefficient, C, = ( p  - pin) 10.5 p UL 

static pressure 
&ser radius at a given section 
turbulence intensity in the axial direction, k / Uri 
average axial velocity at &ser inlet 
porosity, the ratio between the opening diameter 
of the ring to the &ser diameter at inlet. 

Subscripts 

1, 2 ' inlet and exit stations, respectively 
cl centerline 
in inlet 
w wall 
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Fi. 33. Predicted axial and tangential wbcity p f i b s  
for conical diffuser, ( 2a = 4f , Af? = 2.43 ). 
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Fig. 34. Predicted axial and tangential velocity profilea 
for a m i d  Biff-, ( 2 a  = 8f , AR = 2.43 ). 

Fig. 35. Predicted axial and tangential velocity profiles 
for conical diffuser, ( 2 a  = 4d , AR = 4. ). 
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Fig. 38. Effect of swiding flow regime on the 
ovemll pressure recovery coefficient. 






