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Swirl is a tangential velocity component of the fluid flow and is often present in
the conical diffuser as a result of rotating machinery in the upstream section. The
present experimental work is dedicated to study the effect of moderate swirl on
wide angle conical diffuser performance and flow development. The experiments
were performed in a low-speed open circuit wind tunnel. There are two different
diffusers having a cone angle of 14° (with an area ratio 3.0) and 20° (with an area
ratio 4.2) were selected for this investigation. The flow parameters have been mea-
sured using DANTEC DYNAMICS make constant temperature hot-wire anemome-
ter (CTA). The results showed that the moderate swirl can significantly improve the
stalled diffuser (20° cone angle) performance,; however, it has a little effect on the
diffuser (14° cone angle) having incipient turbulent boundary layer separation. It
was confirmed that the introduction of moderate swirl reduces the chances of flow
separation in wide angle conical diffusers.

Key words: conical diffuser, displacement thickness, hotwire anemometer,
swirl, tangential velocity

Introduction

Diffusers are widely used in fans, pumps, turbines, compressors, and many other fluid
machines. In its simplest form, a diffuser is a diverging passage in the flow direction, in which
the kinetic energy is converted to pressure energy by decelerating the flow. This energy conver-
sion process of the diffuser decides the fluid machine performance. Over the decades, a large
number of research works have been pursued to understand the mechanism which governs the
performance of diffuser with the uniform flow and with inlet velocity distortions. Swirling inlet
flow is an important practical case of inlet flow distortions. Various researchers have attempted
to study the effect of swirl on conical diffuser performance.

Mc Donald and Fox [1] conducted an experiment in a transparent conical diffuser
using water as the flow medium. They concluded that the pressure recovery and effectiveness
are independent of the inlet Reynolds number if is greater than 75000. Okwuobi and Azad
[2] conducted experiments to study the structure of turbulence in a conical diffuser with fully
developed flow at entry. They reported that the rate of turbulent energy production reaches the
maximum value at the edge of the wall layer extending to the point of maximum u' fluctuation.
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Klein [3] reviewed thirty publication results in the subject of the effect of inlet conditions on the
performance of conical diffuser flow. From the review results, he presented the optimum diffus-
er geometries for non-dimensional diffuser length. Azad [4] made an extensive research work
in turbulent flow through an 8° cone angle diffuser. The measurement of fourth-order moments
of turbulence fluctuations showed that the turbulent flow is symmetrical for all mean values in a
conical diffuser. Mahalakshmi ez al. [5] studied experimentally the effect of wake type velocity
distortions at the inlet of conical diffusers. They observed that the wake at inlet greatly affects
the diffuser performance.

Van Dewoestine et al. [6] conducted experiments to study the effect of swirling inlet
flow on the performance of conical diffusers. The results showed that the swirling inlet flow
increases the performance of optimum diffuser compared to the uniform flow at the inlet. Senoo
et al. [7] and Okhio et al. [8] suggest from their experimental study in a conical diffuser that
the moderate swirl will delay the flow separation and increase the pressure recovery. Clausen
et al. [9] made detailed measurements of turbulence quantities for a 20° conical diffuser having
swirl flow.

A considerable amount of theoretical investigations has been done on conical diffus-
ers. Lai et al. [10] investigated the effect of the adverse pressure gradient in conical diffuser
using k-¢ model. Jiang et al. [11] adopted DLR k-¢ model to study the internal turbulent flow in
a conical diffuser. Armfield and Flecther [12] studied the swirl effect in a conical diffuser using
k-¢ model and Reynolds stress model. Chou and Fletcher [13] concluded that their Algebraic
Reynolds model predicts the swirl flow better than the k-¢ model. Okhio ef al. [14] selected
Prantl mixing length model to calculate the mean velocities in a wide-angle conical diffuser.
Recently, From et al. [15] modeled turbulent swirling flow in a conical diffuser using the Ex-
plicit Algebraic Reynolds stress model.

The present work is mainly concerned with the experimental study of the flow and
boundary layer development in conical diffusers with the steady, uniform flow and moderate swirl
type distorted flow at the entry of the diffuser. The experiments were conducted in a subsonic wind
tunnel using a constant temperature hot-wire anemometer (CTA) measurement system.

Experimental set-up and measurements

The experiments were conducted in a blower driven, low-speed wind tunnel set-up.

The line sketch of the wind tunnel is shown in fig. 1. The wind tunnel facility consists of a blow-

er, settling chamber and a bell-mouthed nozzle. The blower is driven by an 11 kW motor run-

ning at a constant speed of 2500 rpm. The dimensions of the settling chamber are 1 x 1 X 2 m.

The four-layer No. 80 metallic screens are placed in the settling chamber. These fine meshes

reduce the turbulence level of

DG 3 ? % (&) (= the incoming air. The flow ve-

locity and the mass flow rate

/ at the exit of the wind tunnel

I — ‘—/_ g1 1.1 FHB ~ could be altered by throttle

’ control. A pipe of 100 mm in-

@ ternal diameter and a length of

600 mm was fitted at the exit

= ' . of the wind tunnel to achieve a
fully developed flow.

The present measurements

were carried out using a DAN-

Figure 1. Schematic diagram of wind tunnel facility; / — blower,
2 — bypass control, 3 — throtle control, 4 — settling chamber,
5 — screens, 6 — bell-mounth nozzle, and 7 — pipe
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TEC DYNAMICS make constant temperature hot-wire anemometer (CTA). The CTA works
on the principle of convective heat transfer to the flow medium from an electrically heated thin
wire. Flow parameters have been measured using an X-array probe of type 55P61. An over-
heating ratio (relating factor to cold resistors to the warm resistors at the Wheatstone bridge
operating conditions) is set 0.8 for the current measurements. The X-array probe was calibrated
using an eight-hole pitot-static tube with digital manometer read out.

The velocity calibration is carried out for the known velocities of range from 10-35 m/s.
Calibration demonstrates a relationship between the probe corrected voltages (£ > Ercorr) @and
the flow velocities (U, U,e,) USINg a
fourth order polynomial fit [16]. National
Instruments analog-to-digital converter
(A/D board NI6040E (PCI — M10 — 16E
—4)) was used for data acquisition. Fig-
ure 2 shows the experimental set-up.

Flow parameters were measured
seven stations across the axis of the dif-
fuser. The measurement stations were
designated as A, B, C, D, E, F, and G.
The distance between the measuring sta-
tions from the inlet of the diffuser is giv-
en in tab. 1 and represented in fig. 3. The
reference station for flow measurements
is located in the inlet pipe at X=-30 mm  Lable 1. Measuring stations

Figure.2. Experimental set-up

[9]. Mean flow parameters of the refer- Stations | A | B | C | D | E | F | G
ence station, air temperature of 29.5 °C, || X[mm] | 30 | 60 | 90 | 120 | 150 | 180 | 210
are listed in tab. 2. XIL 0.1 0203 04]05]06]07

at reference station

] L ‘ Table 2. Mean flow parameters

Reynolds number, (= UD/v), [-] 225000
Flow Mean velocity, U [ms™'] 35

Kinematic viscosity, v[m?s~] 1.59:10°%

Density, p [kgm] 1.166

Figure 3. Location of measuring sections

Conical diffuser

Conical diffusers having a half cone angle, ¢, of 7° (area ratio 3.0) and 10° (area
ratio 4.2) have been selected for the present investigations. These half cone angles and
area ratios are sufficient to cause separated flow without any inlet velocity distortions.
The 14° cone angle diffuser is machined from a solid steel cylinder, which gives a smooth
divergence section. The geometric details of the 14° conical diffuser are shown in fig.
4(a). To reduce the surface roughness, the 20° cone angle diffuser is made of perspex
sheet. The photographic view of the test diffusers is shown in fig. 4(b). The conical dif-
fuser inlet section is connected with a pipe of 100 mm internal diameter and a length of
300 mm to place the swirl generator. The conical diffuser exit is connected with a tailpipe
of length 300 mm.
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I B

Geometry and fabrication of
swirl generator

g . To obtain a swirling flow, the
b four channel swirl generator was
designed and fabricated [17]. Fig-

Inlet (pipe) Diffuser Exit (pipe) ure 5(a) shows the photographic view

@ Al dimensions ate in m of the swirl generator selected for the

present investigation to generate a
swirl type velocity distortion at the
inlet of the diffuser. The detailed di-
mensions of the swirl generator used
in the present experiment are shown
in fig. 5(b). The swirl number for an
annular swirl generator can be calcu-
lated from:

3
S:%[l athan/)’ (1)

Figure 4. (a) Schematic illustration of conical diffuser (14°) 3l-a
and (b) photographic view of the conical diffusers

where « is the hub ratio and £ is the
channel angle. For the present case, the swirl generator with f = 25°, generates a moderate
swirl of S = 0.18. The swirl generator was machined from a solid aluminum cylinder block of
diameter 100 mm.

All dimensions are in mm

5000 20000 5000
(b)

Figure 5. (a) Photographic view of swirl generator and (b) geometry of the swirl generator

Measurement uncertainties

DANTEC DYNAMICS constant temperature hot wire anemometer (CTA) follows an
ISO uncertainty model to calculate the uncertainty of the measurements [16]. This ISO model
calculates the total uncertainty [G(fot)] as a combination of relative uncertainty of every indi-
vidual output variable, y,= f(x;), at a given confidence level.

The total uncertainty is defined:

G(tot) =2y > [’ )

Here, the relative standard uncertainty g(y;) is a function of the standard deviation of

the input variables:
1( oy, ) Ax,
)= =21 || — 3
g(y,) yi[a‘xiJ[ ki ] ®

where (0y,/0x;) is the sensitivity factor and £; is the coverage factor.
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The uncertainty of measured velocity with hot-wire anemometer mainly depends on
the instrument, calibration equipment, and experimental conditions. The uncertainties related to
experimental conditions are probe positioning, temperature variations, and humidity changes.
— Anemometer uncertainty. Drift, noise, repeatability and frequency response are the main

causes for this uncertainty. As low drift, low noise and good repeatability are the character-
istics of the commercial anemometer, their contribution to the total uncertainty is negligible
compared to other error sources.

— Uncertainty due to calibration equipment. The selection of calibration equipment consti-
tutes the major source of uncertainty. Here, a pitot-static tube with micro-manometer was
used for calibration. The relative standard uncertainty is stated to be 2% .

— Linearization (conversion) related uncertainty. The linearisation uncertainty is due to the
curve fitting errors. Here, the curve fitting is taken care of Streamware software and speci-
fied as the 0.5% of the measured velocity.

— Uncertainty related to data acquisition. The A/D board resolution uncertainty mainly de-
pends on the A/D board input voltage range (£, = 0-10 V), its resolution in bits (n = 12 bit)
and the sensitivity factor (slope of the inversion calibration curve [U = F(E)]), which is es-
timated to be (OU/OFE) =37.33 (m/s)/V.

— Uncertainty due to probe positioning. The probe is positioned with an uncertainty of 1° (6).

— Uncertainty due to temperature variations. Temperature variations from calibration to ex-
periment or during experiment introduce this error. Temperature variation changes the sen-
sor over temperature (7, — 7;,). This uncertainty is expressed:

1(1 AT V(4. o5
f(ﬂ[ﬁ%‘f 1 @

where 4 =2.3152, B=0.853 (calculated from the calibration velocity fit using the power law

scheme). Measured sensor over temperature (7, — 7;) is 231 °C. The AT is specified as 1 °C.

— Uncertainty due to humidity. Changes in humidity affect the vapor pressure of the air and

thus the heat transfer. The influence of heat transfer in standard uncertainty is very small,
oU/0P,, ~0.01U per 1 kPa change in water vapor pressure P,,.

The uncertainties obtained with a single-sensor hot-wire probe is summarized in tab. 3.

Results and discussion
Performance

Generally, the diffuser performance is stated by a pressure recovery coefficient, C,. It
indicates the diffuser ability of the diffuser to convert kinetic energy into pressure energy. The
pressure recovery coefficient can be calculated [9, 18]:

P.-P
C,=—"+ (5)
qx

where P is the average static pressure at each station, P, — the atmospheric pressure, and ¢, —
the dynamic head of the respective station. The static pressure at each station is measured using
eight-hole pitot-static tube with digital manometer read out, by traversing probe at an interval
of 4 mm. The measurements of static pressure are made relative to the atmospheric pressure
exposing one of the leads of the manometer to the atmosphere.

Figure 6 illustrates the performance of the conical diffusers with uniform velocity and
swirl at the inlet. It can be noticed that there is a marginal increase in pressure recovery in the
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Table 3. Uncertainty of hot-wire measurements
Source of Input | Input Output | Coverage Standard
uncertainty Ai | value Output (VU)Ay, value | factor [k;] | uncertainty, g(;)
Calibrator, g, B 0
(Pitot tube) +29 2 ( 100 (Accuracy A)) 0.04 2 0.02
o 1
Lineariza 0.5% 2(—j(error%) 0.01 2 0.005
tion, g, 100
A/D board E,p | 10V 1) E, |\ oU
resolution, g, n 12 bit ( U\ o OE 0.0026 3 SRR
Probe o ~
positioning, g, 0 1 1 —cosf 0.0015 NE) ~0
Sensor over 05
1 AT A
tempera- AT | 1°C (J( j(UO‘S + lj 0.00014 NE) 0.00008
fure, g, u)\r,-1, \ B
. 0.1 Lyou -
Humidity, g, AP, KPa (U )( P AP, 0.0001 B =0
Total uncertainty = G,,, = 2,[21{()@)2 =0.043=4.3%
1.0
A 14° Diffuser & Without swirl o Without swirl
G e 20° Diffuser A With swirl e With swirl
084 4
. a .
064 * . .
R A a ° . Figure 6. Variation
ord * . a4, * of pressure recovery
. 4, 4 a . ° o coefficient (C,) in 14°
. A fay ° . diffuser and 20° diffuser
02 4 - . . -] . . \
0.0 T T T T T T T T T T T T
00 02 04 06 08 00 02 04 06 0s 00 02 04 06 08 1.0
XIL XL XIL

(a) With swirl (®) 14° Diffuser (c) 20¢ Diffuser

case of flow with swirl when compared to uniform flow for the diffusers. It is also observed
from the figures that 50% of pressure recovery takes place within the first 40% length of the
diffuser.

Mean velocity profiles
Mean axial velocity

The measured axial velocity and the cross stream distance across the measuring sta-
tion are non-dimensionalized with the mass averaged velocity, U, and with the diffuser radius,
Y(N), respectively, at the corresponding station. Figures 7 and 8 illustrate the normalized ve-
locity profiles for 14° and 20° cone angle diffusers, respectively, for the case of uniform flow
and swirl flow at the inlet. It is seen that in the uniform flow at the inlet, the flow distortion
is only due to the boundary layer development. It was observed from fig. 7 in the case of 14°
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cone angle diffuser without swirl O Without swirl @ With swirl
ﬂOW indicates that the boundary Inlet (pipe) X/L: 0.1 X/L.:0.3 X/L=0.6 X/f:0.7
layer thickness is initially 10 %  Z,,| 4% E I X e BOY
(Y/Y(N)=0.9)at X/L=0.1, which = | 3 3 % ECI
has grown to 70% at X/L = 0.7. o2 ° 5’:0 .% °od
Here, it was confirmed from the . S o 3 :s 13
velocity profiles of the 14° cone 024 g K e I i
angle dlﬂuser’ Wlthout any inlet U'UOU Orf II.DB l‘.‘ 0.0 UIF 1‘:)0 1[5 0.0 0‘5 l"ll]gllé 0.0 Ofi.ll‘ngli‘ 0.0 (]lﬁ: 1‘: lf.‘ 20

velocity distortion the flow tends
to separate from the wall (incipi-
ent flow separation).

Further, for the case of 20° cone angle diffuser flow with uniform velocity at the inlet,
the flow separation was observed from X/L = 0.5 onwards. The hot-wire probes do not have the
directional sensitivity; it cannot show the negative values (flow separation) of the velocity read-
ings. Hence, the separated (reversed) flow values have been carefully identified and confirmed
using three techniques. They are as follows; velocity predictions using commercially available
CFD software ANSYS15.0 (not shown here), the axial velocity profile drawn from hot-wire
measured velocity data which are oscillating in nature, finally, the axial velocity profile mea-
sured using eight-hole Pitot static tube. The experimental axial velocity profile of Clausen et al.
[9] is showed in fig. 8. It is confirmed that the variation in flow pattern is very less.

The velocity distribution of the swirl flow clearly indicates that the near-wall region
is energized by the centrifugal force from the swirl velocity components which delayed the
boundary layer separation. Another noticeable feature is that the increasing flow in the near-

vl
Figure 7. Axial velocity distributions in 14° diffuser

wall region resulted in a reduc-

X ) I [ O Withoutswirl @ Withswirl ]
tion of flow in the core region.
This phenomenon has been ob- S0 Inlet (ipe) oo o2 —
. Z ° . o =

served by Okhio ef al. [8] by = o* o, A % %

. ‘g . 0.8 ° o: ° e % %

their work on swirling flow in o on o o

. . o . os
wide angle diffusers. 06 ° °§ 2 oe
<>
. . °? 8 3 °
Tangential velocity 0] o H ° i
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Figure 9 shows the tangential = 9 % . o
: L. . . 02 < s .o « o
velocity distribution in 14° and by .0 g T
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. 1 Th . 1 l . 00 05 1.0 15 00 05 1.0 15 00 05 1.0 _1.5 00 05 10 15 20
FlVe y. : c tangentla V? OClty uiT
is r}ormallzed with the. axial ve- o w-us L0 =0 L—os
locity at reference station [9]. It s B . 4., PR K .

= =} . o . M .

can be observed that, compared = °, % CREEY e P .

. o -

to the 14° diffuser, the peak o, 8 5t °, 5 .
. . 064 o e ° . o ,': e, :
swirl level decreases rapidly and o8 N s o .
shows the nearly flat distribution oel Bt on re o
in the exit section of the 20° dif- ¢ 5% - g % S
. . . o - » ° )

fuser. This confirms that the swirl 02 .« 5 =e CE .S

d v d d h . e .0 I : S

ecay strongly depends on the N . .o R . °
cone angle and the area ratio of 00 05 10 15 55 00 05 1o T
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Figure 8. Axial velocity distributions in 20° diffuser
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Ea—— —+_ =« wow | Boundary layer
—4— XL=01 h —A-XL=0.1 characteristics
—e— XIL=03 ¥ —A—XIL=03 . .
w05 } b ; e o6 In order to optimize the diffus-
—exL=07 R er performance and hence avoid
A P . :
Fy flow separation, calculation of
f boundary layer characteristics
/ is necessary. The well-defined
9‘ boundary layer characteristics
; }"f ; are displacement thickness, J°,
. £ the momentum thickness, 6, and
Pt Mmool i " shape factor, €. They are calculat-
(a) 14° Diffuser (b) 20" Diffuser ed [15’ 19]:
Figure 9. Tangential velocity distribution in 14° diffuser and R
20° diffuser (with swirl) , U
S = j = dr (6)
) R(N)
R(Y)
U U r
0 U, \U, JLRIN)
1)
E=— 8)
o

where U is the local velocity at a point » from the diffuser wall, U,, — the maximum velocity
in the measuring section, and R(N) — the diffuser radius. The equations for 6" and 6 are solved
using the trapezoidal rule method. The values of displacement thickness, ¢°, the momentum
thickness, 0, and shape factor, ¢, are non-dimensionalised with reference to their initial values,
viz. §"(i), and (i), respectively, [20]. The variation of displacement thickness ratio, &°/5" (i),
momentum thickness ratio, 6/6(i), and a shape factor ratio, H, along the 14° and 20° diffuser
wall are given in fig. 10.

" 15 It is clearly seen that displace-

~ A S=0 a

31: P ] s flg + 5o . ment thickness ratio, &7/0°(i),
o . ] A with uniform flow increases
. . L e bt rapidly along the length of the
K - ! ‘.’Ailgls s Fhffuser as the cone angle (2¢)
S e son ° SN o increases. On the other hand,
n . ° . i o ’ . there is a marginal decrease in
24 ' Soe s et the displacement thickness ratio,
S S P " 6°/6%(i), with the swirl in both the

mo | smois R o diffusers.
., . ) L. However, when the flow
e et reaches to the exit of the diffuser
f50 o1 02 02 o Ob U8 o 6 00 ©1 o2 03 ©4 0% 0o 07 0 section that trend is not followed;
@ 14° Diffuser  F ®) 200 Diffuser  * this is due to the fact that the de-

Figure 10. Variation of displacement thickness, momentum cay of ,SWH] is faster at hlgh?r
thickness and shape factor in the 14° diffuser and 20° diffuser area ratios and cone angles. It is
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seen that similar trends of the displacement thickness ratio, 6"/"(i), are followed for the mo-
mentum thickness ratio, /6(7), and a shape factor ratio, H.

Fluctuating components

The root mean square values of velocity fluctuations in radial directions are measured
for the cases without swirl and with swirl. The fluctuating velocity components are normalized
with the velocity, U,,, at the reference station and the radial distance r is normalized with the

diffuser radius, R, at each station. Figures 11 and 12 show the fluctuating components in 20°
cone angle diffuser with and without swirl.

Axis
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3

B Inlet (pipe)
05 05
o uUyy
can o VU,

XIL=03

o'/ Uy
LY o V’/Uw/
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Figure 11. Distribution of fluctuating components in 20° diffuser at the reference station
(inlet pipe) and X/L = 0.3

It is seen from the figs. 11 and 12(a) c} P
. . . . z XIL=05 Z
(without swirl) that the turbulent fluctuations in 5 e
the uniform flow reached maximum values very 21 o V/Us
close to the wall; they reached a low value in %7 °¢¢ g
the core region. Further very close to the wall, % B2 88, 4,
the general relation u’ > 1" is followed, however, 01+ (o) Wihout s °3 8666606606000
near the center of the diffuser (diffuser axis) the o0 T T PR
flow tends to be isotropic (1’ =V'). ™ o WUy
Figures 11 and 12(b) (with swirl) show E 1 R RAE M $te s
the distribution of u" and w' for 20° cone an- "7 ** ettt rsrens
gle diffuser with a swirl at the inlet. In this case 3" (b) With swid
also, the trend ' > w' is found to be valid in e T T v N N

the boundary layer region and the flow is nearly 7R
isotropic (' =~ w') in the core region. The peak Figure 12. Distribution of fluctuating

values of velocity fluctuations are found to shift ~ components in 20° diffuser at X/L = 0.5

away from the wall in the streamwise direction;

this peak value of fluctuations clearly indicates that the effect of swirl in the turbulence intensi-
ties. The same trend has been observed in the 14° cone angle diffuser with the uniform flow and
swirl type velocity distortions at the inlet (not shown here).
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Conclusions

The present experimental investigations of wide angle conical diffusers with uniform

flow and swirl flow lead to the following conclusion.

The introduction of a moderate swirl improves the performance of the stalled (20° cone
angle diffuser) diffuser; for the diffuser (14° cone angle diffuser) having incipient turbulent
boundary layer separation, the addition of moderate swirl has a little effect on the diffuser
performance.

It is clearly observed from the axial velocity profiles that flow separation is greatly con-
trolled by the swirl flow. It may also infer from the tangential velocity profiles that the swirl
decay is rapid in higher cone angle and area ratio. This confirmed that the geometrical pa-
rameter plays an important role in the diffusion process in the diffuser.

It is confirmed that the cone angle and area ratio are the important parameter in the boundary
layer development rather than the diffuser length.

The location of the maximum turbulent fluctuations shifts away from the wall in the case of
swirl flow.

Nomenclature

C, - pressure recovery coefficient, [] Y — distance measured from the conical diffuser

D — outer diameter of annular swirl axis to the wall, [mm]

enerator, [mm]
d - zignner diameter of annular swirl Greek symbols
generator, [mm] o — hub ratio, (= d/D), [-]

L — length of the conical diffuser, [mm] p — angle between an axis of the swirl generator

q — dynamic head, (= pU?2), [Pa] to the guide vane, [°]

R(N) — radius of the diffuser, [mm] 0 — displacement thickness, [mm]

S — swirl number, [-] € — shape factor, [-]

T, — ambient reference temperature, [°C] 0 — momentum thickness, [mm]

T,  — sensor temperature, [°C] P — density of air, [kgm ]

U - axial velocity, [ms™] ] — half cone angle of the diffuser, [°]

X  — distance measured from the inlet along the

conical diffuser axis, [mm]
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