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With in creas ing needs for en ergy, re new able en ergy sources have been
nowadays the one of the main sub ject of in ter est all around the world.
There fore, we made an ef fort to de velop a gamma of ax ial mi cro tur bines,
for a pur pose of gen er a tion of elec tri cal en ergy on small wa ter der i va tion,
as well as a part of an ir ri ga tion tur bine-pump ag gre gate. In this pa per are
pre sented con struc tive so lu tion of a tur bine-pump ag gre gate with mi cro
tur bine and stan dard norm cen trif u gal pump. Based on pro ject cal cu la tion,
ex pected op er at ing pa ram e ters are ob tained.
Af ter de fin ing con cep tual so lu tion of the ag gre gate de tailed de vel op ment of
model on com puter and nu mer i cal sim u la tion of fluid flow in ax ial tur bine
are con ducted.
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Introduction

At the be gin ning of the re search pro cess dif fer ent new so lu tions which en able
the most op ti mal re sults for syn chro nous work of tur bine and pump are con sid ered. Two
types of tur bines are in ves ti gated – ax ial and Banky, and stan dard cen trif u gal norm-pump 
and dur ing that re search we look af ter next terms:
– location for aggregate installation,
– net head and flow rate during vegetation period,
– approximated calculation of turbine number of revolution,
– power obtained from turbine,
– standard norm-pumps which can be used from different manufacturers programs,
– construction and dimensions of over gear which can give desired number of

revolution on pump shaft,
– simplicity of  aggregate installation,
– simple and cheap maintenance,
– aggregate economy (price, life time, time for investment pay out),
– simple handling and aggregate installation, and
– little supplemental investment and simple outfitting of aggregate location.

Af ter anal y sis of stated as pects it is con cluded that is most suit able to use ax ial
tur bine which give the power to the pump via over gear. En tire as sem ble will be in stalled

163



in cas ing which will be the part of con vey ing con duit to the tur bine, and pump and over
gear will be built in cap sule which will be con nected to the cas ing with ribs. It is pre dicted 
that ag gre gate could be eas ily trans ported to the lo ca tion.

Conceptual solution of aggregate 

In this pa per are pre sented con cep tual so lu tions of tur bine-pump ag gre gate and
ex pected work ing pa ram e ters. Ag gre gate have the un reg u lated ax ial tur bine with cap sule 
in which over gear and cen trif u gal pump are placed. Dur ing the de sign pro cess spe cial ef -
fort is made to make the sim plest pos si ble con struc tion which will also be the cheap est
one.  In or der to make in vest ment cost for wa ter sup ply ar range ment (mov ing gate, der i -
va tion pipe line) very low, ag gre gate is de signed for tur bine heads from 1 to 2 me ters and
for di am e ters of tur bine im pel lers from 250 to 500 mm.

Two stage over gear have cy lin dri cal gears. On lead-out shaft of over gear pump
im pel ler is placed. The over gear also have the func tion of pump bear ing case with con -
sole and spi ral pump cas ing at tached to it (fig. 1).

Num ber of rev o lu tion of tur bine im pel ler is not nec es sary to keep con stant, and
guide vane blades and im pel ler blades are fixed. In exist ence of reg u lat ing equip ment
sub stan tially sim plify tur bine con struc tion and low er ing the tur bine price.

From hole amount of wa ter which pass ing trough the ag gre gate pump use 4% of
flow rate, so it can be con cluded that this flow does n’t in flu ence on flow trough the tur -
bine.

On fig. 2 the 3-D model of ag gre gate is shown.
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Figure 1. Conceptual solution of aggregate
I – turbine part, II – capsule, 1 – turbine impeller, 2 – guide vane blades, 
3 – turbine bearing case, 4 – over gear, 5 – pump



Basic working parameters of aggregate

No ta tions:
HT – net turbine head [m], HP – pump head [m], QT – flow trough turbine [m3/s], QP –
pump flow [m3/s], hT – turbine efficiency [–], hP – pump efficiency [–], hm – over gear
efficiency [–], hTP – aggregate efficiency [–], NT – turbine power [W], NP – pump power
[W], NtT – theoretical turbine power [W], NefP – effective pump power [W].

Equa tions:
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Figure 2. 3D model of aggregate



eq. (3) obtain the following form:
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Tur bine-pump ag gre gates are de vel oped for net tur bine heads:

HT = 1, 1.5, and 2 m and HP/HT = 10, 20, and 30.

Using eqs. (3’) following results are obtained:

And ac cord ing to these re sults it can be con cluded that flow rate which use pump
does n’t in flu ence on flow trough the tur bine.

Heads for pump choos ing (HP) de pend of net tur bine head (HT) and ra tio HP/HT and
they have the fol low ing val ues:

Expected nominal (calculated) specific speed of turbine

Spe cific speed of tur bine is de fined by equa tion:
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Table 1

HP/HT 10 20 30

QP/QT ,[%] 4.3 2.15 1.075

Table 2

HT [m]
HP [m]

HP/HT = 10 HP/HT = 20 HP/HT = 30

1 10 20 30

1.5 15 30 45

2 20 40 60



where: NT – turbine power [kW], nT – turbine [rpm], and HT –  net turbine head [m].
On the base of equa tion NT  =  rgQTHThT, (g = 9,81 m/s2), spe cific turbine speed

can be de fined by for mula:

n
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H
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where: QT is the turbine flow rate [m3/s].
Unit tur bine num ber of rev o lu tion ( ¢nI ) and unit tur bine flow rate ( ¢QI ) are de ter -

mined with fol low ing terms:
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where DT is the turbine impeller diameter [m].
Work ing pa ram e ters ns T, and ¢QI  are linked with equa tion:

n n QsT I I T= ¢ ¢313. h (6)

Fur ther anal y sis of ax ial tur bines work ing char ac ter is tics and us ing of sys -
tem atized data  for ns T(HT) and ¢Q HT T( ) from sci en tific lit er a ture, for tur bine heads
HT = 1-2 m with re spect that mi cro tur bine is in ques tion, ex pected nom i nal work ing
re gime is

n Qs.T I
3and m /s= ¢ =~ ~ .700 21

Ac cord ing to eq. (6) for es ti mated tur bine ef fi ciency rate hT = 0.72(0.70 – 0.75),
ex pected unit num ber of rev o lu tion is ¢ =nI ~180.

Expected nominal (calculated) turbine working parameters

Tur bine work ing pa ram e ters (QT, nT, NT), for ¢ =QI 21.  m3/s and ¢ =nI 180 rpm, are
cal cu lated us ing next equa tions:
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NT [kW] = 9.81  rhTQTHT = 6.87 rQTHT
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Re sults of cal cu la tions for tur bine im pel lers di am e ters DT = 0.25 and 0.s32, and
net tur bine heads HT = 1, 1.5, and 2 m are given in tab. 3.

           Table 3. Expected nominal working parameters of turbine

DT [mm] HT [m] QT [m3/s] nT [rpm] NT [kW]

250
1   0.125 720 0.86

1.5 0.161 882 1.66

320

1   0.215 562 1.48

1.5 0.263 689 2.71

2   0.304 795 4.18

Parameters for pump selection

La bel of tur bine-pump ag gre gate for ir ri ga tion is:

For ex am ple: TPA 500-1,5/20 – tur bine-pump ag gre gate with im pel ler di am e ter
500 mm, de signed for net tur bine head 1,5 m and pump head which is 20 times larger
from tur bine head (HP = 20 × 1,5 = 30 m).

For tur bine im pel ler di am e ters DT = 250, 300, 400, and 500 mm, ac cord ing to
tur bine heads given in sec ond row of tab. 3 and ac cepted ra tios HP/HT = 10, 20, and 30, it
is  pos si ble  to com bine 27  ag gre gates  (6  for DT = 200,  400 and 500 mm and 9 for DT =
= 320 mm). For ev ery ag gre gate pump must be se lected and de ter mined trans mis sion ra -
tio of over gear (ac cord ing which gears di am e ters are de ter mined).

Re quired pump heads are given in tab. 2, and ac cord ing to tur bine flow rates
given in tab. 3, us ing eq. (3') re quired pump flow rates are de ter mined. Dur ing pump se -
lec tion spe cial at ten tion is given to spi ral case di men sion which must be placed in cap sule 
which di am e ter is 10% big ger then tur bine im pel ler di am e ter.

To ward pump work ing pa ram e ters, de ter mined within prior de scribed method,
ap pli ca tion of pumps from prod uct range of Pump Factory “Jastrebac” from Ni{, Ser bia,
is con sid ered. Cen trif u gal NORM pumps SCP, in the case of work ing re gimes with 2900
rpm, sat is fied all ag gre gates, ex cept ag gre gates with la bels TPA250-1/30,
TPA250-1,5/30, and TPA320-2/30 (for which NORM pumps SCP are to big). For this
ag gre gates pumps from man u fac turer Pedrollo, It aly, can be used, and prob a bly from
some other man u fac tur ers.
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The big gest num ber of rev o lu tion of pump is nP = 2900 rpm, a least ex pected
num ber of rev o lu tion of tur bine is nT = 441 rpm (tab. 3), and ac cord ing to this val ues min -
i mal trans mis sion ra tio of over gear is imin = nTmin/np = 0,152 (which can be achieved with
two stage over gear with cy lin dri cal gears, placed in ag gre gate cap sule).

Numerical simulations

With the de vel op ment of CFD soft ware’s turbomashinery de sign ing has been
con sid er ably changed. Now a days, it can be made a nu mer i cal ex per i ment in or der to test
if op er at ing char ac ter is tics of turbomashinery sat isfy our re quire ments. Also we can
make as many changes in turbomashinery de sign (such as blade pro file shapes, or some
other con struc tive pa ram e ters) as we need, and test turbomashinery ev ery time to ex am -
ine in flu ence of these mod i fi ca tions, us ing nu mer i cal sim u la tions.

For discretisation and nu mer i cal solv ing of Navier-Stokes equa tions it is used a
fi nite vol ume method. There are four phases of CFD mod el ing:
– defining of geometry and mesh,
– defining of initial and boundary conditions, fluid properties and other physical

parameters,
– numerical solving of governing equations, and
– post-processing of numerical simulation results.

Guide vane and turbine blade defining

Pre lim i nary cal cu la tion of the ax ial mi cro tur bine is done with an as sump tion of
axisymmetrical fluid flow in the tur bine. Axisymmetrical flow sur faces in me rid i o nal
cross-sec tion are de ter mined us ing a model of po ten tial flow of nonviscous fluid. Guide
vanes and tur bine blades are de signed with aero dy namic pro files in six dif fer ent co ax ial
cross-sec tions (1-1,1'-1', 2-2, 3-3, 4-4, 5-5), fig. 3.

Pro file cas cades of the tur bine ro tor are de fined us ing a method of lift force and
Kaplan pro files. Lift co ef fi cients of pro files in a pro file cas cade are de rived to lift co ef fi -
cients of sin gle pro files (Vein ing di a gram and Numachi di a gram).

Cir cumfer ential ve loc i ties on the guide vane out let (that we use for de ter mi na -
tion of the pro file an gles on the guide vane out let) are ob tained by the for mula:

( ) ( ) , , ' , , , , ( )r c K r c i Klk u i -i i -i o u i -i i -ilk o
= = £1 1 2 3 4 5 1

where: r clk u lk
– circulation on the turbine rotor inlet and r co uo

 – circulation on the guide
vane outlet.

It is as sumed that co ef fi cient of cir cu la tion loss be tween the guide vane and the
tur bine ro tor are: K1-1 = K1'-1' = 0.95 and K2-2 = K3-3 = K4-4 = K5-5 = 0.98

Guide vane is con sists of 12 vanes and it is as sumed that an gle of stream de flec -
tion is 4-6°   (from the hub to the shroud of the guide vane, re spec tively).
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Defining of geometry and mesh

There are large num ber of var i ous meth ods for discretisation and solv ing
Navier-Stokes par tial dif fer en tial equa tions, which are now a days used in CFD codes.
The most of ten is used the fi nite vol ume method which di vides a do main in subdomains
(con trol vol umes). Gov ern ing equa tions are discretised and solved for each con trol vol -
ume, and as a re sult, an ap prox i mate value of any quan tity can be ob tained in ev ery point
of the ob served do main. Thus it can be ob tain a full pic ture of the con sid ered fluid flow.

First thing to be done was de fin ing of ge om e try and cre at ing a 3-D model of the
guide vane and ax ial mi cro tur bine. Di am e ter of tur bine ro tor is DT = 250 mm, flow rate
through the tur bine is QT = 0.166 m3/s, cal cu lated tur bine head is HT = 1.5 m and it ro tates
with nT = 880 rpm.

Fur ther on it was de fin ing a mesh, thicker around a blade sur face and wrapped
ge om e try area, with more than 1.500,000 tet ra he dral el e ments.

The next step was de fin ing of ini tial and bound ary con di tions, fluid prop er ties
and other phys i cal pa ram e ters. For sim u la tions real vis cous fluid (wa ter) is used. A
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Figure 3.  Meridional cross-section of the axial micro turbine and calculated meridional
streamlines



three-di men sional sim u la tion of flow in tur bine is car ried out with k-e tur bu lent model for 
which ap pro pri ate solver con trol pa ram e ters are tuned.

For solv ing of par tial dif fer en tial equa tions it was used “high res o lu tion” pro ce -
dure, and nu mer i cal sim u la tions con ver gence cri te ria was that root mean square val ues of 
the equa tion re sid u als were 10–5.

Correction of the guide vanes

An a lyz ing re sults of nu mer i cal sim u la tion for the cal cu lated ax ial mi cro tur bine
it is ob tained a low hy drau lic ef fi ciency (hh = 0.72), and rea sons for that are:
(a) Great loss of velocity circulation rcu, between the guide vanes and the turbine rotor,

on the flow surfaces near the turbine shroud. 
(b) The flow has a larger angles in the outlet of the guide vanes (compared to the

preliminary calculated angles), on the flow surfaces near the turbine case.
(c) Relatively large circumferential velocities on the outlet of the turbine rotor (from the

value cu = 0.58 m/s, near the hub, to cu = 0.99 m/s, near the shroud), which means that
turbine blades dos not achieve required inclination.
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Figure 4. Profiles of first guide vane (turbine DT = 250 mm, HT = 1.5 m)



Ac cord ing to nu mer i cal sim u la tion re sults
it is cal cu lated co ef fi cients of cir cu la tion loss
be tween the guide vane and the tur bine ro tor:
K1 = 0.80, K1' = 0.95, and K2 = K3 = K4 = K5 »
» (0.98-0.99). It means that pre vi ously cal cu -
lated an gles of stream de flec tion in cross-sec -
tions 1-1 and 1'-1' are 4° larger than an gles ob -
tained with cor rected blade an gles.

Guide vane pro files are cor rected in
cross-sec tion 1-1 and 1'-1' by out let an gle re -
duc tion of 10°. Also, the cham ber line of the
cross-sec tion 2-2 has been changed. Vane
pro files of the other cross-sec tions were not
changed (figs. 4 and 5.).

Correction of the turbine
rotor blades

An a lyz ing the re sults of the nu mer i cal
sim u la tion of the flow through the ax ial mi -
cro tur bine, with cor rec tion of the guide
vanes, it is ob tained a hy drau lic ef fi ciency of 
the tur bine hh = 0.80. Fluid flow through the
tur bine is better af ter the cor rec tion of the
guide vanes, but still there was a space for
tur bine blade cor rec tion. Since, there was
not a pos si bil ity to change blade pro files, so -
lu tion is found in chang ing the an gle of at -
tack, i. e. chang ing an gle of blade pro files.

Blade an gle of a blade pro file in one cal -
cu lated flow sur face af fects sig nif i cantly on
blade an gles on other flow sur faces. There -
fore, seek ing for the op ti mal an gles of blade
pro files on cal cu lated flow sur faces is
achieved by vari a tion of dif fer ent an gles of
blade pro files. Af ter many vari a tion, and nu -
mer i cal sim u la tions for each vari a tion, it is

fi nally ac cepted a so lu tion (fig. 6).
Cho sen tur bine blades are com pletely dif fer ent than tur bine blades ob tained by

pre lim i nary cal cu la tion. Ac cord ing to the nu mer i cal sim u la tion, work ing pa ram e ters of
the tur bine would be: hy drau lic ef fi ciency hh = 0.84, tur bine head HT = 1.5 m, flow rate
QT = 0.166 m3/s, ro ta tion speed nT = 860 rpm, torque of the tur bine ro tor MkT = 22.8, and
tur bine ro tor power NkT = 2050 W.
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Figure 5. Profiles of new guide



Results of numerical simulations

Our ap proach in ax ial tur bine de sign was in it er a tive pro ce dure that is con sist ing 
of blade cor rec tion, af ter pre lim i nary cal cu la tion was done and nu mer i cal sim u la tion af -
ter ward. 

With such a nu mer i cal ex per i ments we could ob tain a wide range of pa ram e ters,
such as to tal pres sure dis tri bu tion (fig. 7), ve loc ity com po nent dis tri bu tion (figs. 8 and 9), 
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Figure 6. Turbine profiles
(a) preliminary calculated, (b) one of variation, (c) final correction

Figure 7. Pressure distribution in
meridional surface
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Figure 8. Velocity
 circumferential at the
 turbine rotor inlet

Figure 9. Velocity
 circumferential at the
 turbine rotor outlet

Figure 10. Meridional streamlines



etc., in the whole do main of the fluid flow. That en ables an a lyz ing re sults in the flow do -
main and mak ing nec es sary cor rec tions each time un til ob tain ing op ti mal re sults.

Conclusions

Tur bine-pump ag gre gates can be used for ir ri ga tion on the rivers where flow
rates in veg e ta tion pe riod (April-Sep tem ber) are not smaller than flow rates given in tab.
3, where re quested tur bine heads can be achieved with rel a tive sim ple mov ing gates and
der i va tion con duit. To re duce the in vest ment costs it is rec om mended to use the ag gre -
gates on the rivers where flow rates in veg e ta tion pe riod are not few times big ger then tur -
bine flow rate. 

The price of tur bine-pump ag gre gate should be equal to price of pump with elec -
tro mo tor or price of pump ag gre gate with die sel mo tor. En ergy sav ing for ir ri ga tion with
this ag gre gate dur ing few years will be equal to in vest ment cost for build ing of mov ing
gate and der i va tion con duit.

Be sides the en ergy sav ing such tur bine-pump ag gre gate also pro vides safe en vi -
ron ment.
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Figure 11. Turbine characteristics DT = 250 mm, HT = 1,5 m, n = 880 min.



Ac cord ing to the nu mer i cal sim u la tion re sults, the shape of the tur bine blades
does n't in flu ence con sid er ably on the fluid flow be tween the guide vanes and tur bine ro -
tor, but the shape of the guide vane does. 

It er a tive pro ce dure that is con sist of blade cor rec tion and nu mer i cal sim u la tion
gives good re sults in op ti mi za tion of the ax ial mi cro tur bine and, what is n't less im por -
tant, there is no need for mak ing phys i cal pro to type of the tur bine. Such nu mer i cal ex per -
i ment en able us to cor rect all mis cal cu la tions be fore mak ing a pro to type, which saves us
money as well as time. 
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