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Abh.d 

AD cx~erimental study of turbulent characteristics of incompressible flow in a twodimensional diffuser with inlet 
velocity distortion is reported. Turbulence level in the boundary layer increases marginally towards the exit of the 
diffwcr and decreases rapidly in the wakc region. The region of maximum velocity fluctuation and the maximum . . 
Reynolds shear stress shifts away from the wall in the streamwise direction. The energy spectra of the turbulent 
kinetic energy in the wake region shows a characteristic behaviour indicating possible vortex shedding from the 
trailing edge of the airfoil. 
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1. Introduction 

Diffusers form an imuortant comvonent of manv fluid machines. A knowledre of the - 
turbulent structure of flow in a diffuser contributes a great deal to the understanding and 
improvement in the performance of a fluid machine. While a great deal of information on the 
performance and prediction of mean flow in a diffuser is available, the data on turbulence 
measurements are very meagre. The structure of turbulent shear flow in a diffuser was 
probably first studied by Ruetenik and ~ o r r s i n '  who investigated the turbulencep~operties 
of fully developed two-dimensional diffuser flows under equilibrium condition at a semi- 
divergence angle of lo.  Comparison of their results with those of ~ a u f e ?  for parallel channel 
flow indicated a large increase in turbulent kinetic energy and average shear stress levels. 
Okwuobi and Azad3 also have made detailed studies on the structure of flow in a conical 
diffuser. 

It is rather rare in practice t o  encounter a uniform inlet flow into a diffuser. Distortion of 
the entry flow is more of rule than an exception. Such a flow distortion affects the 
paformnce of a diffuser considerably. In the present investigation, velocity distortion at 
'nletto the diffuser was produced by a NACA 0009 airfoillocated ahead of the diffuser. 
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investigations were made (i) with uniform core velocity, (ii) with symmetric wake-& 
distortion and (iii) with varying degree of asymmetry in the wake-likedistortion. The present 
paper reports the results obtained concerning the turbulent structure of the flow in the 
diffuser. More details are available elsewhere4. 

2. Experimental facility and test procedure 

The experimental facility used for this purpose is shown schematically in fig. 1. The test 
diffuser was designed based on the chart of Reneau el a15 for optimum condition for 
maximum pressure recovery without appreciable stall. 

Distortion in the inlet velocity profile was produced by placing a NACA airfoil of chord 
len& 150 mm ahead of the diffuser spannlng the 600 mm height of the test section. The 
airfoil was placed centrally such that its trailing edge was at  the inlet to the diffuser. 
Non-symmetric distortion was generated by placing the airfoil a t  a n  incidence to the flow. 

Fwe components of the Reynolds stress distribution were measured with theairfoilata= 
0" and a = 4- and wlthout the airfoil, using a n  x-wire. At any station, two traverses were 
made, one with the wire in the x-y plane for derivingthe values of u', v'and-=and the other 
with the wire in the x-z plane to give the values of u', w' and- rw. In addition to the good 
agreement between the values of u'independently obtained by traversing in the two planes, 
additional check for u' was made with a single wire. The location of the six measurements 

k 3  

FIG. I. Sketch of the wind runnd. 
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stations is indicated in Table I. Auto-correlation measurements were also made at two 
stations for a = 0' and a =-4O from which integral time scales and one-dimensional energy 
spectra were calculated. 

Turbulence quantities were measured with standard DISA hot-wire equipment, viz., 
55DOI anemometers, 55D15 linearizers. 55D30 and 55D31 digital voltmeters. 55D35 r..n.s. 
voltmeters, 55D25 auxiliary unit, 55D70 analogue correlator, 55A35 channel selector, 
55D26 signal conditioner, 55D75 time delay unit, 55BOl sweep drive unit, 55A38 x-wire 
probe, 55A22 single wire probe and H P  70358 x-y recorder. Frequency counter function 
generator and oscilloscope were used for calibration. A DISA 55A12 micromanipulator was 
used to weld 5 p-dia and 1.2-mm long platinurn-coated tungsten wire to  the hot-wire probes. 

The exponent in the hot-wire equation used in the present experiment was chosen as0.46. 
In the case of x-wires, the sensitivities of the two wires were found to be almost equal in all 
cases, the largest difference being of the order of 0.47% of meanvoltage. Corrections at high 
turbulence mtensities require information o n  higher order correlations. Since complete 
information on higher order correlations was not available, no corrections were applied. The 
largest intensity of turbulence measured in the wake region was of the order of 20% near the 
trailing edge of the airfoil. 1rwin6 has shown that even for turbulence intensities of the order 
ofZO%. the correction necessary is of the order of 5%. Based o n  the turbulence measurements 
of Spangenberg et a/' which were more or  less similar to  the present situation, the maximum 
error in the present case may be estimated to  be of the order of 20% in the regions close to the 
wall. 

3. Results and discussion 

3.1 Turbulence characteristics 

The turbulence quantities measured at station M near the diffuser exit are shown in fig. 2, as 
a typical example of the type of distribution in an  adverse pressure gradient. The individual 
r.m.s. values u', v' and w' fluctuations are plotted in fig. 3. Both these figures refer to the case 
when u = 0'. Figure 3 shows that the total turbulent intensity in the wall layer region 
Increases in the streamwise direction which has also been observed earlier by Spangenberg el 
01'. A similar type of behaviour was also observed for a = 4 O  and for the case when the inlet 
Profile was free of any distortion. It is well known that a diffuser being a retarded flow 
region, acts as anamplifier of velocity fluctuations in the wall layer. It is also observed that in 
general, the relation u'> w'> v' is valid in the wall layer. It can also be seen that for stations 
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FIG. 3b D!stribution of v'. rr = 0'. 

FIG. 3c. Distribution of w', a = O 0  

very close to the diffuser inlet, the peaks of up, v'and w'values are very close to the wallas in a 
Conventional boundary layer, but this peak moves away from the wall with distance 
downstream. This is a phenomenon typical of retarded flows. 
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Figure 4 shows the distribution of li; and Twshear Stresses for a = 0". The shear stress 
component iiw is almost zero everywhere in the diffuser except for a very small region close 
to the diffuser inlet and in the wake of the airfoil. A similar behaviour was also observedfor the 
case without airfoil indicating that the flow through the diffuser can possibly be treated as 
two-dimensional. For the case when a = JO, a slight departure from two-dimensionality was 

near the walls - A and B towards the exit of the diffuser. Just as in the case ofthe 
normal stress components, the shear stress component 6V in the wall layer has its maximum 
value close to the wall initially which, however, shifts away from the wall downstream. The 
peaks in all the cases investigated occur more or less at thesame position relative to thenall. 

FIG. 4% Distribution of u?: o - 0". 

- 
-UW r la00 
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FIG. 4b. DktributMn of uii. a = 00.  
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~ o ,  3. ~ i n c  of maximum u' in the boundary layer FIG. 6. Comparison of maximum u' in the boundary 
ncar wall-A. laytr on wall-A with that on wall-B, = 40, 

Figure 5 shows the locus of the positions of maximum absolute intensity of turbulence in 
thewall region on wall-A, with the airfoil at r u = O o  and 4' and without the airfoil. The locus 
of the positions of S,,, almost closely coincides with the above lines (not included in the 
figare). The shift away from the wall progressively increases with distortion in the inlet 
velocity profile. It should also be noted that a positive value of ru represents the tilting of the 
wakeaxis towards wall-A. Figure 6 shows a comparison between the maximum values of u' 
in the wall layers on both walls-A and B for a = 4". This figure also presents values of u'at a 
distance of 5 mm from both the walls. This figure clearly shows that when a is positive and 
the wake axis is tilted forward wall-A, the turbulence intensities near wall-A are much larger 
than those near wall-B. It should also be pointed out that the wallshearstress on wall-A was 
observed to be much less than that on corresponding positions on wall-B. All these results 
corroborate an earlier conjecture of stratfords based on tuft studies that the level of 
turbulence in a boundary layer increases as it approaches incipient separation. 

High Reynolds stress regions are also regions of high production of turbulent kinetic 
energy, since these two are inseparable  event^^,'^. The region of maximum production in a 
boundary layer is close to the edge of the viscous sublayer. For zero pressure gradient flows, 
this also happens to be the region of maximum u'- fluctuations. However, the situation is 
different in adverse pressure gradient flows. The mean velocity and the absolute value of the 
turbulent intensity decrease towards wall-A, but at different rates so that the intensity 
relative to the local mean velocity generally increases towards the wall. These relative 
intensities near wall-A are shown in fig. 7(a) for stations G and K at ol =On, 4 O  and for the case 
without the airfoil. Figure 7(b) shows the intensities normalised with the reference velocity 
u- at station A. It is clear from these figures that even though the location of the absolute 
maximumof intensity shifts away from the wall, it is still the most active inadverse pressure 
Bradient flows. 

There is evidence in literature on conical diffusers for the existence of two peaks in the 
Production of turbulent kinetic energy one near the wall and the other in a region of 
maximum fluctuation3. It is quite likely that even in the present case, the production of 
turbulent kinetic energy would exhibit two peaks, even though this term has not been 
estimated. There is certainly no evidence to the contrary. 
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FIG. 7% lnvarity ofu'relative to the local FIG. 7b. Intensity of u' relativc to the  reference free stream 
velocity U. velocity U- at ftation A. 

At entry to the diffuser, the level of turbulence intensity in the wake was higher than in the 
wall region at a = O o ,  but decreased rapidly downstream. For example, the maximumvalue 
of intensity u' reduced from 12.4% at station D to about 2% at  station M. Similarly, the 
maximum of v'decreased from 11.S%to0.9%and that of w'from 6.8% to 1%. Ingeneral, the 
relation u'>vr > w'wassatisfied throughout the wake region. This is in contrast to thewall 
layer relation u' > w' > v'. The presence of the wall inhibits v', whereas in the wake no such 
inhibition is present. When the angle of incidence was changed to4O. u',., was found to vary 
between 12.7% and 3.8%. v',, between 10.1% and 1.95% and w',,, between 8.3% and 2%. 
The nelation u' > v' > w' was, however, still maintained. 

Figure 8 shows the variation of U and iE in the wake region at  station D for a = 0". It is 
seen from thc figure thatGchanges signat the location where U hasan extremum. Thisshift 
iaereased to I mm at station G and 1.8 mm at station K, decreasing to 1.2 mm at station M. 
Howelm, compared to the actual dimension of the wake, theseshifts arevery small. It is a h  
very difftcutt to judge from experimental data where &/dy = 0. Hence, no question of 
negative energy production arises here. Even in flow situations where the shift is marked6'", 
it b well known that the contribution of normal stress to  energy production more than 
compeoratcs the negative energy production due to shear stresses. 
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FKi. 8. Distribution of= and U near the axis of the wake, station D, a = 0'. 

J.2 Inlegral lime scales 

T6e integral time scales T., T, and T, were obtained by calculating the area under the 
mpective auto-correlation curves. The integration was carried up to the first point at which 
the auto-correlation changed sign, since this portion represents the most significant Part of 
anauto-correlation curve". The results showed that the time scale T, increases relative to TU 
hthcstreamwise direction in the wall layer of wall-A. The same behaviour was also noticed 
inthecase of T,. However, at any station, there was no appreciable changein time scales as 

airfoil incidence was changed. 

Along the axis of the wake where the maximum velocity defect occurs, the time scales 
nmaincd more or less unaffected by changes in inlet velocity distortion. However, away 
fwitheaxis and towards the edge of the wake, the time scales changed with airfoil incidence 
b e t o  thediffuser inlet, but became marginal along the downstream. Apparently, the inlet 
W ~ & Y  distortion has no appreciable effect on the time scales near the diffuser exit. The time 
" l e s T v  and Tw were found to be larger in the wake region relative to their values in thewall 
%ion. 
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3.3 Energy spectra 

The one-dimensional energy spectrum is obtained as a Fourier cosine transform of th, 
measured auto-correlation curve. It has to satisfy the normalization condition 

and similar conditions for the v' - and w' - components. The wave number K: is related tc 
frequency through K I = 2 r f / U. 

The measured auto-correlations were digitised manually into 256 equal parts, which wen 
then interpolated to give 512 equal parts. The frequency spectrawereobtained by numerica 
integration of the equations 

- E" (' = 4 7 R. ( 7 )  cos 2 r  f r  d ~ ,  etc. 
uf2 

with frequency intervals of 10 Hz up to 5000 Hz. while recordingtheauto-correlationitself, 
frequencies between 2 and 20000 Hz were utilised. 

Figure 9 shows the spectra of the three-velocity components at station G in the walllayen 
of both walls-A and -Band at distances of 0.2 6 and 0.6 6 from the wall, for a = 0".  The v'- 
and w'-spectra are almost the same for all conditions, but the u'-spectra show some 
variation at low wave-numbers at 0.6 6. 

Figure LO shows the three spectraat 0.2 6 from wall-A for a = 0 at stations G and K. For 
purposes of comparison, the (-513)-slope line is also shown. It is, of course, difficult to 
recognise any major region where this slope can be observed in the spectra. But, at any 
station in thelow wave-number, the energy levels of u', v'and w'are such that u'> w'>v', the 
w'and u'values being almost the same. This is a consequence of the fact that generally i n d  
layers, U' > w' > v". Spectral measurements obtained for n = -4 exhibited similar 
characteristics as with a = on. 

Figure 11 shows the spectra again at stations G and K, but on the wake axis and at a=oa. 
All spectra indicate a distinct maximum, indicating some kind of periodicity in the flow. One 
possible reason is the trailing vortex Behind the airfoil which appears to persist even at 
station K. Similar results have also been reported by Palmer and ~e f fe r "  in the wakes 
hehind a pair of cylinders. Ramaprian" also reported such peaks in the v'-and w'-spedra 
in the equilibrium axis symmetric wall jets. 

It is seen from the results presented here that entry flow distortion has a significanteffcaon 
the turbulence characteristics. The relationship u'> w' >"'is generally valid in the b 0 d W  



FIG. 9. Comparison of energy spectra in the boundary layer near walls-A and B, a = 0"  
- 

layer region. The location of the maximum r.m.s. fluctuations and the shear stress uv shif 
away from the wall in thestreamwise direction. However, theintensity of turbulence relati\ 
to the local mean velocity attains a maximum value near the wall, gradually reducing awa 
from it. 
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FIG. 10. Spectra of u". t' '  and w" in the boundary layer. oi = 0' 

In the boundary layer region, the lifetime of v'-fluctuation relative to the lifetime of 
u'-fluctuation increases appreciably towards the exit of the diffuser. Along the axis of the 
wake. the lifetime ofv'and w'fluctuations relative to the lifetime of u'-fluctuationincreases 
towards the exit of the diffuser and in general in the wake region this period is higher than 
that in the boundary layer region. In the wake region, the maximum of r.m.s. fluctuation 
reduces appreciably towards the exit of the diffuser while in the boundary layer region there 
is a marginal increase. The relationship u p >  v' > w'isgenerally valid for the wake region. 
The distribution of wave number spectra in the wake region exhibits a distinct behaviour 
with prominem peaks. This indicates the possibility of vortices shed by airfoil possibly on 
account of unsteady separated flow. 

A rcfmmc slation A or wall-A c chord length of the airfml 
B mfucha atation B or wall-B & (0 onc-dimensional frequency spectra 
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FIG. 11. Spectra of u", v" and w" along the axis of the wake, n = O0 

onedimensional wave number spectra 
frequency in Hz 
wave number ( = 2xf /u)  
twice the turbulent kinetic energy 
( = ua + v" + w") 
autoiorrelation coefficient 
integral time scales of u, v and w 
fluctuations 
streamwisc component of mean velocity 
mean free stream velocity at the 
reference station A 
velocity fluctuations in x,y and z 
directions 

r.m.s. values of u, v and w 
( = Jt', J?, J t 2  ) 
Reynolds shear stresses 
local width of the diffuser 
distance measured from the trailing edge 
of the airfoil along the axis of the diffuser 
distance from the wall measured normal 
to the axis of the diffuser 
angle of incidence of the airfoll 
boundary layer thickness 
delay time in autosorrclation function 
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