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Results of experimental investigations of the turbulent swirl flow in three straight
conical diffusers with various diffuser total angles are presented in this paper.
All three diffusers have the inlet diameter 0.4 m and total divergence angles 8.6°,
10.5°, and 12.6°. The incompressible swirl flow field is generated by the axial fan
impeller, and for each diffuser several regimes were achieved by changing
rotation number. Original classical probes were used for measurements. The
distributions of the average main swirl flow characteristics along the diffuser are
shown. Distributions of the inlet Boussinesq number, outlet Coriolis coefficient,
ratio of the swirl and completely axial flow loss coefficients at conical diffuser on
the inlet swirl flow parameter are also presented.
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Introduction

Turbulent swirl flow is a complex phenomenon. It is a three-dimensional and
anisotropic flow, with intensive diffusion processes, high dissipation rate, etc. This fluid flow
has regions characterized by high vorticity. They often occur in technical practice and in
nature as well.

Turbulent swirl flow occurs at the exit of the turbomachines, such as in the case of
the flow at the diffuser inlet following the axial pump and fan impellers, or in the draft tubes
following bulb turbines. These problems attract researches with the idea to increase energy
efficiency, i. e. to achieve better power parameters (characteristics) of hydraulic turbo-
machines and systems.

An overview of the turbulent flow experimental research in diffusers is presented in
papers [1, 2]. In the past two decades, research of the swirl flow in a conical diffuser is mainly
performed by CFD, which is also upgraded with flow simulations in the turbine flow
passages. It is also desirable, for good diffuser swirl flow prediction, to know the value of the
Coriolis coefficient at the diffuser exit, because it has higher values than in the case for pure
axial flow.

The main aim of this paper is to provide the integral characteristics of the turbulent
swirl flow in straight diffusers with circular cross-section which are used with bulb turbines in
hydropower plants. Study of the energy losses, which directly influence the hydraulic
machinery efficiency, has focus on: determination of the ratio of swirl and pure axial flow
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loss coefficient in the straight conical diffusers, determination of the swirl flow coefficients in
the cross-sections and the law of their behaving along the diffuser, calculation of the Coriolis
coefficient and Boussinesq number for the swirl flow in cross-sections along diffuser and
their dependence on the swirl flow parameters.

Paper [2] presents part of the experimental results for diffuser II with the angle
10.5°. New experimental results for all three angles, including the old one — diffuser II, are
revealed here. Two new steel diffusers are designed and built, with a total divergence
expansion angles: 8.6° - diffuser I and 12.6° - diffuser III.

Fluid flow separation for axial flow in diffusor could be presumed on the basis of
the diffuser geometry (angle and area ratio). Namely, in the case of the non-swirl flow, for
diffusers which are studied in this paper, assumption is that for total angles 8.6° and 10.5°
separation does not exist, while with angle 12.6° separation should occur. Swirl flow relocates
separation point downstream comparing to the non-swirl flow. The swirl flow gives more
energy to the boundary flow, using the centrifugal force, so that the separation point can be
avoid. Separation does not exist for swirl flows in diffusers even with angle 16°, if moderate
circumferential flow is exerted at the diffuser inlet. It means that swirl flow in diffusers with
angle 12.6° will not result with fluid flow separation.

Experimental test rig and methodology

Experimental test rig is shown in fig. 1. The same test rig was used for the turbulent
swirl flow researches in all three conical diffusers. This test rig’s primary use was for the
axial fans experimental characteristics determination after the international standard ISO
5801. It was designed and constructed by Prof. Dr.-Ing. Zoran D. Proti¢' (1922-2010).

o
-
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Figure 1. Test rig for experimental investigation

The incompressible swirl flow field is induced (fig. 1) by the axial fan impeller (2)
with rotational speed controlled motor (1). The main geometry characteristics of the axial fan
impeller, model AP 400, Minel, Serbia, are given in [3]. The axial fan is in-built in the
straight pipe section with a profiled inlet nozzle (3). The impeller is followed by the straight
conical diffuser (4), which is placed in the chamber (5). The test bed is equipped with the
honey-comb (6), flow meter (7), pipe (8), booster fan (9) and flow regulator (10).

The main dimensions of the conical diffuser I, II and III are given in tab. 1. The
diffusers have the same inlet diameter Dy = 0.4 m and length L = 1.8 m. Velocity and pressure
fields were measured at cross-sections given in tab. 2 and fig. 2, with 39 measuring points
along the diameter. The measurements are performed with unique home-made combined
Prandtl and angular probes [4, 5].
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Investigations of the swirl flow performed with Conrad probe [6] and LDA systems,
in diffusers [7], showed that the radial velocity is much smaller than circumferential and axial
velocity ¢, « ¢, ¢, « ¢, for the used axial fan impeller. Furthermore, the assumption of two-
dimensional flow was introduced on the basis of this. Also, the following values were
measured: a, Ap, (Ap:= p: - pa), Ap (Ap = p - pa), ¢ {c = [2(Ap: - Aplip)"™*Y, ¢. (c. = c-cosa)
and ¢, (¢, = c'sina).

Table 1. Dimensions of the conical diffuser

. D, Dy g L Ogif
Ditfoser | [ tml | (1 | fml | [
1 0.4 0.67 2.81 1.8 8.6

11 0.4 0.73 3.33 1.8 10.5

11 0.4 0.80 4.00 1.8 12.6

Table 2. Positions of the measuring

sections
ifffl‘f)‘fsnzlg) z[m] | z*=z/L[]

0 0 0

0* 0.065 0.036
1 0.2 0.11
2 0.4 0.22
3 0.6 0.33
4 0.8 0.44
5 1.0 0.56
6 1.2 0.67
7 1.4 0.78
8 1.6 0.89
9 1.8 1.00

Figure 2. Positions of the measuring sections

Each measuring series, i. e. regime, is characterized by various parameters: £y -
swirl flow parameter, Reynolds number and generated type of the swirl inflow profiles
(velocity, pressure and circulation). The number of measuring series for diffuser I is seven (A-
G, tab. 3) and for diffuser III it is five (A-E, tab. 3).

Table 3. Measuring series for diffuser

Diffuser I (8.6°) Diffuser III (12.6°) Diffuser II (10.5°)
Series Q) Re-107 Series Q) Re-107 Series Q) Re-107
A 0.74 2.59 A 0.13 0.52 X 2.79 2.66
B 0.95 1.46 B 0.52 1.30 Y 0.83 1.81
C 0.12 0.53 C 1.41 1.85 Z 3.55 2.70
D 1.29 1.85 D 3.22 2.07 — — —

E 2.73 2.07 E 0.29 0.83 — — —

F 3.58 2.17 — — — — — —

G 0.49 1.26 - - - - - -

For diffuser II measurements were performed for 22 measuring series (A-V), which
is presented in [2], while three new series are added (X, Y and Z, tab. 3). These three new
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series are added to complete the results of investigation on diffuser II. Velocity and pressure
fields in diffuser II at ten cross-sections (from 0 to 9, except 0*) were measured for all series.
Velocity and pressure fields were measured in diffusers I and III at certain cross-sections.

The same definitions of the swirl flow characteristics [2] are used for all three
diffusers. These relations for swirl flow characteristics in the cross-sections (i =0, 0%, 1, 2 ...
9) of the conical diffuser are presented herein.

Flow discharge is calculated as:

R
0O = 275‘[ re,dr, m; =,0Q (1)
0
Mean circulation is given as:
_ 2 R
T, =4 | re,c.dr )
i0
while specific energy of the rotational flow is:
Vpe2,. 1
ecui :;UJ;?dm = Riz - ‘([cuczrdr (3)

Specific energy of the axial flow is calculated in the following manner:

e —Lj-ﬁdnh— ! ?c3rdr 4
K mi A; 2 Rizczmi 0 : ( )
while mean axial velocity is defined as:
_ O
szi - TER,—Z (5)

Moment of the momentum for circumferential flow:

R; —
. ! . T
M, = Ircudm:2npjcuc r2dr =2 ©6)
uj 4 0 z 2n
while the moment of the axial flow is:
Ri
K. = J. c,dm = 27‘tpj ctrdr = K. (7
i p 0 i
Moment of the mean axial velocity is:
% — 2 2
Ksz,- =mpc,, R; (8)

while the Boussinesq number [8] is defined as:
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Bi=——" )

Czm;

Swirl flow intensity is defined in the following way:

Rl
j rcte dr

(10)

Cy.
Zi

3
rc;dr

S
oS

Instead of previously shown swirl flow parameters, another several swirl flow
parameters are defined by various authors [2]. These are: swirl flow parameter [9], swirl
intensity [10], swirl number [11] and swirl intensity [12]. The relations between them are

obvious and are presented in tab. 4.

Table 4. Swirl non-dimensional parameters

Swirl non-dimens parameters Formula Relations
i 2 0.5 -~
0 Irczdr P, B
Swirl flow parameter Q=—"= Z for Rankin swirl flow:
R T :
i R, I rzcuczdr Q-8 = l
0 2
R;
v 2.[ c,c.ridr . 1
Swirl intensity o e, 5 Q =—
T tcznr i B Rlzczm ZQA
R R Q* Ji
v ‘[czcurzdr ZJ.c__curzdr § =—t==
Swirl number S =—F—=2 p =— .'B" .ﬁ"
RK, 2 L q BRc: for Rankin swirl flow:
,.J.c_,r r S =
0
& & I = L - l foX
I 27tpj.cuc;r2dr J-cuczrzdr N 40, o
Swirl intensity J=—— 0 =2 for Rankin swirl flow:
2 2 3.2
K Com; D, D, 2o R R; €l Q 9
[=—t ="
2 4

The swirl flow parameter 2 is more convenient, because it can be easily determined
on the runner (impeller) outlet, i. e. at diffuser (draft tube) inlet if the flow discharge and the

turbomachine specific flow energy are known only.
The swirl flow parameter [9] is defined as:
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R; 2
I rc,dr
Q = Q _ = (11)
Ri I !

R, J r’c,c,dr
0
while Reynolds number:
Re, = Sm 2 (12)

In the case of the swirl flow, considering the egs. (5) and (11) Reynolds number is
correlated to the swirl flow parameter in the defined cross-section, with the kinematic
viscosity and averaged circulation:

Re; =

1

2 QT
Y 1%

(13)

Introducing that the air kinematic viscosity is constant, it is obtained for the diffuser
inlet section that Reg = const-Qy Iy .
Specific swirl flow energy in each diffuser cross-section is:

- on

es. =—— | rAp,c,dr 14

Si ,DQ 0 t ( )
Specific energy swirl flow losses along the straight conical diffuser from O to the i-th

cross-sections are calculated as:

Aeg, =eg, —eg, (15)
The swirl flow energy loss coefficient is expressed as:
2Aeq,
Cs = (16)

c

zmyy

The axial flow energy loss coefficient of the diffuser is introduced from [13]:
gAi =f(5, Reo’adif’ni) 17)

where 0= A/2Ry, Reg = c,mo2Ro/v, and n; = A4; /A,.
The ratio of swirl and pure axial flow loss coefficient along the diffuser [2] is:

Aj

=f(2) (18)

where Q) is the diffuser inlet swirl flow parameter Q) = Qy/R, To.
The Coriolis coefficient at the diffuser outlet is then defined in the following way:
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2 R
— 2 — 2
Ogg = ——5— IcgczgdAg = Ircgczgdr (19)
Rs TCog R Comg 0

Experimental results and discussion

Profiles of the total and static pressure become more uniform along the diffusers I, II
and III. This is also shown for measurements in the diffuser II [2]. The total pressure has the
lowest value in the vortex core region. Static pressure is the highest on the wall however it is
the lowest in the vortex core region, where the value of relative static pressure can be
negative. Axial velocity components have small values in the vortex core. In some cases, the
reverse flow occurs. Circumferential velocity profile transforms downstream with the
tendency to form a solid body profile on the diffuser outlet. Swirl flow characteristic values
for diffusers I, II (three added series) and III are calculated for each series in the measuring
position i = 0 (z = 0) and presented in tab. 5. The Coriolis coefficient values and the ratio of
swirl and pure axial flow loss coefficient at the diffuser outlet are also presented here.

Table 5. Characteristic diffuser swirl flow values

Diffuser I (8.6° Diffuser III (12.6°)

Ser. | £ asy 0y Bo {so/Cao | Ser. | £ asy 0y Bo Cs9/Cao
A 0.74 3.41 0.74 1.12 11.10 A 0.13 46.37 1.99 3.54 121.82
B 0.95 2.26 0.35 1.16 7.89 B 0.52 4.15 1.15 1.16 11.93
C 0.12 34.63 3.43 2.83 240.31 C 1.41 1.94 0.16 1.15 3.44
D 1.29 1.57 0.20 1.14 4.96 D 3.22 1.70 0.03 1.15 241
E 2.73 1.19 0.04 1.14 3.25 E 0.29 11.48 1.82 1.55 31.04
F 3.58 1.20 0.03 1.12 3.47 Diffuser II (10.5°)

G 0.49 3.50 1.26 1.18 22.51 Ser. Q) [ 6 Lo Cs9/Ca9
X 2.79 1.31 0.050 1.13 2.93
Y 0.83 3.38 0.500 1.15 6.35
Z 3.55 1.35 0.030 1.13 2.65

It is noticeable that the specific swirl flow energy decreases exponentially, in the
form e = eg-exp(-awz*), along the diffusers I and III (fig. 3) for all measuring series. Here, @
is the damping coefficient which depends on €y, Rej and 4.

i [Tkeg™'] olge = 8.6° (D) ey [Tkg] e = 12.6° (11D)
120 mg
150 gu_\h L s
130 | “‘.=——-I=:.:__.___.__. *B 30 ——l.________. mA
110 — aC o | B
20 | a—a oD 60 . s S e
70 T T &4 op 40 —a
] oD
50 S P NP R 20 A .
30 7* . . . °F te | ok
10 §8=o— 2 _— = aG 0 ——e .
10 —1 — 7*[-] -20 #1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 3. Swirl flow specific energy e;; along the diffuser (z* = z/L); I for the measuring series A to G
(left) and diffuser I1I for the measuring series A to E (right)
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This is also shown in the paper [2] for diffuser II. Specific energy flow losses have
increasing character along the diffusers I and III for all measuring series and depend on £,
Rep and o (fig. 4).

Aeg [Tkg™] Ol = 8.6° (D) Aeg[lkgl]  Car=12.6° (I
45 ! 15
40 ey A 30 f——i
35 & .,__1 B _/. =
|
30 - 25
sC 7 +B

25 20 . —
0 Egy o oD ﬁji:__.—ﬁ AC
s A? - | o g 15 o= - D
10 4 b oF 10 e — = I
5 ##ﬁ .G s |m ,//’ﬁ
0 f 1 1 ! ! ! 1 g [ 0 AL

00010203 040506070809 1.0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 4. Swirl flow specific energy loss Ae; along the diffuser (z* = z/L); I for the measuring series A to
G (left) and diffuser I1I for the measuring series A to E (right)

Mean circulation distributions along the diffusers I and III (fig. 5) decrease linearly
obeying the function I; = Iy - yz* = [y(1 - (@) z*)= [p(1 - az*) for all measuring series.
Here, Iy is mean circulation for z* = 0 and yis the damping coefficient which depends on Q,,
Reg and 0.

I [mes™] 0ge=8.6" (I) I [m3s) Gy =12.6 (IIT)
12 10 wa—— .
10 ..|Ia~h,____‘ mA 3 “—__——_“_—!h———_,___ .l
O R S N B
8 !I=I=—r._. —H_“E‘: oo— |
g :f;.:_. aC 6 ___:E - +B
6 = — oD ___‘“——h—___I::,___m AC
4 T R —4&—4 g 4 pr oD
‘t . ~1 ——_—‘ T ;
2 R i e = UL - . oE
8 —f= sG hd d o ——e
0 - T 1 7% [_] 0 - [_]
0.00102030405060.70.8091.0 0.00.102030405060.708091.0

Figure 5. Mean circulation I; along the diffuser (z* = z/L); I for the measuring series A to G (left) and
diffuser III for the measuring series A to E (right)

Swirl flow parameter transformation along the diffusers I and III (fig. 6) has the
following character Q; = Qo(l-i-clz"‘-czz*z)'1 for all measuring series (¢; = Ltgoqif/Ro - a, ¢; =
altgogif/ Ry = ac, + a* =constand a = wy).

Reynolds number influence on the distribution of the presented parameters is given
through the influence of the swirl flow parameter and average circulation. Dependence of the
Reg- number of Qyl7y for all operating regimes of diffusers I and III, and some regimes of
diffuser II is presented in fig. 7.

Swirl flow characteristic values (8, {so/ (a9 and asy) dependences on the swirl flow
parameter Q, for diffusers I, 11, and III, are presented in figs. 8-10.
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These, the most important results, for three added and all other series, for diffuser II,
are presented because they influence on the coefficient change reported in paper [2]. This is
shown in tab. 6.

2] g = 8.6° (I) 2,[-1 Gy =12.6 (IIT)

4 " 4
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Figure 6. Swirl flow parameter £2; along the diffuser (z* = z/L); I for the measuring series A to G (left)
and diffuser I1I for the measuring series A to E (right)

The Boussinesq number dependences on the swirl flow parameter Q, for diffusers I
and III (fig. 8) show that there is a great gradient in the region Q, < 0.5, but it slowly
converges to = 1.02 in the region Q> 0.5. This is also shown for diffuser II [2].

Rey-1075 [-] Bo[-1
50 3.6
] ) 34 ¥
45 32 3
] q 2 3
4.0 - 3.0 3
3.5 28 34
2o ] o Al (8.6%) 2.6 g Al(B6%)
25 ] A OII(10.5%) %3 E OII (10.5%)
20 ] i‘ BN (1269 57 o 11 (12.6°)
15 1 - 18 39
i F 50
1.0 16 T
os ] ] 1.4 3
-] 1.2 3 g0 &
0.0 A Q] 1.0 bbbt 2,4
01234567809101112 0.0 0.51.0 1.52.0 2.5 3.0 3.5 4.0 4.5

Figure 7. Reynolds number Re, dependences of  Figure 8. Boussinesq number £, dependences
QI for diffusers; I (measuring series A to G), on swirl flow parameter 2, for diffusers; I
II (measuring series A to I, X, Y, Z) and III  (measuring series A to G), II (measuring series
(measuring series A to E) A to Z) and III (measuring series A to E)

The Boussinesq number dependence on swirl flow parameter, at the entrance of the
diffuser, for each diffuser (fig. 8), can be approximated by an exponential law:

B
Bo :1’1+Q_g’ (20)

where the values of the coefficients B and p are provided in tab. 6.
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The ratio of the swirl and pure axial flow loss coefficients {so/{a9 dependence on the
inlet swirl flow parameter along the diffuser, for each diffuser (fig. 9), can be also

approximated by the law:

where the values of the coefficients &k and » are listed in tab. 6.
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Figure 9. Ratio {5¢/{,o dependences on swirl
flow parameter 2, for diffusers; I (measuring
series A to G), II (|2]) and III (measuring

series A to E)
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Figure 10. Outlet Coriolis

coefficient ago

dependences on swirl flow parameter 2, for
diffusers; I (meas. series A to G), II (meas.
series A to Z) and III (meas. series A to E)

The outlet Coriolis coefficient dependence on the inlet swirl flow parameter, for

each diffuser (fig. 10), can be approximated by an exponential law as follows:

asg :1+a

A

0

where the values of the coefficients 4 and m are given in tab. 6.

Table 6. Coefficients

Diffuser | I (agr=8.6°) | I (o= 10.5°) | II (agc= 12.6°)
B 0.0160 0.0191 0.0309
P 22143 2.0090 2.1082
P 0.9252 23713 1.1309
m 1.7013 1.1060 1.7809
A 6.17438 6.22244 3.77085
P 1.73197 1.59135 1.67243

(22)

It is obvious that the outlet Coriolis coefficient has a great value when the swirl flow
parameter €y is small (fig. 8). It means that the inlet mean circulation is strong and discharge
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is small. In the case of the great swirl parameter values £, when the circulation is weak and
discharge is greater, the Coriolis coefficient decreases and tends to value a, = 1.058.

Total specific energy loss Aegy of the turbulent swirl flow in the conical diffuser can
be now calculated as follows:

2

2

- czm k czm

AeSQ :CSQ .TOZCAQ (l—i_aj 20 (23)
0

The Coriolis coefficient for swirl flow at the diffuser outlet agg is very important for
determination of the real swirl flow specific kinetic energy loss at the diffuser outlet. The
value of the real specific kinetic energy loss Aexg is:

-2 -2

- ch A sz

By =05y === (”Q—mj% (24)
0

where ¢, is the mean velocity axial component ¢ o =Q/Ao.

Conclusions

This paper presents experimental investigations performed for three diffuser
geometries agir = 8.6°, 10.5°, and 12.6°. Part of the experimental results for diffuser II is
presented in [2].

Geometry of the diffuser with ag;r = 10.5° is an adapted geometry of the draft tube of
one bulb turbine.

It is demonstrated that it is very practical to use swirl number (£2) for the case of the
turbomachines as one of its characteristic parameters. A significant number of measurement
series, characterized by the swirl flow parameters £y, Re, numbers and various types of
generated swirl inflow profiles are presented here.

The velocity and pressure experimental profiles transform intensively along the
diffuser for all three diffuser angles.

The mean circulation decreases linearly downstream for all tested diffuser
geometries.

It is shown that ratios of the loss coefficients for swirl and pure axial flow along the
diffuser cross measuring sections depend only on the inlet swirl parameter €. This is more
intense for lower values of the inlet swirl flow parameter Q, and it is also the case for the
Boussinesq number £, and outlet Coriolis coefficient agg. Obtained laws {so/ {9 = f(€2y) for all
diffusers are given.

Dependences Sy = f(£y), aso = f(€2y) and {so/ {ag = f(€2y) for all three diffuser angles
have similar character, and it is not possible to derive their practical dependence. It could be
concluded that diffuser I, with the smallest angle, has lower values f, and asgy, for the same
Qy, comparing to other two diffusers with wider angles.

The Coriolis coefficient, for the case of the turbulent swirl flow at the diffuser outlet,
depends only on the inlet swirl flow parameter ). Value agy provides the possibility to
determine the real swirl flow specific kinetic energy loss at the diffuser outlet. This
conclusion is of great importance for the efficiency bulb turbine calculation.

Experimentally obtained velocity profiles for all series and diffusers have shown
that there is no wall flow separation. The reason is the presence of the centrifugal forces
which occur in the swirl flow.



lli¢, D. B., et al.: Experimental Investigations of the Turbulent Swirl Flow in...
S736 THERMAL SCIENCE, Year 2017, Vol. 21, Suppl. 3, pp. S725-S736

Acknowledgment

This work was funded by the grant from the Ministry of Education, Science and
Technological Development, Republic of Serbia (TR 35046), which is gratefully
acknowledged.

Nomenclature
¢ — local velocity, [ms '] Greek symbols
¢, - radial velocity component, [ms '] o — flow angle, [°]
¢, — circumferential velocity component, [ms™] ogqr — diffuser angle, [°]
¢, - axial velocity component, [ms '] A — roughness, [m]
L - diffuser length, [m] Ap - relative static pressure, [Pa]
ny — arearatio (=A4¢/4y) Ap, - relative total pressure, [Pa]
p. — ambient pressure, [Pa] 1) — relative roughness
R - diffuser radius, [m] N — kinematic viscosity, [mQSfl]
z  — distance from diffuser inlet to specified p — fluid density, [kgm ]
diffuser cross section, [m]
z*  — relative distance from diffuser inlet to

specified diffuser cross section, [—]
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