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Abstract

This paper summarizes the results of the developwfean advanced centrifugal compressor stage dosreautical applications,
using so-called tandem impeller blading. During diegelopment, performed by means of numerical cdatjmns, a configuration
was found which improved all the integral stageapaaters investigated, i.e. its total pressure ra&@ntropic efficiency and flow
capacity. These results were achieved by modifffregshape of the axial inducer vane, the circumfakposition of the radial
blades against the axial blades, and the radidelti@nsversal lean angle. At the same time, reardations for future develop-
ment of this type of stages were defined. It carstaged that a correctly designed tandem-bladegk stan achieve significantly
higher values of the integral parameters compaveal ¢onventional stage with the same outer dimessamd thus contribute to
reducing aeronautical engine fuel consumption, dsfens and weight.
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1. Introduction

The termtandem impeller bladingefers to centrifugal
compressor impeller blades, divided transverselp in
two parts after the inducer (see Fig. 1). The iedyrart ¥

of the blades is thus made up of an axial bladeevan /
while the exducer part consists of standard ralolizd- =

ing, including splitter blades. The trailing edgesthe f—‘—' Az ~
inducer blades are placed inside every second exduc Ay

passage.

This arrangement positively affects the formatidn o
boundary layers on the impeller blade surfacesrAfie
inducer parts of the blades, its growth is intetedp and
the resulting wake flow is directed into the exduce
channel. This should result in reducing the sizehef
wake region at the impeller exit which, in turnade to i .
increasing the isentropic efficiency of the stage. Fig. 1. The tandem blading concept

The first research report about tandem impelled-bla . . S

ciency while at least maintaining the same totakpure

ing by Boyce and Nishida appeared as early as 1977. . : . v
Si?lceyther?/, however, paperspc?oncerning this){[OﬂilEh ratio and flow capacity, and also to define thedglines

only been scarce. In [5] (published in 2002), théhars or rgc?r?:;?.Indg?(:giggxgggggitt:'Se;yngftﬁzgg on a
explicitly mention the near non-existence of guiiokes ur famry ges w:
S : : conventional stage (further called tBaseline Stage
for designing tandem impeller blading. originally developed by Walter Engines, a.s. (no& G
At the Department of Aerospace engineering, thisA'.g't. yC Vh P y " 'tr?IVZL’U' ' e
topic was already examined in 2005, concluded byn[2 viation Czech) in cooperation wi » &S, (Aer

which the authors stated that tandem blading hpd-a spa_(r:ﬁ Researcl;} and Tezt I(Ejstat:clls”hme.n::)_. i aleri
tential to improve the isentropic efficiency of antri- € research proceeded as Tollows. FIrst, a nuaieric

model of the baseline stage was developed andstdts
fugal compressor stage. Regrettably, no furthezaneh ! "
leading to an optimum geometry or the design girnds| were compared to f[he experimental (_jata. Then, r
was made. model of the baseline stage was validated, furtioen-

Thus, the goal of the present research was to prov utations were made which already involved tandem
the assumptions regarding the positive influencéant lading.

- , During the blading optimization process, three main
dem blading on the compressor stage flow field (afd o o
course, its integral parameters), to find an optimu parameters were modified — the shape of the axiala-

geometry which would ensure a greater isetropic eff er vane, the relative circumferential position bé tin-

"Contact the author at; David.Hlavacek@fs.cvut.cz
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ducer and exducer, and the exducer blade trangversa
lean angle. The innovative impeller geometry maieic

the shape of the impeller meridional section and th
number of both main blades and splitter bladesifiahe
tandem arrangement, axial and radial blades) akasel
the angles of the absolute velocities at impeliatiand
outlet (i.e. no prewhirl, the same backsweep anglbg
diffuser also remained unchanged.

Since the outer dimensions are the same, a new tan-
dem-bladed impeller can simply be mounted into the
existing engine and help improve its parameterbout
using any other external devices. The same appradch
course, can also be applied to centrifugal compress
stages used by other engines. |

The results of the computations showed the potentia |
of tandem blading to significantly improve the igtel I
parameters of the stage compared to the basedige.st 39 J'r_ .
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2. The Baseline Stage 3.0

Before the tandem-bladed stage could be developed a

its advantages proved, a numerical model of thelinas 28
stage had to be configured. The baseline stagech@s

sen from a family of experimental compressor stages

which comes from the M602 turboprop engine and is 1.30 1.35 1.40 1.45 1.50
known by number 410. This family of stages was deve MASS FLOW PARAMETER

oped by Walter Engines, a.s. (now GE Aviation Cgech Fig. 2. The baseline stage measured performance

in cooperation with VZLU, a.s. (Aerospace Reseanuth at design speed

Test Establishment). The geometries and performance ] ] ]
curves of all these stages were available whichenind ~ The interface between the impeller and the diffusas
possible to select the stage (410.B1) which wasrtbst ~ Modeled using the mixing plane model

suitable for this type of modification. For describing the properties of air, a semi-idgas
model was used in which the constant pressure fapeci

heat capacity, and the dynamic viscosity depend on
temperature.

For modeling turbulence, the RNIGe model was
chosen which provides a reasonable accuracy without
investing an excessive amount of computational time

| This model was recommended by the authors of [d] fo
modeling flow fields inside small-scale radial tabra-
chinery. During the validation process, other medel
were also tested and the RM& model proved to be the
most accurate. For modeling flow near the wallss th
model was accompanied by a scalable wall function.

2.1. Numerical model configuration

The computational model of the baseline stage waem
using the ANSYS software package. First, the gepmet
of the stage was carried over from [6] using BlaeeG
and DesignModeler. Afterwards, the computationa
mesh was generated using TurboGrid (impeller mesh)
and Meshing (diffuser mesh), the boundary condstion
and other model properties were set in CFX-Prepthe
processing utility, and finally, the governing etijoas
were solved using the CFX solver and its resuli®-co
pared to the experiment.

The computational mesh of each impeller channel 2.2. Numerical model results
consisted of 400,000 hexahedral cells in a stredtur ) _ )
O/C/H-grid and the diffuser mesh of 97,000 tetrahkd After some diffuser mesh refinement, the numerical
cells, accompanied by hexahedral cells near thés wal model described the performance curve at 100% desig
model the boundary layers. For the purpose of savin SPeed with a satisfying accuracy.

computational time during the calibration proce$sch The measured performance curve (Fig. 2) was esti-
involves a lot of computational runs, one impettaan- ~ Mated very closely in terms of total pressure réfig.
nel together with one diffuser channel was modeled. ~ 4). The mass flow parameter at choke limit was eser

The governing equations were discretized by thetimateq by 1.6% in comparison with the measurement
second order upwind scheme. As a convergence critemade in March 1984. However, as Fig. 2 shows, the
rion, the root mean squares of the residuals wsee.u measured choke limit was 1% higher when measured in

The total pressure at the impeller inlet and masg f ~ July 1983. The isentropic efficiency was in all ems
at the diffuser outlet were chosen as boundaryitond ~ overestimated by a nearly constant value o 1.5%.
for the baseline stage model. The flow inside tages At lower speeds (90% and 80% design speed), the
was assumed to be steady (which, according tocfs], model accuracy was also sufficient. The maximuraltot
be a reasonable approximation, widely used in jo@)ct
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pressure ratio error was about 5% while the isgitro
efficiency error did not exceed 2.5%.

With these results in mind, the computational model
of the baseline stage could be considered validated
Thus, the examination of various arrangements of ta
dem-bladed stages could be based on it. The nuaheric
values, of course, will always be rather inaccurbtigw-
ever, the model is accurate enough for comparative
poses and for proving whether the tandem impelkd-b
ing has a potential for improving the integral paegers
of the stage.

When the suitability of the baseline stage numérica
model was proved, the properties of the flow filside
the impeller were also examined. Apart from other
things (relative Mach number distribution at 50%rsp
eddy viscosity distribution at 75% span), the apaece
of the relative velocity radial component distriloat at
the impeller exit was observed. This is an impdrtan
measure of the intensity of secondary flow. In deai
case, the patterns should be the same in the fifevatit
sets of exducer channels (i.e. between the maidebla
suction side and the splitter blade pressure s,
between the main blade pressure side and theesplitt
blade suction side, respectively) As stated in [#ls
helps reduce mixing losses inside the diffuser. [bine
momentum fluid zone (awvake zongat the impeller exit
should be as small as possible. These are alsgothle
of the tandem-bladed stage development.

From the actual distribution of radial relative agty
at the impeller outlet (Fig. 3), it can be obsertteat the
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Fig. 3. Radial relative velocity distribution at t
baseline stage impeller outlet

velocity fields in the two sets of channels visildiffer
from each other.

" ‘ To quantify the properties of the velocity fieldstlae

4,4 = impeller channel outlets, the sizes of wake regivase
2 ,/ calculated in each channel. Let the wake regiomde
5 ' v ﬁ.\q fined as a region with a radial velocity less ouaato
i 4 20% of the maximum velocity in the pair of channels
2 328 H’ observed. The size of this region will be giverdnof
%] T | the channel area. qu the baseline stage, thewiokp
e 36 sizes of the wake regions were computed:
&' 344 Computed
'5 _ o Table 1: Sizes of wake regions at the impeller outlet of the
= e === Surgeling baseline stage

(measured)
3 T
1 1,1 1,2 1,3 1,4 1,5 Channel Size (% channel area)
—_— MASSELOW.ERRAMETER Rear main blade S.S. — Splitter P.S.  26.41
Rear main blade P.S. — Splitter S.S.  17.26
*
5 o8 = i
> 1 From these values, it is apparent that there |5 sti
% some space for improving the evenness of the wugloci
e W5 patterns between the two sets of channels. Theetand
mw, bladed arrangement is assumed to improve these para
2 o7 meters.
o
Iﬂ—: m Measured j .
Z 065 1 3. Stages Created by Interrupting the
2] + Computed EXiSting Blad|ng
I
e ‘ After the validation had been finished, the sedorhan
14 1,2 13 1,4 15

MASS FLOW PARAMETER

Fig. 4. The performance curve and isentropic éffic
ency curve of the baseline stage at 100% speed

optimum arrangement of the tandem impeller blading
started. In its beginning, the effort primarily tsed on
finding the most suitable axial inducer vane whiabuld
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have the potential for considerably improving tlegp
meters of the stage. Afterwards, modifications lte t

exducer blading would be made so that the two vanes

could cooperate with each other successfully.

3.1. StageO

Before any new blade shape was designed for th@ axi
inducer vane (AlV), a trial was made to interrupe t
existing blading and to test its performance at te
cumferential positions of the radial blades agathst
axial blades: 50/50%, and 92/8% of the axial vaitehp
These stages were named Stage 01 and 02, respective
This was done in order to examine whether the riaper
tion of the boundary layer growth alone (and, afirse,
the resulting wake flow directed into the middletbé
downstream channel) can improve the flow field &rel
compressor parameters, or there is a need to d&r oth
modifications to the blading. The computation weesdm

at the baseline stage design speed 25,000 rpm).

Neither of these two configurations proved to be-su
cessful. The Stage 01 impeller with the positiomaafial
blades at 50/50% pitch achieved a total pressuie ra
near the design point of 3.872 which is about Qaifs
and 6.5% less compared to the baseline stage. &@lxe m
imum mass flow parameter was 1.27. This is 0.18suni
and 9.3% less than the baseline stage had.

In the Stage 02 impeller, the radial blades hadskp
tion of 92/8% pitch. In this configuration, the dé&s
were, practically, just interrupted and the wakewfl
downstream of the axial inducer vane was not débct
into the middle of the exducer channel but, ondbe-
trary, the leading edges of one half of the ratllades
were virtually exposed to this wake flow. Stage 02
achieved the same total pressure ratio near thigrdes
point of 3.872. The maximum mass flow parameter —
which was 1.34 — was somewhat higher comparedeto th
above-mentioned stage but it still does not achiénee
parameters of the baseline (0.06 units and 4.2%).les
This brings us to a conclusion that, for this intgrel
arrangement, changing the circumferential positadn

4,6
Influence of circumferential blade dinIacement

44 (existing blading just interrupted)
o
= 42
é mb.t
i 4 \
o | ——
= o ]\ﬂ\. ch\\ l
& 3,8 \ T
Lt ] °
T 4%
—
at o Baseli
|6 3,4 aseline stage |
= m Stage 01

b

* Stage 02
3 T
1,1 1.2 1.3 1,4 15

MASS FLOW PARAMETER

Fig. 6. Performance curves of stages 01 and 02

Mach Number
1.173e+00

8.798e-01
" 5.865e-01
2.9330:01

1.000e-15

Fig. 5. Relative Mach number distribution at 50% s
inside the Stage 01 impeller at Q = 1.227=5 3.872

the exducer blades against the inducer bladess ghié
performance curve in the horizontal direction (§eég
7).

After these computations, a conclusion was made
that the front parts of former centrifugal compogss
main blades could not be used successfully as taopar
tandem blading. Therefore, the axial inducer vaaxt tio
be designed anew.

4. Stages with Newly Designed Axial
Inducer Vanes

4.1. Stage A

The next step was using an inducer vane origirgdly
signed for axial compressors. This vane was dedigne
using a method published in a textbook by S. Farokh
[3]. The blades had circular-arc centerlines anelirth
outer contours also consisted of circular arcsepikthe
elliptical leading and trailing edges. The desigasw
made at the inner, mean, and outer impeller diansete
First, the total pressure ratio of 1.1 was selefed
such vane. Other design constraints included tisggde
axial absolute velocity at the baseline stage inleich
was 150 m’$, the design shaft speed of 25,000 rpm, the
design point angle of attack of 4 deg, and theiaig
inlet total pressure and temperatupz§ = 94,892 Pa,

Fig. 7. The Stage A impeller
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T10t= 303 K).
This newly designed vane was, at first, incorpatate
into an impeller with the original splitter bladeBhis

stage was named Stage AO. As can be seen in Fig. 9,
Stage AO suffered from large incidence losses at th

radial blade leading edges and its parameters exan
worse than Stages 01 and 02 had (near-design-otéht

pressure ratio 3.730, maximum mass flow parameter
1.20). Therefore, a decision was made to modify the

front parts of the radial blades, i.e. to changsrtham-
berlines from the leading edges up to one-thirdheir
lengths.

So, afterwards, the front parts of the radial bsade
were modified in such a way that the stagger aagle
their leading edges corresponded to the staggde amg
the axial inducer vane trailing edges. The firagstwith
this impeller was named Stage Al. Its radial blasdese
placed in 32/82 % pitch at the hub. This initiabule
corresponded to selecting 50/50 % pitch in the ABSY
BladeGen software. The total pressure ratio of stage

Eddy Viscosity
5.663e-002

4.247e-002
2.832e-002
1.416e-002

2.792e-007
[Pas]

Fig. 8. Eddy viscosity distribution at 75% span in:
the Stage AO impeller at Q = 1.188= 3.563
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Fig. 10. Stage AO performance curve at 100% de-
sign speed

Mach Number
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Fig. 9. Relative Mach number distribution at 5
span inside the Stage A3 impeller

was then about equal to that of the baseline stage
though it had a rather oscillating manner).

The mass flow parameter was slightly lower (by
0.057 units/4% at the choke limit) and the isentrop
efficiency was about 2% lower compared to the lasel
stage. The computations were, as in the previosssga
performed at the baseline stage design speed.

Afterwards, when the circumferential position oéth
radial blades was slightly modified, the potent&ltan-
dem blading was finally revealed.

While Stage A2 (37/87% pitch at the hub) performed
only slightly better than Stage Al, Stage A3 (39439
pitch at the hub) showed the best parameters m thi
group of stages, exceeding the total pressure oétibe
baseline stage by 0.15 units (3.6%) while, in tlestb
case, achieving the same isentropic efficiencythis
impeller, the axial blades were nearest to theimunict
sides of the radial blades.

Thus, by this computational investigation, it wésoa
found out that tandem-bladed impellers can, inatert
cases, be quite sensitive to the radial bladeipasithis
gives some space to maneuver to the future desigrier
this type of impellers.

From the distribution of radial relative velocities
the impeller outlet (Fig. 12), it can be seen ttet ve-
locity patterns in the two sets of exducer chanets
very similar to each other. The sizes of wake zandg
differ by 0.7%. However, both of them are still ®ui
large — about one-quarter of each channel is oedupy
the low-momentum fluid. This, along with the stilkuf-
ficient integral parameters of the stage, madeeies-
sary to further optimize the tandem-bladed stage.

Table 2: Sizes of wake regions at the Stage A3 impeller
outlet

Channel Size (% channel area)
Rear main blade S.S. — Splitter PS.  25.23
Rear main blade P.S. — Splitter SS.  24.53

Nevertheless, Stage A set the route to follow durin
the further optimization: to design another axratcer
vane according to the rules used for axial comprsss
then make it properly cooperate with the radiadbig



Studentska thréi ¢innost 2016 {eské vysoké teni technické v Praze | Fakulta strojni

Velocity Radial
Contour 1

[ 2.571e+02
l' 2.350e+02
" 2.128e+02
" 1.907e+02
| 1.686e+02
" 1.465e+02
[' 1.244e+02
H' 1.023e+02

8.023e+01
| 5.813e+01

| 3.602e+01
-3.0292+01

l 1.392e+01
-5.239e+01

-8.183e+00
[ms*-1]

8
-l
ok : -

< .
50 u =
TANEEl = = [
=L =1 v
56 ' 2| O~

Fig. 14. Radial relative velocity distributioat the

Stage A3 impeller outlet

by modifying the front parts of the radial bladexda
finally, to find an optimum position of these agstitthe
axial blades.

4.2. StageB

Since the axial vane used in Stage A was a rather ¢
servative choice (as it was also confirmed by #sults
of the computation), the next step was designistpge
containing an axial vane with a total pressureorati

1.2. The other AIV design constraints remained the
4.6
Influence of circumferential blade displacement
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Fig. 11. Stage A performance curves

at 100% design spe

Magn Number
1.0342400

8.206e-01

5470801

2735801

1.0008-15

Fig. 12. Relative Mach number distribution at 50% s
inside the Stage B1 impeller at Q = 1.365,4.379

same, including the angle of attack of 4 deg.

The radial blades were also modified. Just as én th
previous case, the stagger angles of the radidebzad-
ing edges were changed to be the same as thevaxial
trailing edge stagger angles, and the radial blades
modified up to one-third of their camberlines. Agai
three positions of the radial blades against thal am-
ducer vane were tested (stages B1 to B3). This, tinge
parameters achieved by the respective stages weson
sensitive to the circumferential position of thedied
blades. However, the performance curves in one @atse
of the three (Stage B2) had an oscillating manmars
was the one with the radial blade leading edgesesea
to the axial blade trailing edges(= 18% pitch at the
hub). This effect is the same as in the case glesté@l
to A3. Stage A14; = 32%,A, = 82% pitch at the hub)
also had considerable oscillations of total pressatio
along its performance curve. From these resultscave
conclude that if the circumferential gap betweer th
radial blade leading edges and the axial bladdingai
edges is too small, the stage will suffer from kestidbns
of the total pressure ratio as the mass flow cheinge

O Influence of circumferential blade displacement
(AIV withm=1.1)
o

5 0,8 []""Ff--r_
= e
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Fig. 13. Stage A
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4,6 Influence of circumferential blade displacement
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Fig. 16. Stage B performance curves at 1(
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Fig. 17. Stage B isentropic efficiency curves at 1!
design speed
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Fig. 15. Radial relative velocity distributiorat the
Stage B1 impeller outlet

tations for). The exact values of total pressutmsaand
isentropic efficiencies must be determined by measu
ment.

It also became clear that the tandem impeller btadi
affects the stage total pressure ratio to a greatemt
than it does with its isentropic efficiency and sélsw
parameter.

As for the radial velocity field at the impeller ttat
(Fig. 16), the relative sizes of both wake regitase
now reduced themselves in comparison with the esel
stage and they are also closer to each other fxatitce
of 3.13% instead of 9.15%). Nevertheless, the wlue
achieved by Stage A are still the closest to edlolro

Especially the channel between the rear part of the
former main blade S.S. and the former splitter P.S.
achieved a significant reduction of the wake regae

From this series of stages, Stage B1 performed theby as much as 7.13%). This confirms the positive-c

best, having a greater total pressure ratio (byuaB®
units which is 5%) and also a greater isentropficief-

cy (by about 1%). The mass flow parameter at choke

limit was increased by 2.6%. Moreover, the valuethe
total pressure ratio and isentropic efficienciesenalso
stable, without any significant oscillations. Thadial

tribution of the tandem blading to the quality bétflow
field leaving the impeller.

Table 3. Sizes of wake regions at the Stage B1 impeller
outlet

blades of Stage B1 had a position of 20/70% pitcine

hub. This initial choice was determined by the rtedaf
the range of positions that the ANSYS BladeGen

software allowed for. Stage B2 then had a positibn

Channel Size (% channel area)
Rear main blade S.S. — Splitter P.S.  19.28
Rear main blade P.S. — Splitter S.S.  16.15

18/68% pitch while Stage B3 had 22/72% pitch.
These computations confirmed the ability of tandem

impeller blading to significantly improve the pareters

of a centrifugal compressor stage. Obviously, the-

ment is only based on a qualitative comparison ¢twhi

was, in fact, the main purpose we used the CFD cemp
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imneller niitle
z
zQ
: =
5. Stages with Transversal Blade Lean 2 =
00 >
Another modification to the tandem blading to bedena g g
was a transverse lean of the radial blades atntpelier oo =

outlet.

As stated in [7], leaning the blades introducesrad
component in the hub-to-shroud direction into tloevf
field. When done the right way (so that the hube‘pr (Stage F2.1) which had the best results, other divo
cedes’ the shroud — see Fig. 18), it reduces thdebl cumferential positions of the radial blades werstete
loading near the hub while increasing it near thesd. (so that, apart from Stage F2.1, we obtained Steges
Thus the blade loading is reduced, particularl{himrear ~ and F2.3). Stage F2.1 was chosen because of thia-osc
part of the impeller. This should lead to weakeniing tory manner of the Stage F3.1 performance andieffic
hub-to-shroud secondary flow in the meridional plan cy curves, and of the lack of efficiency that thge
along the suction sides of the blades. F1.1 had.

Three different lean angles € 5°, 10°, 15°) at one Then, after testing the various circumferentialipos
radial blade circumferential position (38/88 % hitat tions of the radial blades, Stage F2.3 was cho32/83
the hub) were tested and the respective stages wer86 pitch at the hub) because of its greatest flopaciy
named F1.1 to F3.1. Then, for the lean angle of 10°and efficiency.

Leaning the radial blades had a positive effecthen

Fig. 20: Radial relati\}e velocity distributioat
the Stage F2.3 impeller outlet

4,6
Influence of 0,85 Y A
aa radial blade lean ‘_‘_'T-‘KA Influencet:f l—‘-——‘— £
: (AV withm=12) & Aaw radial blade lean L o 4
@) 45 N > 08 | _(AVwithn=12) A ‘5""%-5:_\.
I'E ' h‘%a‘ A O X
o \ \ E \
= L l = 0,75
v -
a 3,8 -
L Q
& 3.6 o 0,7
- S
f_E 34 o Baseline stage| = -
E 5 0.65 o Baseline stage
A St Bl ' |
3,2 s %) s Stage B1
A StageF2.3
3 | A StageF2.3
' 0,6 ;
2 ) 1,2 1,3 1,4 L 1,1 1,2 1,3 1,4 1,5
MASS FLOW PARAMET
_ ER MASS FLOW PARAMETER
Fig. 19. A comparison of the computed performance cur- Fig. 21. A comparison of the computed isentropic effici-

ves of the baseline stage, Stage B1, and Stage F2.3 ency curves of the baseline stage, Stage B1, aue $2.3
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isentropic efficiency which increased by a furtiéi 4,6 Influence bf
compared to stage B1 (Stage F2.1), or b_y 2%, réigpec 44 | circumferential c"‘%‘r-‘\ A
ly (Stage F2.3). The total pressure ratio of StRge3 blade position AT
increased by 2.3% while the stable mass flow range 45 | (AVwithp=12, R
increased to the right side of the performance eulny : lean angle 10°) 5"8'%% \.
about 1.6% (both results are compared to Stage B1). A \
] L
3,8 1

Stage F2.1 achieved only a slightly better totalspure
ratio and about the same maximum mass flow paramete
The results achieved by Stage F2.2 (34/84% pitdheat
hub) lay between the above-mentioned values. There-

TOTAL PRESSURE RATIO

. . ! 3,6 7
fore, stage F2.3 was considered an optimum corgigur o Baseline stage
tion. 3,4 ® StageF2.1
Table 4. Sizes of wake regions at the Stage F2.3 impeller 35 4 StageF2.3 I

outlet ' < Modified baseline

3 |
Channé Size (% channel area) I :

1,1 1,2 1,3 1,4 1,5

Rear main blade S.S. — Splitter PS.  20.89

MASS FLOW PARAMETER

Rear main blade P.S. — Splitter S|S.  17.05

Fig. 24. A comparison of the computed performance ct
of the baseline stage, the modified baseline st&gage B:

In case of Stage F, changing the circumferential-po Stage F2.1, and Stage F2.3

tion of the radial blades against the axial blatad,
again, a considerable effect on the performanceesyr 0,85 ! X

3 &
especially in terms of the maximum mass flow parame Influanca of e
ter. circumferential Y
From the radial velocity pattern at the stage Fh3 5 g | Dedeposion e
. X O {AIV withjm=1.2, \
peller, it can be seen that both the sizes of thkevzone = lean angle 10°) e
and the evenness of their distribution are slighttyrse L
that Stage B had. It can therefore be stated thatan- E 0,75 A
dem-bladed impellers, leaning the radial bladesioan L
prove the isentropic efficiency, the mass flow paeter U
and, secondarily, the total pressure ratio. Howetlas a 0,7
improvement of stage performance does not invdhee t 8 o Baseline stage
velocity patterns. =
= @ StageF2.1
0,65
. . i 2 A StageF2.3
6. Comparison with the Modified Base- - ]
line < Modified baseline
| |
0,6 T 1
In order to clearly show the benefits of the tandsau- i 1.9 1,3 1,4 1,5
ing, a modified baseline stage was computed udieg t
same computational model settings. The splittedédsa MASS FLOW PARAMETER
and the qqrres_ponding rear portions of the maiddsdaf Fig. 22. A comparison of the computed isentropic effic
the modified impeller were leaned transversely by a ency curves of the baseline stage, tiaified baseline stag
angle of 10 deg along all the splitter length (Bie 23). Stage B1, and Stage F2.3

The computation showed that the impeller with the
modified splitter blades achieved an isentropiccifficy pressure ratio and a 2.6% / 4.3% greater mass ffw
about 2.0% higher than the baseline did. The fte$-  rameter in comparison with the modified baselinew
sure ratio and the mass flow parameter, however, re ever, the isentropic efficiencies of Stage F2.1 #mel

mained almost the same. modified baseline are almost the same while Staqj8 F
The tandem-bladed stages F2.1 and F2.3 with leanedchieves an about 1% greater efficiency.
blades therefore still had a 5.6% / 7.8% greatéal to From the computations involving Stage F and the

modified baseline, it is clear that the tandem inigd
primarily affects the total pressure ratio of thage. It
also contributes to improving the stage isentrogfftc
ciency but the relative increase (in %) is not @hhThe
-, stable mass flow range increases to both sides when
JJJ ‘L tandem blading is used, both leaned and perpeidicul
N

Fig. 23. A model of the modified baseline stage impeller
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7. An Alternative Concept

For future work on developing tandem-bladed stages,
alternative concept can be proposed. The basic iglea
redesigning the inlet parts of every second rauade in
order to get equal portions of the total mass flpw.
50/50 %) in each exducer channel. Thus, the radial
blades which are placed downstream of the axialdad
vane will now consist of two different sets, ondf lud
them having a different leading edge stagger atigla
the other. The blade pitch at the impeller outletdd
remain the same as it was before (i.e. equal ftr bets
of channels).

Note that when the tandem blading concept with the

same radial blades was tested for the mass flow rat 17 d
between the two sets of channels, the result was, f 2 pw ds
example, 53.4/46.6 per cent in Stage Al designtpoin s W
i.e. a 6.8% difference between the two sets of exdu \\ o 2 =
channels. p A \

It is expected that the arrangement with equal mass 0\

flows will lead to a more even distribution of veity
patterns between the two sets of channels at thelien
exit. As already mentioned in Chap. 2.2, this eems
helps reduce mixing losses inside the diffuser.@dger,
since the total pressure losses are proportionaheo s
second power of mass flow, the losses inside theelm
ler channels should be also more evenly distributed
And, finally, the sum of losses may even be reduhss
to the fact that there will be no channel with aaier
mass flow in which, as of now, an unneeded portibn
kinetic energy is developed, only to be lost agayn Fig. 25. The alternative concept of tandem bladinghwi
mixing. equal mass flows in each channel between the spiitieles.

The initial guess of the exducer channel inlet hsdt
will be based on examining the velocity profile time however, will cause oscillations of the total press
axial inducer vane outlet plane. Spanwise-averaged ratio along the performance curve.
ues of relative velocities will be plotted agaitist pitch 3. The inlet stagger angles of the radial blades
coordinate and in the place in which the integial the have an even greater influence than their circuenfil
mass flow) reaches half its value, the leading sdgfe  position.

the modified radial blades will be placed. 4. From pts. 1. and 3., it follows that when tandem
Another thing which can be investigated during the blading is applied to an existing baseline impelieis
future research is the influence of an eventualdimral recommended that both the inducer and exducerrgadi

gap between the inducer and exducer blades. Dthiag  be redesigned (in order to cooperate with eachrothe
stage of the research, this was not examined beazfus properly). Redesigning just one of the vanes dass n
the limitations of the BladeGen software. bring the desired effect, as well as redesignintheeof
them.

5. In comparison with a conventional stage with
the same outer dimensions and number of blades, a
properly designed tandem-bladed stage can achieve
greater values of all the integral parameters emachin
this thesis — the total pressure ratio, the is@itreffi-
ciency, and the mass flow parameter. However, d¢te r

8. Design Recommendations

Basic guidelines and recommendations for developing
optimized tandem-bladed impellers, as found outndur
the research, can be summarized as follows:

1. The front parts of centrifugal compressor main >'~'™ L
blades are not suitable for being used as the idater UV increase of each parameter is different. it te
vane. Axial compressor blading should be usedanste ~ Stated that tandem impeller blading primarily affethe

2. Tandem-bladed stages can be very sensitive tgotal pressure ratio and the mass flow parameter an

the circumferential position of the radial bladgmiast ~ Secondarily, the isentropic efficiency.
the axial inducer vane. It is also not true tha Hest 6. Tandem impeller blading can also reduce the

performance is achieved when the axial inducer vaneSiZ€S Of wake zones at the outlet of the impelieueer
trailing edges are placed halfway across the exduce channels and make them more even when comparing the

channel. It is advisable that the suction sidethefaxial two sets of channels.

blades be placed somewhat closer to the pressies si . 7. Th,e prope_rtieslo_f tandem-bladed stages, espe-
of the adjacent radial blades. Placing them toselo cially their isentropic efficiency, can be furtherproved
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by leaning the radial blades transversely, as iidae 1)

with conventional stages .

transversal blade lean angle (deg)

8. The effects of tandem blading are more evident Subscripts:

at high shaft speeds, close to the design pointthas 1
computations showed, these effects are not that protot

nounced at lower speeds.

stage inlet
total temperature /pressure

* Note: the mass flow parameter is defined by the fol-

9. Conclusions

In this paper, results of the research of the ptegseof a
centrifugal compressor stage with tandem impellad-b

ing were summarized. These properties were examined
by means of numerical computation.

The conventional compressor stage on which the de-
velopment was based (the baseline stage) was esglect
among several experimental stages, its numericaleino
was configured and validated against experimerdtd.d
Afterwards, using this model, various arrangemagits
tandem-bladed stages were examined. The goal of the
research was to reveal the true potential of tantham
peller blading and to find an optimum geometry wcts
impeller which would achieve greater values of isgm
ic efficiency (in comparison with a conventionahge
with identical outer dimensions) while at least fieg
the same total pressure ratio and mass flow pasmet
This goal was fulfilled by Stage B and Stage F2.3..

Several recommendations and guidelines for devel-
oping this type of stages were also defined anthéur
steps for developing the presented tandem-blacdkgk st
were proposed. First, an alternative concept with t
different sets of exducer blades should be examamed
the geometry which would assure the same mass flows
flowing in the two sets of channels should be faurige
effect of axial spacing between the axial and laciae
should also be investigated.

Then, of course, selected tandem-bladed stages
should undergo experimental research in order smtru
fy the increases of the stage integral parametec®in-
parison with the conventional geometry.

It can be concluded that, if properly designed trien
fugal compressor stages with tandem-bladed imgeller
do have a potential to increase the efficiency efoa
nautical engine cycles, to reduce their weight tng,
eventually, spare large amounts of jet fuel.

List of symbols

¢, constant pressure specific heat capaciBg{IK )
k  turbulent kinetic energy (hs?)

m  mass flow (kg.3)

p  pressure (Pa)

Q mass flow parameter (kgf&*(Pa?) *

s blade pitch (mm)

T  temperature (K)

w relative flow velocity (m.3)

A, , radial blade position rel. to axial vane pitch (%)

turbulent eddy dissipation @s?)
dynamic viscosity (F8)

total pressure ratio (1)

density (kg.r)

D 3= ™

lowing formula:
Q= m\/Tl,tot (1)

P1tot
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Fig. 26. The tandem blading optimization road map. Ineffeanodifications to the tandem blad

(increasing the diffuser angle and the backsweepmamtioned in this paper) are shown in dark red



