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Fig. 2.4 Velocity profile in a vaneless diffuser channel (r/r;=1.10, ¢=0.162)
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Fig 3.5 Period and amplitude of rotating stall of vaneless diffuser
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Fig. 3.7 Static pressure fluctuation on the wall
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Fig. 3.10 Change of total performance of vaned diffuser by radial groove
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Fig. 3.11 Reduction of pressure fluctuation by radial grobve
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Fig. 4.3 Comparison of performance curves

40



4. JTN—TEBVWERRR L TORREMEEDIMEE DR

—— N J T T T
1o& S
/ » -
Q=S = S ¥
= i / ! ‘.' . T
s 4
= 0.2 -" 7’ & g
! /
/ /
v 4 \
0.14 / ’ \
! / ]
] ' #
0.0+ ,i v;
!
1 ; T
-0.1 » /¢, 099 073 0.61 050 0.21 |
,. No groove © o A v o
v Jgroove ©¢ m A v e
'0.2 ] T _— | T T T | T
0.0 0.2 04 0.6 0.8 1.0
Casing z/b 1 Hub

(a) Meridional velocity component

~ | o/, 099 073 061 050 021
L0 &O\O\Q Nogroove © © 4o ¢ o D
N 1= e v |J-groove o —u— A v .
= 0.8

0.0 0.2 0.4 0.6 0.8 1.0
Casing : z/ bI Hub

(b) Tangential velocity component

Fig. 4.4 Velocity distributions at impeller inlet section

41



4, JTN—TFEBOEFRR S TORREMEDOIFIEDFHT

12 ' —@—Head coeff. ) without grc;ove
) ~ &~ —0— C, forholeNo.0 1
1@ HoleNo. 1 2 3 4 |
;_LO— Hill R Y T T
3 : Eego SrOOVe = —f— —— —0—
DN 0.8 -
N
“3
& 0.6 -
Q:Tf:
S 044
i
®)
0.2 -
0.04
- I —
0.00 0.04 0.08 0.12 0.16 ¢ 0.20

Fig.4.5 Comparison of wall pressure at No. 1~4

i " T '—e@—Head Coeff. y without groove
: —o—Cpfor hole No. 0 with groove

Hole No. 1 2 3 4 ]

s 1.0- Hill ——v——A——a——e—

:’8 T Bottom == ——to— —— —0—

DN 0.8 1 ’ 7

S . "Po ::-. k

9‘?0.6 - 1

Q—:?- o
S 0.4 1 i
I

Uﬂ-

0.2 1 7

0.0 1 7]

T T 1 T T ’ ] ' 1
0.00 0.04 0.08 0.12 0.16 ) 0.20

Fig. 4.6 Pressure changes at hill and bottom of groove

42



4. JTN—TEBVIFRE L TORREMEEOMEE DS

1.2 T T T T 1 T
1.0+
0.8 - -
0.6+ Groove n w d 1
—o— 0 0 00
0.4 - —a— 32 105 2 14 |
—v— 32 113 2 32
—&— 32 11.8 2 51
0.2
0.0 ‘ T T v T T T T T 1 T
000 004 008 012 0.16 ¢ 020
Fig. 4.7 Effect of groove length on instability
1.2 T T T 1

0.4

28 10 2 50

—— 28 10 4 50

28 4 50

5

I

v T T T
0.12 0.16 ¢ 0.20

0.9

0.6

0.3

0.0

0.9

0.6

0.3

0.0

Fig. 4.8 Effects of groove depth & width on instability

43



4. JTIN=TERVEFRR L TORREMEEDIHIE DR

Grooven wd 1
—o— 0000

—>— 64 5 248 7
—— 325 248

0.0 e e
0.00 0.04 0.08 0.12 0.16 ) 0.20

Fig. 4.9 Effect of groove number on instability

1.2 : : : : :

1.0 4 ]

S

0.8 4 i

0.6 % Grooven w d -l '\v.' ]
| —0— 0 0 00 O

—v— 32108 2 26 2

0.4 —A— 32113221 11 7
- —o— 3211.4 2 36 21

0.2 ]

| od -

0.0 T T T T T T T

T T
000 004 008 012 016 ¢ 0.20

Fig. 4.10 Effect of groove location on instability

44

0.9

0.6

0.3

0.0

0.9

0.6

0.3

0.0



Power dB

Power dB

4, JIN—TEBWENRR L TORREMEEDNEENERR

0 T T T T T T v T T

9{‘ J-Groove, 1] q) / ¢n= 0_61

-10- iww NZ, No groove _
o mmmeme- J-groove
éj No Groove . o 2 NZ <
% B

204 ; 3NZ §
0.00 Time in sec . 0.04 A 4 NZ

(a) 26 mm upstream of the impeller outlet tip

o ¢/9,=061

i J-groove (Hill)
30- No groove . -
-40 1 )
-50 1 )
2NZ
-60 7 )
-10

10

(b) 9.3 mm downstream of the impeller inlet tip

Fig. 4.11 'Wall pressure fluctuations

45



4. JITN—TEBOENRR L TORLEMREDIHIEDFHER

100 ' | v | T T T T T . T

O Head Instability
O Efficiency drop

80 -

DN
(e
1

40-

Optimum JE No.

N
)
1

=, £l

O%.@ |

Head Instability (Ay, . /Ay, o )%

0.0 0.2 0.4 0.6 0.8 1.0
JE No.

Fig. 4.12 Criteria of optimum J-groove dimension

46

w
)%

no groove ngroove

— )

o

Max. Efficiency drop (n



4. JIN—=TEBVEFFRER S TORREMREDIMEZ DR

4.6 &S

PR Y TOAZEEREAEICHE LELH LW FTEZRRL, ZO3RZERDY
CHERR LTz, BONLKRZENTHLUTOL YIRS,

(1) BLELTHED T V-T2, EEEEOEBICBVT, BEELZHKT ¥
52 %K, BEMBOE PV ALESRELZIH L (RELEELT5 I LR
%,

2 T IN—TIZEARLEUREIFHDOA I ALIUTDL) ThHDH | FEEMEREIZT
BAOFEFEOEEICE DFERI &N, V- THICHREENS i & K HRDE
WRNADPFBALDMGEICHEE L TEREBETAHE, FROAEEHELZE - T, FR
AOMRBOKE B L UREBES 2HH L, BERBEOKET 257 5.

B3) I INV—T7DRBIUTTRALOF v 7256 THREANDE IVPANLEMHNIIT T 5 BERE
PEL, ThE2ZELTRELZTEBIUR YN IINEL2 525200 ‘T T Vv—7
ERME” #R/RELL. ZofEE 017 BECEEITNE, REWTREFRTEELI L
GAANLEERRETEREB THHRH TE 5.

AL L OBEmOZEIZE), T 7V —T13 % —FEWOPTBAFEB I TR Z LT
17 2 —FORELEE, &L ThHEAT) REEMRRE B TE 2N LIHETH2 2
LSRR E Nz, | |

REFFEDFATICH 2D, (bk) EEREMEFMOTAEANRICIIEREBEOLYER, £
7z (B BNEEFTOMMEHERI VBEERRBEZEV:. SR LTEMICERER2S
BHOEZRT 5. :

47



4. JTN—TEBACEFRRR L TORRELREDNFIE DR

Greitzer, EMM., Trans. ASME, Ser.I, Vol. 103 (1981), pp.193-242.

Takata, H. and Tsukuda, Y., Trans. ASME, IJr. of Engi-neering for Power, Paper No.
76-GT-A (1977).

Goto, A., Trans. ASME, Jr. of Turbo-machinery, Vol. 116 (1994), pp.621-628.

Bl - 4%, BE5E B, 64-620 (1998-4), pp.1135-1141.

BN - A3 4, & — FEMHS 39 MEEXEERCE (1997), pp.67-72.

M - b4 %, ¥R B, 64-591 (1995), pp.3842 -3847.

Kurokawa, J., Kamijo, K. and Shimura, T., AIAA, J. Propulsion and Power, 10-2 (1994),
pp-244-250. ‘

Hergt, P. and Starke, J., Proc. 2nd Int. Symp. (Texas A & M Univ.) (1985), pp.67-75.
I, #%5 B, 54-508 (1988-12), pp.3449-3456.

B - B3 %, & — R M, 23-2 (1995-2), pp.64-71.

48



5. Suppression of Swirl in a Conical Diffuser
By Use of J-Groove*

5.1 Introduction

In the part load operation of a Francis turbine, a vortex rope appears in the draft tube and causes
pressure fluctuation. The pressure fluctuation becomes violent, when cavitation is induced in the
vortex core (Nishi et al. 1982, Fisher et al. 1982). This phenomena is called as the draft tube
surge, and often induces severe power swing in an electric generating system. To alleviate the
pressure fluctuation and to develop an effective method of controlling and suppressing this
anomalous phenomena, various attempts have been made (Grein 1980, Nishi 1996). An active
control device such as air injection and a passive control device such as fins installed in the inlet
cone of a draft tube are popular means. However, active devices demand complicated mechanisms;
utilize additional machinery and eventually decrease the overall efficiency and reliability. Passive
devices proposed so far also require additional apparatus such as fins or cylinder and tripod (Grein
1980) and eventually decrease the reliability.

The present authors have developed a very simple method of controlling and suppressing a
swirl of rotational flow by use of shallow grooves machined on a casing wall. Radial shallow
gfooves of proper dimension mounted on a diffuser wall could suppress a rotating stall in a
vaneless diffuser perfectly for the entire flow range, and the mechanism of suppressing a rotating
stall was made clear theoretically (Kurokawa et al. 1997). This device could also suppress a
performance curve instability characterized by a positive slope of head-capacity curve perfectly
over the whole operating range of a mixed flow pump (Kurokawa et al. 1999). If the swirl
strength of a runner outlet flow could be controlled and reduced in a Francis turbine, the draft tube
surge might be suppressed. The above device should be effective to suppress a draft tube surge, as
it is caused by the swirl of a runner outlet flow. ;

The present study is thus aimed to newly propose a very simple common passive device of
suppressing a draft tube surge utilizing shallow grooves machined on the casing wall of a draft tube.
The main concern is to reveal the possibility and the effect of shallow grooves on controlling and
reducing the swirl strength of a runner outlet flow, and thus a steady rotational flow in a conical
diffuser is measured using air flow instead of water flow in a draft tube.

As a strong flow is induced in the shallow grooves due to a pressure gradient, it is of key
importance to provide the grooves parallel to the direction of the pressure gradient. Such shallow
grooves machined parallel to the pressure gradient are termed as “J-groove”. Hereafter groove
means J-groove.

* Kurokawa, J., et al, IAHR 20th Symposium, Aug. 6-9, 2000, Charlotte.
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5. Suppression of Swirl in a Conical Diffuser By Use of J-Groove
5. 2 Mechanism of Suppressing Swirl by J-groove

In a ‘groove mounted parallel to the pressure gradient on a casing wall in the rotating flow
field, a strong reverse flow is induced in the groove due to the pressure gradient of the main flow.
This reverse flow makes the swirl of the main flow reduce considerably. Even though the groove
is very shallow such as A=1mm, the increase in the main flow angle due to both the decrease of
swirl velocity and the increase of radial velocity is significant.

Experimental findings and theoretical considerations(Kurokawa et al. 1997) revealed that the
remarkable effects of J-groove are caused by the following two mechanisms; one is a remarkable
decrease in tangential velocity at the diffuser inlet owing to mixing between the main flow and the
groove reverse flow, and the other is a remarkable increase in radial velocity due to the groove
reverse flow. Both effects have the same contribution to increase the flow angle.
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5. Suppression of Swirl in a Conical Diffuser By Use of J-Groove

5. 3 Test Apparatus and Procedure

The present study is aimed to reveal the effect of J-groove on controlling the swirl strength
in a divergent channel. For this purpose the swirling flow in a conical diffuser is studied using the
test stand shown in Fig. 5.1. To produce a swirl flow an axial flow impeller is set at about 3.3d
upstream of the diffuser inlet, where d (=156 mm) is the inlet pipe diameter. The supplemental
blower is arranged at far upstream of the divergent channel to change the flow rate widely. At the
downstream of the conical diffuser is connected a straight pipe of the length 4.0 d. The angle of
divergence ¢ of the conical diffuser is 30° and the radius ratio of the inlet pipe to the outlet pipe is
1.96.

In order to control and suppress the swirl of the main flow, four kinds of shallow grooves
are provided by attach-ing thin rubber plates of which thickness is equal to the groove height s over
the whole wall of divergent channel as shown in Table 5.1. In the Grooves 1, 2 and 3 the groove
sectional area w X h is kept constant.

In the Groove 4 the rubber plate attached has the dimension of = 5 mm" X4 mm” X 30",
and then the groove dimensions are 11.3 mm”X4 mm?X 30" at the inlet of the divergent channel
and 26.9 mm" X 4 mm*X 30" at the outlet.

The time-averaged velocity distributions at four sections including the inlet section A and
the outlet section B indicated in Fig.5.1 are measured by traversing a 3-hole Pitot probe set
perpendicular to the wall. The wall static pressure distribution was also measured at 5 points in
the stream direction. The test Reynolds number Re = Vv, d/v based on the mean inlet axial
velocity ¥, and the inlet pipe diameter d is (1.9~3.1) X 10°.

The swirl strength is evaluated by the swirl rate m defined by the folldwing equation;
m = [V,V, rzdr/ L [v2rar | (5.1)
I 2 z

where, r, V, and V, are the radius, the axial and tangential velocity components, respectively.

The swirl rate in an actual draft tube takes the value of (1.0~2.0) (Nishi er al. 1982), when the
draft tube surge occurs under the low cavitation number. Four kinds of swirl strength m are then
selected to reveal the effect of J-grooves by changing the impeller speed from O to 1315 rpm and
the mean axial velocity Vv, from 18 to 29 m/s. The corresponding swirl strength measured at the

inlet section A is m, =0, 0.64, 1.10 and 1.88 in average.
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5. Suppression of Swirl in a Conical Diffuser By Use of J-Groove

Tab. 5.1 Dimensions of the J-groove tested

width w [mm] height 2 [mm)] length / [mm] number
Groove 1 5 4 288 30
Groove 2 10 -2 288 30
Groove 3 20 1 288 10
Groove 4 11.3 269 4 288 30
1.5d 1.8d____, 1.8d . 4.0d
A B
0.8d:0.55d 1.0d
0.76d
1.35d ; | il [
o o Z 2
3 e S : —_ e
o i \
14 . Y
: & s
r \ %ﬁj // \/7\ . u!u
\ 90 ) S ,\03  / tij ! L
\ / ’ )
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Fig.

5.1

Conical diffuser test stand
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5. Suppression of Swirl in a Conical Diffuser By Use of J-Groove

5. 3 Results and Discussion

5.4.1 Velocity distribution

The measured velocity distributions in the inlet section A and the outlet section B are
compared in Fig. 5.2 for the no swirl case (m,= 0). The velocity profiles of the grooved case is
also compared. Though the 300 data obtained in 30 sec. were time-averaged for each plot, the
scatter of the axial velocity data V, in the outlet section is very large as shown in Fig. 5.2(b),
which means that the outlet flow is unsteadily changing due to unsteady flow separation. To show
the flow unsteadiness, the pressure fluctuation and the frequency analysis at the diffuser outlet
section A is illustrated in Figs. 5.3(a) and (b). It is clearly seen that the peak frequency of 100 Hz
is dominant in both figures. This fluctuation is observed through all measurements in the grooved
case and the no groove case with swirl or no swirl, and might be caused by unsteady flow
separation in a divergent channel. ‘

When the swirl is given by the impeller, the velocity distribution in the inlet section
changes remarkably as shown in Figs. 5.4(a) and (b) in the case of m;=0.64. The velocity profiles is
characterized by two regions; the forced vortex core with or without reverse flow around the center
axis and the outer region with nearly constant tangential velocity. In the outlet section B a reverse
flow appears in the central region of a forced vortex as shown in Fig. 5.4(b). In Figs. 5.4(a) and
(b) is also compared the velocity profiles of the grooved cases. Figure 5.4(a) reveals that the inlet
velocity profile changes little by the J-groove. Comparison of the tangential velocity of the no
groove case with that of the grooved cases in Fig. 5.4(b) reveals that the swirl strength is reduced
over the whole outlet section to about 70 % by the Groove 4, but it is little influenced by the
Grooves 1, 2 and 3.

When the inlet swirl rate is increased to m,=1.10, the effect of J-groove becomes more
remarkable as shown in Figs. 5.5(a) and (b). Figure 5.5(b) reveals that the maximum swirl
velocity decreases to about 60 % by the Groove 4, and 90 % by the Grooves 1 and 2, although the
Groove 3 gives little influence on the swirl strength. Figure 5.5(b) also reveals that the peak axial
velocity increases and the reverse flow region around the center axis becomes much larger by the
Groove 4 in the outlet section, while the axial velocity profile changes little in the Grooves 1, 2 and
3.

With further increase in the inlet swirl rate to m,=1.88, the J-groove effect becomes
remarkable as shown in Figs. 5.6(a) and (b). The maximum swirl velocity drops to about 46 % by
the Groove 4, and 78 % by the Groove 2. The Groove 1 (n=30) and 3 (n=20) have almost the
same effect on the swirl suppression. These results reveal that the shallow but wide groove is
much more effective than the deep but narrow groove, which is because the hydraulic radius of the
former groove is larger than the latter. As for the reverse flow region around the center axis, the
most effective groove, Groove 4, makes the reverse flow region wider but the other grooves do not
increase the reverse flow region as shown in Fig. 5.6(b).

The distribution of static pressure for this case in the outlet section B is compared in Fig.

53



5. Suppression of Swirl in a Conical Diffuser By Use of J-Groove

5.7. It is clearly seen that the static pressure becomes much more uniform over the whole outlet
section than that of the no groove case due to a sudden drop of swirl velocity.

To reveal the J-groove effect on the flow unsteadiness, the pressure fluctuation and
frequency analysis are illustrated in Figs. 5.8(a) and (b) for the Groove 4 in the no swirl case and
the largest switl case, respectively. As the Strouhal number St = fd / v, of a fluctuating pressure
in a draft tube is in the range of (0.5~1.0) (Nishi et al. 1982), the frequency f of the pressure
fluctuation is in the range of (60~180) Hz in the present case. In both figures the peak frequency
is 100Hz, but this frequency is also observed in the case of no swirl as shown in Figs 5.8(a) and
3(a). Then the peak pressure fluctuations of 100Hz is not caused by the swirl of the main flow.

Comparison of Figs. 5.8(a) and (b) with Figs. 5.3(a) and (b) reveals that the amplitude of
the pressure fluctuation is smaller in the grooved case. This suggests that the J-groove suppresses
not only the swirl strength of the main flow but also the amplitude of the pressure fluctuation.
The same results were obtained when suppressing a rotating stall in a vaneless and a vaned
diffusers of a centrifugal impeller and also suppressing the performance curve instability of a mixed
flow pump by use of the J-groove (Kurokawa et al. 1997, 1999).

5.4.2 Pressure distribution along the wall and the groove flow 7

The static pressure distribution along the diffuser wall is shown in Figs. 5.9(a) and (b) for
the no swirl case and the largest swirl case, respectively. .

Figure 5.9(a) reveals that the pressure recovers not only in the divergent channel but also
in the downstream pipe in the no groove case. This reveals that a large separation occurs in the
divergent channel and the separation zone elongates to the downstream pipe where significant
pressure recovery is attained. It is also recognized that the Groove 4 gives higher presser recovery
in the diffuser channel than that of the no groove case. This implies that the groove of proper
dimension is effective to suppress flow separation in a divergent channel. However, the maximum
Cp value of each case lies in the range of 0.22~0.26 and is much lower than the attainable Cp value
in the literature. From the literature (JSME, 1979), the maximum attainable Cp value of a conical
diffuser of the same dimension attached with a downstream pipe is about 0.5 for the divergent
angle of @=30°. This discrepancy might be because the length of the downstream pipe is so short
that the separation zone does not reattach to the wall in the present case, resulting in a low pressure
recovery.

From Fig. 5.9(b) it is revealed that the pressure drops considerably in the former half of
the divergent channel and recovers gradually both in the latter half and in the downstream pipe.
The groove flow is driven by the static pressure difference dp per a wall length ds along the wall.
From the theoretical consideration, the driving force wh dp of the groove flow balances with the

wall friction force 7, (w+2h)ds , where T, is the wall shearing stress. Then,

T,,(W+2h)ds = whdp, where ds = dz /cos(a/2) (5.2)
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The groove flow is thus formed parallel to the main flow direction from the upstream to
the downstream in the former half. But in the latter half of the divergent channel the groove flow
is in the reverse direction from the downstream to the upstream. In this case the groove flow in
the former half is much stronger forming a strong jet flow. At the minimum pressure point in the
divergent channel two jet flows in the groove coming from the upstream and the downstream
collide with each other and leave the groove. The effect of J-groove on suppressing a swirl is thus
consists of two effects; one is to lose the angular momentum when entering into the groove and the
other is to absorb the angular momentum from the main flow by mixing between the groove outlet
flow and the main flow.

When the groove flow leaves the groove at the minimum pressure point, the far stronger
jet from the upstream accelerates the main flow near the wall to the downstream direction as shown
in the axial velocity distribution in Figs. 5.5(b) and 6(b). If the groove were elongated into the
downstream pipe, the groove effect should become larger, since the pressure gradient in the
downstream pipe can also be utilized. In Fig. 5.9(b) the static pressure decreases again in the
downstream pipe, which might be caused by the decrease of the swirl strength.

The adoption of J-groove is necessarily accompanied with hydraulic loss. To determine the
increase in hydraulic loss by the J groove, the mass-averaged total pressure is illustrated in Fig.
5.10. The increase in hydraulic loss created by the J-groove is seen to be very small and
negligible. , , ‘

To evaluate the groove effect totally on suppressing the swirl, the change of the swirl rate
is calculated by using the swirl rate ratio R, = m/m, of the outlet swirl rate to the inlet one. The
R, value of the no groove case increases in the flow direction in a divergent channel, and the
groove effect can be evaluated by the relative value of the following swirl parameter;

AIem = (n/n'lo )no— groove - (’yn’lo )grooved (5 '3)

The swirl parameter AR, represents the drop of the swirl rate by attaching the J-groove. The
change in AR, is plotted in Fig. 11 against the inlet swirl rate m, It is clearly seen that AR,
takes a positive value in all cases of the groove, that is, all the grooves have positive effect on swirl
suppression. The Groove 4 is seen to take a large AR,, value and has a considerable effect on swirl
suppression. The effect rises with an increase of the inlet swirl rate m, and takes the constants value
of 0.85 in the range of m, >1.1, which means that the Groove 4 makes the swirl rate drop by
about 85% of the inlet swirl rate. When the largest swirl rate of m, =1.88 is given, the outlet swirl
rate is m=2.65 in the no groove case, and m=0.96 in the case of Groove 4. Then the Groove 4
reduces the outlet swirl to 36% of the no-groove case.
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Fig. 5.8 Pressure fluctuation in the outlet section B in the case of Groove 4
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59

-
N



5. Suppression of Swirl in a Conical Diffuser By Use of J-Groove

_Diffuser
0 —— —
| my=0.01 ]
RN _
- mg=0.65 ]
2r % ]
L A ]
IS [ me=1.11 ]
3L i
i Condition of my
41 No groove —C—0.01 <& 0.64 - <P - 1.08 40— 1.86
| Groove 1 ~——0.01 --%-0.64 - ¥ -1.08 —v—1.87
| Groove2 —{1+0.01-8-0.65-18-1.11 8196
—_ Groove 3 —&— 0.01 ~&—0.65 - A~ 1,14 ~&—1.89.
- my=1.88 || Groove4 —O~0.00-@-065-®-1.12-8—183
_5 i i 1 { N | | 1 1 1 i i n | '
-2 0 2 4 6 8 10 12 14
Z/r()

Fig. 5.10 Change of mass-averaged total pressure

60

1 T T T ’ l T T I L) Ll T
o
0.8+ -
—0—Groove 1
0.6 —&—Groove 2 7
= —O— Groove 3
& —v— Groove 4 1
<
0.4} -
! 1
0.2+ -
0 ! L L ! { ! L L 2 i L L 1 Y
0.5 1 1.5 2
mo
Fig. 5.11 Change of swirl parameter by J-groove



5. Suppression of Swirl in a Conical Diffuser By Use of J-Groove

5.5 Conclusions

A new passive device using the J-groove is proposed to control and reduce the swirl in a conical
diffuser of divergent angle 30° aiming to suppress a draft tube surge. Remarkable effect of
suppressing a swirl is confirmed experimentally. The main results are summarized as follows;

(1) The J-groove can reduce the swirl strength of a rotational flow in a conical diffuser
considerably. The J-groove of adequate dimension can reduce the swirl rate by about 85%
of the inlet swirl rate. In the largest swirl case m=1.88, the outlet swirl rate is reduced to
about 36 % of the no-groove case. In this case, the groove effect on swirl suppression
increases with an increase in the inlet swirl rate and becomes constant in the range of large
swirl rate.

(2) The additional hydraulic loss created by the J-groove is negligible.

(3) The effect of J-groove is not only to reduce the swirl rate but also to reduce the amplitude of
pressure fluctuation. Even if the groove dimension is relatively small, it has positive effect on
swirl suppression and on reducing the pressure fluctuation.

(4) The pressure distribution in the whole outlet section becomes much uniform due to the
reduction of the swirl by the J-groove of adequate dimension.

(5) The reverse flow region is formed in the outlet section in the case of no swirl, and the reverse
flow region become larger by the J-groove.

(6) A shallow but wide groove is more effective than a deep but narrow groove on suppressing a
swirl rate of the main flow. _

(7) When the inlet flow has relatively large swirl, the wall pressure drops largely in the former
half of the conical diffuser. The groove flow is driven by this pressure gradient and is in the
downstream direction in the former half of the diffuser and in the upstream direction in the

latter half. Both flows collide at the minimum pressure point and leave the groove forming
a strong jet which accelerates the main flow near the wall.
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