Reversed Flow through a Kaplan Runner

An investigation of the flow characteristics of a Kaplan
runner operating as a pump under reversed-flow conditions

By DR. R. N. KAR

PART

Two-Dimensional Cascade of Aerofoils under Normal
and Reversed Flow

Next a stationary two-dimensional cascade of rep-
resentative profiles (GO 428) was theoretically
investigated for determining the cascade influence
coefficients under various arrangements—normal tur-
bine, normal pump, and turbine as a pump cascade.
These results have been used for comparison with
experimental data. :

The Schlichting method> was applied for these
investigations and the complete calculations are given
in Ref. 6. The choice of this method was primarily
made in so far as it clearly differentiates between the
handling of a turbine cascade and a pump cascade,
unlike many other methods, such as Betz® or Weinig®.

Turbine Cascade Lift (Normal Turbine Case TT)
With the method mentioned under the preceding
heading, the turbine cascade lift coefficients for blade
angles f; = 15, 22-5, 30 and 45° were calculated for
profile G6 428 with 7// (pitch-chord ratio) = 1-25 and
1. The calculated values for #// = 1-25 are given in
Fig. 8, where for comparison, the broken line represents
the case of a single aerofoil (7// = ). From the tabu-
lated results. in Ref. 6 and Fig. 8, one can see that the
cascade influence coefficient Kap = {ap/{, = f(1/l,
Bs» @) is very slightly affected by the angle of attack «;
consequently for all practical purposes one can make
it dependent only on vane angle B, and pitch-chord
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ratio 7/I. From Fig. 9 one can see that the theoretical
values obtained above by Schlichting’s method and
the values given by Weinig® and those obtained
experimentally on a rotating turbine cascade by
Hahn'® differ at the most by 10%.

Pump Cascade Lift (Normal Pump PP) .

In a similar manner, the pump cascade lift co-
efficients {,, were calculated and are shown in Fig. 10
for 7/l = 1-25. Again the cascade influence coefficient
K4y = {4v/(4 can be regarded as independent of o,
and is represented in Fig. 11. One can see from this
figure that the theoretical values according to Wemlg9
and Weinel'! deviate by about 159 from the experi-
mental values obtained on a rotating pump cascade
given in Table II. On the other hand the theoretical
values according to Schlichting’s method® show a
closer agreement.

Cascade Lift under Reversed Flow (Turbine as a Pump
Case TP) '
Since under reversed-flow conditions separation
takes place near the thick rounded-off trailing edge
(normally leading edge) any assessment of cascade
lift by a potential-flow theory in this case would not
lead to a satisfactory solution. Nevertheless in this
case too, by application of Schlichting’s method it has
been shown in Ref. 6 that for all values of #// and vane
angle B, the cascade influence coefficient K, =  4y/
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{’4 for the case TP (turbine as a pump) is less than
that for a turbine cascade (TT), ie., K < K, 5.
This leads exactly to a similar finding as given by the
comparison of Figs. 9 and 11.

Drag in a Turbine and a Pump Cascade

Aswill be seen later, the experimental values of three-
dimensional rotating cascade drag for a decelerating
flow (pump cascade) are considerably higher than the
individual aerofoil drag. If we take into consideration
only the two-dimensional drag in a decelerating cascade
as given by Scholz and Speidel'? or Shimoyama'?,
significant proportion is still left (compared with three-
dimensional drag) which should be attributed to the
effects of secondary drag. The phenomenon of second-
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ary cascade drag has been investigated in detail by
many workers and in particular reference can be
made to Carter'*!%, Meldha '® and Weske'”. While one
aspect of the secondary drag in a dccelcratmg flow
cascade has been shown by Carter'* as analogous to
an induced drag of a finite-span aerofoil, i.e. {,,, =
Cl4?/(t/]), the other aspect of secondary drag is of
another nature, which has its origin due to rotation of
the fluid in the clearance between the runner-vane
tips and the casing, giving rise to separation.

While the effects of secondary drag and separation
are of considerable significance in a decelerating-flow
cascade, one cannot say with certainty about such
losses in an accelerating-flow cascade because of the
lack of direct experimental evidence. Nevertheless, it
can reasonably be assumed that under accelerating-
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flow conditions in a turbine cascade, the effects of
secondary drag are very small due to the presence of
relatively thinner boundary layer. Also in a rotating
turbine cascade it can be imagined that the boundary
layer built up by centrifugal force near the blade tips
is sucked away, since it lies on the suction side, in the
direction of flow. Thereby the adverse effects of the
centrifugal force and Coriolis component, which have
been well established in the case of rotating decelerat-
ing-flow cascades by Himmelskamp'® and Muesmann'?®
disappear to a great extent in the case of an accelerating-
flow turbine cascade. The effect of pressure drop in the
case of an accelerating-flow cascade can even result in
a decrease of cascade drag against that of a single
aerofoil as is described in the theoretical mvestlganons
of Vasandani?® and Scholz and Speidel'?. These
assumptions are further supported by the practical
consideration that a turbine can achieve over 907
efficiency. If one takes into account all the losses due to
spiral, guide vanes, draft tube, bearing friction, and
clearance losses, then very seldom more than 29
losses occur in the runner-vane system. Thereby the
drag in a rotating turbine cascade for all purposes lies
in the vicinity of an individual aerofoil drag.

Experimental Investigations on a Rotating Cascade
(Normal and Reversed Flow)

Both the experimental runners for the axial-flow
pump (case PP) and axial-flow turbine (case TT), the
latter run as a pump with reversed direction of rotation
and flow (case TP) were designed for the usual con-
ditions of constant angular momentum (c..r=
constant) and a rotation free flow at the outlet and
inlet, i.e., c,,=0. A complete description of the test

TABLE II.—NORMAL PuMP (PP) ROTATING DECELERATING FLOW CASCADE WITH GO 428 PrOFILE IN MIDDLE OF BLADE,
tll =125, n =790 r.p.m.

Bs | S PoiticHal AN el Syt e 4B a= La | Lav | Kav | Iw Lwy | Kwy - <
[°1 | kg [[m3s]] [m] ([hp.}| [] | (]| [m] | [°] | Bs — Bw S AE b gy,
[O] 5.4 {W’ Sav
15 | 102 | 0,107 | 1-43 | 2:79 [ 0-73 | 0-76 | 1-88 | 145 0:5 0-47 | 0-564 120 | 0:0075 |0-02 2:42 0-038
22 | 108 | 0-158 | 1-53 | 4-19 [ 0-77 | 0-80 | 1-91 | 20-7 1-3 0:535 | 0-565 1-06 ‘ 0008 |0:024| 294 0-042
30 | 114 | 0-226 | 1:66 | 6:34 | 0:79 | 0-82 | 202 | 279 21 062 | 0:567 1" 092 t 0009 |[0-025| 281 0-045
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TABLE HII.—TURBINE RUN As A PUMP (TP) ROTATING DECELERATING FLOW CASCADE WITH GO 428 PROFILE IN

MIDDLE OF BLADE, #// =

1-25, n = 770 r.p.m.

By il Vv’ H | N oy L oa T Hal B o = A b s e PR AV Cw Cwy | K wv ",V
] | kg |m¥s]| m] |[hp]{ (=] | (=] | m]| ] | B's — B’ _Lav Bwet Lwe
l Ta Tw |~ Tav
15 69 | 0098|099 | 21 061 |0:64 | 1:54 | 14-2 0-8 034 | 0:37 1-:09 0-014 | 0-049 342 0:133
22 70 | 0-151 | 096 | 31 0:63 | 0:66 | 1-46 | 20-5 £S5 0-40 | 0-36 09 0-:014 | 0-050 3-57 0-138
30 80 | 0225 1-14|523|0:65]| 068 | 1:67| 275 25 0-50 | 0-40 0-8 0-016 | 0-056 35 0-14

stand is given in Ref. 6. The runner had a diameter of
300 mm and the blade profile in the middle was G& 428
with corresponding 7// = 1-25. The main purpose of
these experiments, which were carried out at the
Indian Institute of Technology (Khargpur, India) was
to determine for a normal pump (PP) and turbine as
a pump (TP) the cascade lift and drag coefficients. To
achieve this the axial thrust, torque, speed, head and
quantity of flow were measured. The measurement of
axial thrust by a sensitive propeller dynamometer
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instead of the usual complicated pressure and velocity
distributions near the runner inlet and outlet or pressure
measurements on a rotating runner-vane surface,
needed for arriving at the cascade aerodynamic co-
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efficients, is a noteworthy departure. The procedure for
arriving at the cascade aerodynamic coefficients is
described in detail in Ref. 6, and here only the end
results in Tables Il and III and the characteristic
diagrams Figs. 12, 13 and 14 have been reproduced.
As has been mentioned before, no experimental
cascade results for a normal turbine (TT) have been
investigated, as these are important only for compari-
son with the case when it is run ‘as a pump (TP).
However, theoretical turbine cascade results have been
adopted from preceding sections for purposes of com-
parison.

Results of Measurement on Normal Pump Operation
(Case PP, Fig. 1a)

For normal pump operation the points of best
efficiency for different vane angles as derived from the
experimental data in Table II are plotted in Fig. 13.
The experimentally evaluated values for cascade lift
influence coefficients Ky, in Table II are reproduced
in Figs. 11 and 15. The theoretical values of K,
according to Schlichting’s method are in better agree-
ment with the experimental values than those by
Weinel and Weinig. Further, the experimental values
of cascade drag in Table II and Fig. 18 show that it
can be as much as three times the single aerofoil
drag (. The treatment of a two-dimensional pump
cascade by Scholz and Speidel'? and Shimoyama'?
does of course show a considerable increase in cascade
drag compared with a single aerofoil, but in a rotating
cascade as above this increase is further enhanced by
secondary drag. Thereby only two-dimensional cascade
drag can be regarded as unsatisfactory. These observa-
tions do qualitatively indicate an agreement with the
results of the work by Carter and Cohen'® and also
Howell?!, in which the authors point out that the
secondary drag can contribute a very significant part
towards the total cascade drag.
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Results of Measurement on a Turbine Cascade when
Run as a Pump (Case TP, Fig. 1d)

When a turbine is run as a pump (case TP), the
rotating cascade represents a decelerating flow. The
measured and evaluated efficiency cascade influence
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coefficients for lift and drag in Table III have been
reproduced in Figs. 14, 15 and 16 respectively. The
values for individual aerofoil lift and drag coefficients
have been taken from the experimental results in Fig. 7.
Qualitatively the same trend in the cascade drag, i.e.,
a considerable increase over the individual aerofoil
drag, is also present in this case as in the case PP
(normal pump).

Conclusions

Figs. 12, 13 and 14 show a maximum efficiency of
839%, 78% and 659, for a normal turbine, a normal
pump and for a turbine run as a pump respectively.*

* These values pertain to the model tested and can quantitively
vary with other models. Nevertheless for a conventional
turbine-blade design the efficiency as a pump will always be
considerably less as indicated in these investigations.

This is not surprising if one takes first into account
only the appreciable increase in drag and decrease in
lift of a single aerofoil under reversed flow (as in Fig.
T
Secondly, from Fig. 15 the cascade lift influence
coefficient K’ is less than either K, or K,z and the
drag influence coefficient K’y (Fig. 16) is considerably
greater than Kywp (normal turbine cascade) and
appreciably bigger than Ky, (normal pump cascade).
This naturally leads to very big gliding angles ¢’} for
a turbine when run as a pump compared with a normal
turbine gliding angle ¢5. A comparison of gliding angles
for various cases (individual aerofoil, normal turbine,
normal pump and turbine as a pump cascades) is
illustrated in Fig. 17. The relative differences in
cascade influence coefficients and the gliding angles
for the points of best efficiency and for a reference
cascade profile section in the middle of the runner
blade are given in Table IV.
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TasLE IV
Accelerating Flow Decelerating Flow Taken
Cascade Cascade from
Normal Turbine (TT) Normal Pump (PP)
K’av/Kap = 0:6 K av/Kav = 09 Fig. 15
Kyy/Kwp =~ 3:5 Kyy/Kywy ~ 12 Fig. 16
eylep X 9 Eylev & 35 Fig. 17

It should of course be noted here that for com-
parison above only the theoretical values for a turbine
cascade (TT) have been taken against the measured
ones for cases PP and TP.

The operation of a turbine as a pump gives rise to
the distinct disadvantage of having a great increase
in the gliding angle. This is directly responsible for a
substantial decrease in the efficiency, as can be seen
from the following efficiency equation of Betz?® for a
decelerating flow cascade:

_1+letan B, |

" =1 Jecot B

Again according to Muesmann!®, the pump-runner
efficiency #,, can be expressed on the basis of the
Eulerenequation H = 5,,;AC, rw/g which when further
transformed is

< <
v = AC o
o Wuuo
=l = (l - P]y)_—m—l

This clearly explains that an increase in the gliding
angle results in a corresponding efficiency reduction.
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However. in the light of above investigations the
difference in efficiency between cases TT and TP could
be reduced by adopting the following suggestions:

(i) The runmner-vane profiles at and near the hub
should be thinner or have less camber.

(i) Symmetrical profiles for the runner vanes may be
used.

(iii) Guide-vane profiles near the root may have less
camber or thickness. One could in general use
symmetrical profiles for guide vanes, which
should notappreciably affect the turbine efficiency.

One can only recommend the adoption of suggestion
(i) with reservations. In order to achieve the desired
lift from a less-cambered section bigger angles of
attack are necessary near the hub sections, which
would result in a turbine-blade form of a smaller
twist. On the other hand, under reversed-flow con-
ditions as a pump such a procedure could still prove
disadvantageous. The extent to which the decrease in
camber and an increase in the corresponding angle of
attack is affected should be guided by the minimum
adoption of A{, and A{y values (the difference in
lift and drag coefficients of a single aerofoil under
normal and reversed-flow conditions).

The use of suitable symmetrical runner-blade
profiles results in similar aerodynamic characteristics
for a single aerofoil under either direction of flow,
which fact can be made use of with advantage. Never-
theless since the cascade influences are adverse, i.e.,
K’ 4v < Kag, K'wv > Kwg and ¢’y > &, a turbine run
as a pump will always give a lower efficicncy, which
cannot totally be avoided, but the gap can be reduced
by the adoption of the above suggestions. The use of
conventional turbine-blade profiles is not advisable in
the light of these investigations if it is to work as a

pump.
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Lastly, as regards cavitation, both the experimental
and theoretical investigations on a single aerofoil
show that for small positive angles of attack under
reversed flow, the low-pressure peaks are not greater
than those under normal conditions of flow, which
would lead to an assumption of no increase in cavita-
tion. However, the actual cavitation behaviour can
be studied by proper model tests.
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Geotechnical Pamphlets. Soil Mechanics Limited
have sent us the last two issues in their series of Geo-
technical Pamphlets. No. 12 is a reprint of an article
on corrosion and site investigation which first ap-
peared in the September 1961 issue of Corrosion
Technology. The second pamohlet, No 13, describes
the laboratory testing facilities of Soil Mechanics
Limited.
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