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ABSTRACT

A 8mall cross-flow type hydraulic turhine was
degigned to allow investigation of the intermal
hydrodynamics. Testing of this machine revealed
that significant flow was carried within the
runner and thus did not concribute te second
atage power production. The theory of cross-flow
turbines was modified to account for the porcion
of flow entraimed in the ruoner. The remainder
of the flow was assumed to cross-flow to the
second stage through the central regiom of the
machine. It was observed that such cross-flow
does not exist in the form of a well defined jet
a8 is uwsually assumed. Both existing theory and
modified theory were compared to meassured per=
formance data.

INTRODUCTION

In recent years increased concern over the rising
cogt of fossil fuel has prompted the reactivation
of many lowhead hydreelectric plamts. Currently,
the feasibility of rebuilding these sites hinges
on the availabilicy of inexpensive turbines. One
of the more easily constructed and least expen-
sive turbines, the eross-flow type, is surrounded
by controversy. This turbime is ideal for smaell,
tun-cf-the-river operations, because it's effi-
ciency is much less dependent on flow rare than
ather types of machines. TUnfortunately, cross—
flow turbines are being shunned by many lowhead
hydro entrepreneurs because of their reputed low
efficiencies. Maximum efficiencies of 6HKBIT (1),
738 (2), 60K (3), 50% (4}, and B&X (5) have beem
cited in the literature.

A.G.M. Hitchell invented the cross-flow turbine
arcund 1900 (6}, Banki, in a series of papers
from 1916 te 1918, presented his theory of
operation and the results of his experiments. He
indicated that efficiencies of 80X were attain-
able. (7) However, his data and experimental
procedures are not availsble, In 1949, Mockmore
and Merryfield "freely translated" and expanded
upon Banki's analyses, They constructed a model
turbine and presented a formal paper comparing
their mechine's performance to the expanded
analysis. The 688 experimentally acttained
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efficiency was well below the B7.8% predicted.
Mockmore and Merryfield's machine differed from
Banki's 1n the design of the dinlet nozzle.
Banki's machine had a nozzle which was close
coupled to the rTunner casing, thus the entrance
pressure was not necessarlly equal to atmospheric
pPrEssure. Mockmore and Merryfield's mnozzle
discharged into the rfunmer at Atmospheric pres=—
suTE.

The Ossberger Turbinen Fabrik of West Germany
cb‘mmerci.allj manufactures crosg=flow turbines,
They have claimed efficiencies of B&X. Tn 1982,
Johnzon and White, comstructed and tested a model
turbine. They attained efficiencies, "generally
in the Tange of 60Z ro 70E"(3).

The objective of the present experiment was to
determine specific flow characteristica of a
cross-flow turbine. A small machine was con-—
structed with a plexiglas pressure casing and an
open ended rtunner supported on a cantilever
shaft, The open end allowed the flow patterns
ingide the runner to be snalyzed with both
stroboscopic and photographic techniques. The
open end allowed objects to be placed inside the
rotating rumner te alcer the internal flow
patterns. The nozzle was designed so the effects
of varying the admittance are could be examined.
The turbine was insttumented and the data ob-
tained was used to construct turbine charac=-
teristic curves. The reduced data in conjunction
with the stroboscopic and photographic evidence
were used to analyze and modify the preveiling
cross—flow theory.

An sttempt wes made to measure the cross—flow by
extraction in order to determine the percent of
flow retained im the blading. A pipe with a slot
was inserted inside rthe vrotating runner to
intercept the flow which was collected and
measured. The technique worked well at partisl
loads, however, each time loads nearing the peint
of maximum efficiency were applied, the extrac-
tion pipe would deflect and interfere with the
TUNner. Enough data was obtsined at parcial
loads to allow extrapolation of the extracted
flow rate at full load.



Pig. 1

Test Set-up, Dynamometer Side

NOMENCLATURE

Entrance nozzle loss coefficient
Turbine Head

Acceleration of gravity
Volumetric flow rate

Runner outalde radiua

Runner Inside radius

Admittance arve length

Torque

= Peripheral wheel weleedity
Absolute velocity

= Relative veleeclcy

- ratie of entrainmed flew to total
flow

= Hydraulic efficiency

Speed ratio

- Fluid density

- Admittance arc angle

- Losa factor

- Stage entvance

Stage exic

= Indicates exit of cross flow
Indicates exit of entrained Elow
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EXFERIMENTAL EQUIFMENT & TEST FROCEDURES

Preliminary Setup and Instrumentation

The model was secured to the test flume in the
Student Laboratory at Alden Research Laboratory
of Worceater Polytechnic Ingtitute, The Student
Laboratory was equipped with a penstock drawing
from a pond and terminating at a surge tank. A 12
inch secondary linme from the tank with a standard
12 x 6 cast ironm venturi meter was connected
through a gate valve to the machine which dis-
charged inte a flume. The flow meter was egquip-
ped with a manometer to determine differential
pressure.

Twa dynamometers,
dynamometer and
utilized for

A nine inch Alden absorption
a Prony friction brake were
power measurements. Because of
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their dndividual characteristics, the Alden
machine was used up to ¥ = 0,5 with the Prony
serving the higher range.

Two methods of recording runner shaft

speed were used. A hand held, flyball type
tachometer was used for speeds over 200 rpm.
Speeds under 200 rpm were determined with a hand
held revelution counter amd a laboratory stop
clock. The turbine inlet pressure was recorded
with 2 bhourden test gauge.

Photographs were taken with a ceamera and =&

atroboscopie light, set so that the camera's
shutter triggered the high intensity stroboscope.

Fig. 2 Test Set-up, Viewing-port Side

Standard Test Procedure

For o given teat configuration, the gate valwe in
the entrance line was cpened te provide a prede-
termined deflaction of the venturi meter manc-
meter. Dats from the manometer, bourdon gauge,
tachometer and load cell monitor were recarded so
the torque wae adjusted by predetermined incre-

ments. Thia procedurs was repeated until the
desired range of machine performance was com=
plete,

The procedure outlined mbove, was used to collect
data to construct the turbine characteristic
curves, Tests to determine the optimus admit-
tance are for maximum efficiency required moving
the guide vane in smell increments. This was
accanplished by removing the side casing, moving
the vane, refnstalling the side and realigning
the casing.

This procedure was repeated for each guide vane
position.

In order to dntercept the interstage flow, a
geoop was fabricated from a pilece of three-inch
plpe and was inserted into the wumner, through
the port hele, and fixed to the casing. The same
procedure was used to obtain the data.




RESULTS

The most significant results were the observation
of the high percentage of flow entrained inside
the runner blades and the modification of the
existing theory of operation to account for the
entrained Flow.

Internal Flow Patterns

The stroboscope revealed the theoretically
predicted free standing jet did not exisr inside
the runner. A percentage of the total inflow en—
tering the runner did cross inside the runner
from a number of blade passages. These flows
combined to from a peorly defined jet. The jet
crossed through the runner and entered the second
stage with a high degree of incidence losses.
The remaining percentage of the flow entering the
{irst stage became entrained in the runner blades
and was flung tangentially from the runner at the
draft tuke entrance.

Twe general trends were observed. Firse, as the %

runner speed was varied from zero to maximum, the - SRR 3

entrained fluld flow wvaried frem zere to a Fig. 4 Viewing port, camera angled to runner,
maximum and as the speed was similarly varied, runnar buckets nearly empty

the eross flew went from 100% of the total flow [ 0.97,-’\? = 42

to zero cross flow. Secondly, as the admittance
arc was varied from 35° to #0®, the entrained
i flow increased from zero to full entrainment.

Fig. 5 WViewing port, camera 90° to
runner, major cross flow

= l:l.ﬁB."‘? - B1%

Fig. 3 vViewing Port, camera 90° to runner
negligable cross flow runner

§ = 0.9?.’\} = 4%




Fig. & Wiewlng port, camera angled
to runner buckets full

@ =0.48, = 61X

Cross Flow Extracrion

Cross flow extraction data was obtained in the
range 0.62c@=1.0. When § = 0.62 the extraction
scoop deflected against the rotating runner thus,
interfering with machine operation. Extrspol-
ation to @#=0.5 indiceted a maximum efficiency of
approximately 42% would have been attained with
the cross flow eliminated. Performance data
collected concurrently for the configuration, but
without the flow extracted indicated a 51% max
efficiency. The second stage thus, conbributed
approximately 17X to the aoverall model perfor—
mance, Fig. 7.
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Fig. 7 Performance comparisen of normal
operation and operation with the second

stage flow extracted

80

Efficiencies

The maximum efficlfency attained by the model was
51% and occurred when the speed ratieo was 0.4E,
Fig. 6. The wvariation In maxieum efficiency
versus the admittance arc angle is shown in Fig.
9. As the =admittance arc amgle was Increased,
the nozzle cross sectional area inereased thus
allowing more water to enter the machine. The
efficiency Increased te a maximum of 61% as the
admittence angle was inereased to 63 degrees. At
admittence angles greater than 63 degrees, the
maximem efficiency decreased.
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Fig. 8 OGraph of efficiency versus speed ratia
for the experimental data

-
"ip' R
- i
Eed BUES v
. RS
Y o i
g s
o
b
i e
M m AT A AP T
20 D MEASURED  CeTh
2

P s S b @ = o

ADPITTAMCE &RC AMOLE =

I’P i’

Fig, 9 Craph of maximum efficlency versus jet
admission are for experiment and cheory



DISCUSSTON

The existing theory for the ocperation of the
cross-flow turbine was altered to account for the
percentsge of flow entrained im the runner. The
efficiency predicted with the modified theory is
closer to the observed effiefency. The existing
theory predicted a maximum efficiency of B87%
while the modified theory predicted an efficiency
of 66% 1ndicating that entrained flow must be
accounted for in predictive techniques.

Fluid can be entrained in the runner omce it is
sufficiently slowed in radisl wvelocity that
centripetal acceleration dominates. Both
boundary layer frictiom and lack of pressure
relief at the nozzle trailing edge cause de-
celeration. Onca flow 15 entrained in che

runner, the performence is clearly affected as
soze of the power cannot be extracted from the
entrained flow.

Fig. 10 TWotation

Using the notation shown in figure ten, the
tangential velocitles are;

= Vl cos&l

{2} '-I‘tﬁ' L) ‘J'#' COSHK'

1y ve,

(3) ve," o= Vv, cosg,"

Where s"cation 1 is the inlet, statiom prime is
the exit for fluid which cross flows, and station
is the exit for fluid which has been entrained in
the rumner. Considering a centrol volume about
the outer radius, ti, of the runner and assuming
uniformity of the respective wvelocities on the
entrance and exit areas, the torque can be

written.
) TFQR V., + PQR V' + PR

u

vtﬁ
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latting

(s) Qe-mt

and

(8) Qj'(l—xlqt

then

(M) TPQR, (V7 ¢ T,0) + PO Ry
ey + Vey?

the power can be evaluated using

{8) P=TW = T‘Uile

or
(9) P-quil (1-x) (va' COSeh " +
u "
VICO d:}) *. x(\l',' C Ed‘. + VICOSO\I:'
Assuming thated " = 7] so that the entrained flew

is flung tangentially off the runner with V," =
U, cogether with the velocity relstionships.

(10 V, C0seh = v, cOSP, + LA

' iy ey
(11) v, * coscg v, cosﬁl + U,

and a factor te account for blade and internal
losses

(12} \'i qu‘lr]_
then
(13) F=pQ U, (1-x)(1+ ) (V,C0S= 1)
1 1 1
* X V008, -U))
Defining the velocity ration as
(14} @ = ”1‘“"1

the power is

(15) Pepo.v,® § (1) (1+4p) (co53 - B)
+ X (cos:.l-gé)

power is

The maximum theoretical

(16) P, = P gH
vz
(n = pQ L
e
Where

(s v, = [z

The efficiency b2¢0ﬁ57“ P;’Pth or

(9)7) = 26 ¢ (cosox-@) ((1-m) (1) + X)
with the maximum at

(20) ¢ = & Cosc‘i for



This 1s the same vatio as for a cross—flow
turbine without entraineent. The mpaximum af=
ficiency is, then,

a1 nax = 40 00s%q (%) (1) + X)

The eificdency can be split inte ports corres-
ponding to the cross-flow and entrained power
transfars as

(22f7] = (1-5()")']j s

(zaf’]j =l g (cosok =) (1+4)

and

@)™, = 26* & (cosy - #)

There is a maximum amount of entrained flow which
can be carried by the runner which depends on the
particular geometry of the runner and the velo-
city ratie. If § is the admittance arc lengrh

than

(25) mnx-ii @ (- _"_22)
25 SINeC Rl

The degradation of efficlency s thus entrailsment

limited by this redwction.

Figure 11 compares efficiency wversus velocity
ratlie for both experiment and theory. The two
theoretical curves representing operation with
and without entrained flow were predicted by
assuming typical model operating parameters. The
parameters wel:!d_-lé',\p-ﬁ.ﬁC-U.‘?S, a 60° admit-
totce are and a 0,75 buecket f4i11l racin. The
theoretical curves bracket the experimental data
for @=0,6. Below fi=0,.6 the data falls below but
clese to the theoretical curves, It is inter-
eating to note that as the runner coperates on
larger amounts of entrained flow the polnt of
maximum effieiency shifts to lower values of .
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Fig. 11 Graph of efficiency versus speed ratio
for experiment and theory

Figure 12 compares maximum efficlency wersus
percent of total flow which eross flows for both
experiment and theory. he thearstical curve
intersects the ordinate at'f=40%. This corresponds
to the turbine operating on only entrained flow.
As the percentage of cross flow increases, the
maximum efficiency increases. This occurs
because the total wnit efficiency is a weighted
function of the lower entrained flow efficlency
and the higher cress flow eofficiency. The
experimental data agrees closely with the theo-
retical curve but falls off for values of (1-x)
0.5, The drop of the experimental curve 1s due
to second stage ineldence losses. A8 more water
eross-flows, the jet thickness inside the rummer
hecemes larger and forces the second stage abso-




lute dinlet angle to dncrease. When the angle
increases beyond the design valve off peak
operation results,
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Fig. 12 Haximum hydraulic efficiency wersus the
ratio of cross flow to total flow {1-X)

Sumar:

A model cross flow turbine was constructed in a
configuration to allow extraction of the inter=
atage croes flow and observation of the runner's
internal flow patterns.

The maximum efficlency attained was 61%.

It was determined the second stage contributes
approximately 17X of the power.

1t was discovered that a significant amount of
entrained flow was catried by the runner, and did
not cross to the second stage. An analysis wae
developed which dincorporated the effects of
entrained flow. Thie analysia was matched to the
neasured efficiency data using reasonable values
of , T, and T blade Fill, The efficiency
predicted with the modified theory is closer tao
the observed efficiency. The existing theory
predicted a maximum efficieney of 87% while the
modified theory predicted an efficiency of 66%
indicating that entrained flow must be accounted
for in predictive techaiques.
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. Photograph No. 1 - Original Nozzle

N = 350 RPM

i =576l CFS

Photograph No. 2 = Original Nozzle




N = 550 RPM
0 = .747 CFS

Photograph No. 3 - Original Nozzle

N = 550 RPM

[ = 747 EES

Photograph No. 4 - Originsl Nozzle



M =700 RFM

0 = «762 GF5

. Photograph Ng. 5 - Original Nozzel

Photogreph No. & - Origimal Nozzel
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. Phetograph Ne. 7 - Original Nozzle taken without flash
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Fhotograph No. 8- Draft Tube Flow
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Fhotograph No. 10 - Modified Npzzle
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Photograph 11 - Modified Nozzls

Photograph 12 - Modified Nozzle
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N = 550 RPM
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M = 650 RPM

Q = .476 CFS

. Fhotograph No. 13 - Modified Nozzle

N = 690 RPM

0= .476 CFS

Photograph No. 14 - Modified Nozzle
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Photograph No. 15 - Runner operating without cross=flow
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Photograph No. 16 - Close-up view of sbove Draft tube
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Photograph No. 18 - Test Set-up, Viewing port sioe



. Photogragh No. 19 - Venturl Meter and Flow Control Ualue

Fhotograph No. 20 - Installation of PYC Sector



