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Abstract: The purpose of this work is to study the aerodyingrerformance of a tandem C4 base-profile comprestade
using numerical tools. In this paper, the flow @dhe tandem blade is studied for various relati\agle positions. In all the
studied cases, the front blade is fixed and thatipnsof the rear blade is varied as a functiontlug axial and tangential
displacements. A computer code was developed isudliBasic" using linear strength vortex-panel rodtko predict the
aerodynamic performance of the tandem blade.
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1. Introduction injected on the suction surface of rear blade. Buehis
injection of air the boundary layer on the suctsomface gets

Looking at the Euler Turbomachinery Equation (1), imore momentum to follow the rest of the suctionfaue.
obviously indicates that there are two ways of exinig high  Thus, the separation of the boundary layer is delay

loading at compressor blades. First one is theeas® of the According to the axial and tangential displacemeitite

rotational speed. Second one is the increase of tlerference area between the blades plays the obla
tangential-velocity difference between inlet andtef a convergent or a convergent-divergent nozzle-typeaskage,

compressor rotor. That is increasing the turningj@awhich is  through which the air from the pressure surfacethaf

the tandem blade concept. foreword blade blows on the suction surface ofrze blade.
The configuration of the front and rear blade isaaged in

_Pﬂ =U,Ve-UiVa (1) such a way that the front blade is truncated apprately at

m the middle and then the rear blade is configuredhat the

suction surface keeps its continuity of shape tvigle the
required camber. By induction of extra momentume th
: > ; ._ tandem blade increases turning or loading capgbilit a
tangential velocity at radius, mis mass flow ratek/s),  given blade row. It also gives a wider stall-fregerating
Psar i shaft powerkW). o o range and hence efficiency of the compressor candpeased
A major limitation on the pressure rise in a subs@xial 4 off design conditions. All these benefits ofdam blade
flow compressor stage is boundary layer separaiiorihe ives the solution to one of the oldest challengesd by
blade suction surface. One method of mitigatingshetion  gia|flow compressor designers; that is to useasstages as
surface separation is to employ tandem blades. éfand hossiple to achieve the desired pressure rise witho
blading is a method of increasing the flow deflestiby  compromising efficiency. The obvious benefits dhgsfewer

delaying the separation in diffusing cascade aearamnts. stages are the improvement of engine power-to-wefio
The two parts of a blade, the front and the rearaaranged SO0 514 the reduction in manufacturing parts.

that the air from the pressure surface of the foavidade is

Where,U, is blade speed at radiug U; is blade speed at
radius ry, Ve, is tangential velocity at radius; Ve, is
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2. Literature Review

Many attempts have been made to understand therflaw
tandem cascade. Experimental as well as analytical
approaches are reported for many flow conditionsl an
different blade parameters.

Wennerstrom [1] studied the potential of tandenfdir
blading for improving the efficiency and stable g
range of compressor stages. The investigationdecldesting
of one single-airfoil blading, one tandem-bladehvet20-80%
loading split and one tandem-blade with 50-50% ilogudplit @ﬁo
(the loading was estimated using the diffusion dact r“” (N
criterion).The results of his effort showed thandam
configuration, with the majority of loading on thear airfoil
should have a larger operation range than conveadtlades,
was not substantiated. But with 50-50% loadingt sq@tween Till now, tandem rotor concept has applicationsyofalr
the airfoils, the tandem arrangement demonstraigtieh experimental purposes. Figure 2 shows a photo rufeim

pressure rise and efficiency than the corresporglimgle one. rotor built at The Institute of Turbomachinery ofhé
Saha and Roy [2],[3] conducted various aerodynamigiannover University [7].

performance evaluations of a single and a tandesteck for
a wide range of inlet angles. The purpose of testigation
was to determine the high deflection capabilitiethe tandem
blade and to compare the results at off-design vaith
equivalent single one. The results of the studywbthat the
diffusion capabilities of the tandem blade are bigtompared
to a single airfoil.

Other investigations in tandem airfoils [4],[5] indted that
the flow deflection capabilities shown by the tamde
configuration at design point, is higher compardith & single
one. This fact has been explained by the formatioa new
boundary layer at the rear blade.

R Al
e QE

Figure 1. Heavy-duty gas turbine with tandem compressor blades in the last
stator row [6].

3. Applications of Tandem Blade Rows

In the practice, the tandem cascades are applied to Figure 2. Tandemrotor [7].
compressors in the subsonic, transonic and eveersuic
range for rotors and stators [5]. But the main o$ehis
arrangement is in the stator of the final stageaiial o
compressor, where the flow enters with high swelogity
and it has to be turned to the radial directioner€fore, the
flow-turning angle is rather high and the last atabw is
heavily loaded with the danger of flow separatiBigure 1
shows a General Electric heavy-duty gas turbiné ukas a
triple tandem blade row in the stator of the ldagys in the 1
axial compressor [6]. Characteristics of the corsgoe are /.
shown in table 1.

&

#3500 -

—

Table 1. Heavy Duty tandem compressor characteristics

Manufacturer General Electric

Type MS 7001 EA Figure 3. Tandem rotor compressor [7].

_Fr)m‘:;al eticiency &, ) 22'2'\;\’\’ One of the first ta_mdem blade_studies was perforrined_
th e Germany [7],[8], Figure 3. This was a 4-stage axial

PTESED 7L ) M compressor where 3 stages were built as tandemsratal

LEESUI PRI having a design pressure ratio of 2.5. Detailedattaristics

Turb'ne.ou“et temperature 337 _ of the experimental axial compressor are listetaible 2.

Revolutions 3600rev./min

Other interesting studies of tandem blades carobed in
[9]-[11].
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Table 2. Experimental set-up characteristic
Name Value Units
Mass flow rate 6.58 ka/s
Speed 11000 rpm
Number of stages 4
Design pressure ratio 25
Hub to tip ratio 0.64 -
Blade tip speed 195.82 m's
Internal power 672 kw
Inlet total pressure 1 Bar
Inlet total temperature 288.15 K
Outlet total pressure 2.51 Bar
Outlet total temperature 389.9 K

4. Geometry Description

Performance Evaluation of the Tandem C4 Bladesxal-Flow Compressors

a Axial displacement wy;  Inlet velocity at rear blade
F, Inlet gap distance w;  Outlet velocity

F, Quitlet gap distance B, Inlet flow angle

(=] Chord length front blade By; Inlet flow angle at rear blade
¢;  Chord length rear blade B,  Outlet flow angle

G Overall chqrd length T Stagger angle front blade

5 Blade sp_acmg Tz Stagger angle rear blade

t Tangential displacement Y.  Overall stagger angle

w;  Inlet velocity

Figure 4. Tandem blade nomenclature [12].

5. Governing Equations

The incompressible, two-dimensional, potential flow
governed by the Laplace equation is solved numigriaéth a
panel method, which provides the tangential extaralacity.
The pressure is then obtained using the Bernogliagon,

The geometry and aerodynamic parameters for a mandeandC; is derived by integrating the pressure over thieiai

blade row are almost the same as those used fyle sirfoils,
but two additional variables appear in the arrargstmrhese
variables are the axial displacement and the tdiaen

5.1. Theoretical Equation of the Flow

For an irrotational flow, Figure 5, the velocity the

displacement. Figure 4 shows the geometry and atdnd gradient of a quantity called the velocity potentia

nomenclature related to tandem airfoils in cas¢adg

The tandem configuration has two key physical eéfécat
are of interest to compressor designers. The fgsthe
circulation effect. Whenever an object, even a bane such
as a cylinder, is placed downstream of an airtb#, effect of
that object is to increase the circulation arouredairfoil. The
Kutta- Joukouski law, expressed as, indicatesttislift force
is proportional to the circulation. In terms of andem
compressor rotor, this means that the aft bladkeimdrease
the loading on the forward blade, resulting in @ater
combined pressure rise between both blades.

FL=pUTl

()

The second effect is the fresh boundary layeritharmed
on the aft blade. Ideally, the aft blade would teced such
that it relieves the forward blade just prior te thoint of
separation, as shown in Figure 4. This allows fogater
overall turning of the airflow, hence more worle( pressure
rise) while not incurring substantially higher less

V=(uv)=0¢ 3)

Substituting this into the continuity equation &or inviscid
incompressible flow leads to:

229 %9

Ix? ay 2

=0 or A¢g=0 (Laplace equation)

4)
On the airfoil's surface "A", Figure 5, the extdiNaumann
boundary condition must be satisfied:

0¢ _

—~ =V,

n (5)

Where,V, is set to zero, which represents the classical zer
normal velocity condition.

Inviscid
Incompressible

Irrotational
i ——
A' a

Figure5. Flow field of an airfoil.

Airfoil "A"

5.2. General Solution of the Incompressible Potential Flow

A general solution to the Laplace equation is otetdiby
adding a distribution of vorticeson the airfoil's surface to the
velocity potential of the free-stream, Figure 6e®olution at
any field pointP is thus given by [13]:

¢p=UnX+Ve Y+ [yg, ds
A

(6)

Whereg, is the potential of a unit strength vortek:g( are
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the polar coordinates & relative to ¢ls). Figure 8, such as
= _%Tg @) YX)=yo+ yix 12)
This equation has to satisfy the boundary condifimn v
every point on "A", which gives: “PA

_ i¢, . _
D¢p.n—0:(um.vm).n+'£y an ds=0 (8) /”’i
-'\.:rD } i

Leading Ed Aol FPanel 4 il :
eading Edge anel Appraximation N -
Yot 11X I
Traling Edige 1
|
_'—'—*Iv———__hxp
o Paneldoinis o Control Poirs Figure 8. Linear vortex distribution of a panel.
Figure 6. Vortex-panel approximation to an airfoil [13]. This is simply the superposition of a constant rejtk

element and a linearly varying element. For sinigyliove
consider the two elements separately to computpdtential
and the velocity induced by one panel.

RVATSS S (e 2 S R O 7

0

Moreover, the integration is performed on each pand
the boundary condition becomes:

_yojattanid Xo (13)
2m Xo

5.3. Singularity Element ¢, y.L y
_"Vo_70

so.u,, = = —dx 14
Now, the integral on each panel must be computed: 07 2y (xmy Py (14)
o, o, @, ¢, yL  x-
| yr—= ds-[ [ y—"ds [ y—* ds]n (uv).n 10 . o=_Yo_7Yo Xo
panel on X pand ( ) and uVO ay ZHO(X_XO)2+y2dXO (15)
We will computeu, v in th¢ panel coordinate §ystem, and Integrating the above two equations we obtain:
then transform them back in the global coordinatstesn,
Figure 7. yo Yo .I2
Consider the coordinates (x,y) in the panel sysiémy are (52 g) and Vro ™ nln r (16)
obtained using the following transformation:
We consider the linear term now:
X) _[cosg; —sinai}[x—xo]
= 11 0¢, L
O =), o P T
Where, &, Yo) are the coordinates of the panel origin in the L
global coordinate system SOz~ = XY gy, (18)
. Uylx P zno(x_xo)2+y2
9 Wit xolx=xo)
Ay andyvu= % 2’:;0(x—0 ) +0y 50 Xo (29)
Global
Cs Solving the integrals gives:
Uy =~ 14 1[22|n 11 _2x(g,- 91)} (20)
__y
Vﬂx-—i{xln:—i+L+z(32—gl)} (21)
» X

Now, what we want is a piecewise linear continueagex
Figure 7. Global and panel coordinate systems. distribution on the whole airfoil surface. So, waevh to set the
strengthy at the beginning of each panel equal to the stheng
On each panel, we choose a linear vortex distobuti of the vortex at the end of the previous panel kasws in
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Figure 9.

P(x.y)

Figure 9. Piecewise linear continuous vortex distribution.

The relations between the vortex strengths of tements
shown in Figure 9 and the panel end valyemndy, are:
Yi=Vo and Vju= Vot Nl (22)

Thus, rearranging the expressionsdandyv in terms ofy,
andy;, gives:

u= 2 Viei™V i Fist,
27 Xj+1” X rj

23
yj(Xj+1_Xj)l+ j+1_\}/jXX_Xj)(H_ -0, ( )
2”(Xj+1_Xj) I+ .

_ Vj(xj+1_xj),+ b’j+1_\ijx_ Xi)mﬁ
2”(Xj+1_xj) rj
(24)

vy [ YiaT VY Xj+1~ Xj o
+2ﬂ[x1+1-x1][[ z ]Jr(g]ﬂ 91)}

These two equations can be divided into velocituoed
by yj+1 andy; such that:

(u,v) - (Ua:Va)"' (ub,vb)

Where, the superscript§a® and "b" represent the
contribution due to the leading and trailing siragity. By
rearranging the equations, we obtain tte&@ part of the
velocity:

(25)

a_ Vi rj+
u _m{_Zlnrjij]}*'(Xjﬂ__XXeﬁl_gj) (26)
—y. .
Va:m{()(jﬂ_)(j)lnﬁ*'()(jﬂ_ Xj)*’z{gjﬂ‘@j)} (27)
and the'b" part of the velocity:
s enle) o

Performance Evaluation of the Tandem C4 Bladesxal-Flow Compressors

Vi rj
sz?n()qil—:i)q){_(x_Xj)ln?-]ﬂ*'(Xjﬂ_Xj)*'Z(0j+1_0j):| (29)
To transform these velocity components back togtbbal
coordinate system, a rotation by the panel oriemangleo;

is performed as given by:
(Ut =l
\' s ~Sing; cosg; |\ w p
The expressions above can be included in an induced
velocity functionF, which will compute the velocityu( v) at

an arbitrary pointy, y) in the global coordinate system due to
thej-th panel.

u® v (y
ub Vb =F j,yjﬂ,x,z,xj,yj,xjﬂ,y“

(30)

(31)

5.4. Influence Coefficients

The zero normal flow boundary condition is impleresh
For example the velocity induced by jhé element with unit
strength at the first collocation point is obtairmd

a a
u® v
[ b b] =F(yj=lyj+1=lxl,zl,xj,yj,qu,yjﬂ)
us v

(32)

This shows that the velocity at each collocatiompds
influenced by the two edges of hth panel, When adding the
influence of thg+1 panel on the local induced velocity will
have the form:

(LI,V)]_: (Ua,Va)lj_ Vit l(UhaVb)ll + (UayVa)12Jy2+ 33)

e ¥ Ubbe N 71+ (UayVa N]yN + (Ubbe)lN YN +1

This equation can be reduced to the form:
(uv)=uv)a+ vyt Wk i UV (34)

Such that for the first and last terms:

(UvV)n: (UavVa)u and (U1V)1N +17 (Ub'Vb)lN (35)
and for all other terms:
() = [(Ub’Vb)lj 4" (Ua'Va)lj} (36)

The influence coefficienty; is defined as the velocity
component normal to the surface. As see in Figlrettie
contribution of a unit strength singularity elemejntat

collection point 1 is therefore:
arj = (u,V)lj-nl (37)

Where: n; = (sina; cosa;) (38)
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n; = (sin a; cos oy

&— (cos oy, -sin ay)

\ 4
X

Figure 10. Influence coefficient.
5.5. Establishing Boundary Conditions
The free stream normal velocity component is foasd

RHS i = ~(Uw Vo ){sin @i cosqa;) (39)

Specifying the boundary condition equation for efch 1
to N) of the collocation points results M linear equations
with the unknownsg; (j =1 toN+1)

ai;r a2 v AN+ 1%
1

Qg1 Az -+ A2N+1

yz =

(40)

RHS:
RHS >

aANN +1 RHS;

ani anz - Vst
-

An additional condition must be established in orte
obtain a unique solution that is Kutta conditionhiet
specifies that the circulation at the trailing edgast be zero:
yre=0.

For our model, the circulation is given by = y1+ yne1,
and the Kutta condition is

71+t 1= 0 (41)

This extra condition is added to the system of &goa to
give:

Ua) | b1 bz -

Ue|_|b21 bz -

b1N+1 V1 erol

bonsa| V2 |,|Uen2 (43)
Ues) [bna bz - bansaf Vnsz) (Uews

which gives the tangential velocity at each airfamillocation

point.

5.7. Computation of the Pressure

The Bernoulli equation applied to a streamline et
the upstream infinity and a point on the airfodsrface
gives:

1 1
p+=pui=p,+=p0,U3 (44)
2 2

1 1
SOIP= P, += P US ~ = PU3 (45)

2 2

P-p ug

then:Cp = ®_=-1-=£& 46
050,U% uz (46)

We can thus compute the pressure coefficient dt aiafoil
collocation point.

5.8. Computation of the Aerodynamic Coefficients

As shown in Figure 11, the elementary fordgsand fy;
acting on panglis obtained as:

fy =ij(yj+1_yj) and f; :ij(Xj+1_Xj)

Cp;

(1, 1)

Panel j

(x5

Q1 &2 - a4 RHS
a1 a2 - anNa yl RHS,
ani anz - awdl| ), RHS,
1 0 .. 1 N+L 0

The above set of equations can be solvedyftwy using
standard methods of linear algebra.

5.6. Calculation of the Velocity

A4

Figure 11. Elementary forces on panel j.

By doing this for each panel and by adding the elatary
forces the total load applied to the airfoil isaibed §,, Fy).
The lift coefficient is then the component of F mat to the

The velocity is obtained by adding the tangentialg,, direction:
components ofy,v) of each panel to the tangential component

of the external flow velocity.
So, we have to build tHé x N+ 1 matrixb of coefficients;

such thati ~ )yt

Where: t; = (COS i - sin a'i) and the vector Ugof
terms:Ue, = - (U, V,).(COSa;, -Sing; )
Then, we have

C,_=—sina.|:x+cosa.|:y 47)

6. Computational Code and Test Cases

The flow along the tandem blade will be studiedngsi
different simulations for various relative bladesjtions. In all
the tandem models, the front blade is fixed and¢lae blade
varies its position as a function of the axial aadgential
displacements.
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Two different approaches are chosen to identify thblade with respect to the front blade. All the thsgments

influence of location of the rear blade in the tamd
arrangement:

* The blade is positioned in such a way that theeenar

gap nozzle effects between the blades.

* The blade is positioned in the vicinity of the lireg edge

of the front blade in order to create a gap noaeda.

A "Visual Basic" code was developed using lineagragth
vortex-panel method to predict the aerodynamicqretance
of tandem blades for various relative blade pos#jd-igure
12.

6.1. Initial Configuration

TANDEV. COMPRESSCR BLADE (C4) PROGRAM
AN FLAP Blade Profile
— a5 w 0 1 1 20 )
1000] 0.00 1000 w00
anE | 001 |40 00 a3 el
TN 0.02 [ |00 e
Tive | God [ 000 P N,
o] 0.06 [0.675 0106
T3] 0.07 [o7a1[ 007
58] 0.0 [0.581 109
0415/ 0.08 [0.415 008 Velocity
o005 [0 005 600
2] .02 [0.02 002 40
#
5 200 - "‘\
0 060
200 T £00. ( 3
0 il
] ool [ | 2 o X
wooi[ce ooz | |5 7, v
T ) #
T02] 0.0 [0.02[ 00 000 {
W06 [ 0 4200
TN 0.6 [La| 08 R X
L
T 0.0 [ 00 Pressure Costhisient
T 0.0 [ 0.0 0
TN 007 [ 007 w0
TR 0.05 [V 005 B T
0; o5 ) ——
| | s P ‘
oo || e f
Lo
&
5000
Fow Calaulation ‘
0000
11 CoeFFicin: 00
1495266023 a0

Figure 12. Tandem blade program profile.

The first step in the investigation is to charaetethe flow
when the second blade of the tandem blades isiquoesit in
the "no gap nozzle effect”, Figure 13. The intéoacbetween
the two blades is only evident in terms of the wakthe front
blade that affects the flow behavior along the rageament. To
characterize the influence of the second blade tipaosi
different values are given for the axial and tarnigén

displacements of the second blade. Figure 14 shaws

graphical representation of the front blade'sitrgiedge with
the possible second blade locations in terms ofattial and
tangential displacements. There are a range of thréal
displacements that varies between 0 and 0.2 armchgerof
five tangential displacements that varies betwedrs Gnd
-0.15. These two ranges represent relative positidhe rear

(axial/tangential) are measured from the trailidge of the
front blade.

Front Blade

PK

Figure 13. Tandem blade arrangement with "no gap nozzle area" between the
profiles[7].

Figures 15-19 show the influence of the rear blaakgtion
on the pressure coefficient and velocity distribo§. The
axial displacement for all figures is set to 20%tef chord of
the front blade. Table 3 illustrates the relatiesifions of the
tandem blades for the case of "no gap nozzle éffect

6.2 Inlet Conditions

The incoming flow has a free-stream velocity afk, an
angle of attack of 8and an inlet flow angel of 35

=0.15

t=0.1

Figure 14. Terminology of relative positions of tandem blades.

Table 3. Relative positions of the tandem blades

Axial displacement [a] Tangential displacement [t] Comments

0.2 0.0
0.2 0.1
0.2 0.15
0.2 -0.1
0.2 -0.15

The second blade is positioned in the viscousfieg®mn of the first blade
"No gap nozzle effect" between the two blades
"No gap nozzle effect" between the two blades
"No gap nozzle effect" between the two blades
"No gap nozzle effect" between the two blades

7. Results and Discussions
7.1. Original Blade Configuration

Figure 15a shows the relative positions of tand&dds for

a =202 1=
distribution of the tandem blades when the secdadebis
positioned in the viscous-free region of the frbfgde. The
velocity distribution for the forward blade showssteady
constant acceleration on the suction surface owet wf the

0. Figure 15b demonstrates the vslocit
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chord length. On the pressure surface, the velakitps to a Blde Pofle

low value (-4) and then increases upilC = 0.3. Then, for i

00 0.50 100 150 200 2
0.3<x/C <0.97, velocity is almost constant. A small sudden 0'10
drop of velocity is found at/C = 0.97, followed by a rise in 'M
Xic

velocity toward trailing edge.

.50

2Y

010

For the rear blade, on the suction surface, thecitgldrops

to a low value (-12) followed by a steady rise ag/€ = 0.97. Figure 15a. Relative positions of tandem blades, a= 0.2, t= 0.
Then, a sudden drop occurs toward the trailing e@gethe

pressure surface, the velocity is almost constaet most of Velocity

the chord. Then, velocity drops suddenly towardstthiling 600

. . . . 4.00
edge. This is a consequence of the interaction dmivthe 200

. . . e 0.00 T T T ﬁ
wake of the front blade and the velocity field lne tvicinity of .z.ooOV_m_"\(oo :
the suction surface of the rear blade. Eien
Xic

v(i)

For the front blade, Figure 15¢ shows almost cansta Prer

pressure on the suction surface due to the steadgtant 4200
-14.00

acceleration mentioned previously in Figure 15bmifair

behavior is noticed on the pressure surface exagphe
leading and trailing edges.

For the rear blade, on the suction surface, thespre F———
diffuses steadily tillx/C = 0.1. Then, pressure drops in the | *®
range 0.1/C <0.6 followed by a steady rise inthe range 0.6<| o &
x/C <0.9. Finally, the flow separates at the trailetige due to 400
the low flow-momentum produced by the low veloditythat o000
region as shown in Figure 15b. On the pressureaseyfthe © 2000
pressure is almost constant for most of the chord. o

Figures 16-19 llustrate the velocity and pressure| i
distributions of the tandem blades when the readélis 6000 =
positioned atg4 =0.21 =0.1), @=0.21 =0.15), 6=0.2f = -0.1)
and @ =0.2f = -0.15). Generally, there is almost no difference

Figure 15b. Ve ocity distributions, a= 0.2,t = 0.

Figure 15c. Digtributions of pressure coefficient, a= 0.2, t = 0.

in pressure and velocity distributions with theficase, when

the rear blade is placed at the wake of the frtaddo@ =0.21 o = oo BleFolle 10 0 0
=0.0). ot
In Figures 15-19, it is clear that the flow behadtong the |7, A
suction surface of the front blade is not affedigdhe relative 000 | | |
position of the rear blade. This may be explainedaa |,

consequence of the no-interaction between the blade

. . .. . Figure 16a. Relative positions of tandem blades, a=0.2,t = 0.1.
However, there is a noticeable variation of the imanm 'u Ve posit

negative pressure at the leading edge of the dadebThis Vaty
may be attributed to a higher inlet velocity to tiear blade
due to its relative axial position.

The negative value @@, fort = - 0.15 is smaller than that of
t=-0.1. Similar behavior is noticed for the twsea o = 0.1
andt = 0.15.

It was not possible to obtain results for the tandgades = xie

N

with a> 0.2 and > 0.15 because the model did not converge Figure 16b. Velocity distributions, a= 0.2, t = 0.1.
due to massive flow separation on the suction sarf# the
rear blade. Pressure Coefficent
Figure 20 illustrates the lift coefficient of thear blade at 2222
fixed axial displacementa(= 0.2) and different tangential ¥ o Yoo [ : 280
displacementst) _ oo
The lift coefficient increases as the rear blades gavay § o
from the front blade. This may be attributed to theak 40000
interaction between the two blades. Maximum val@idifb 12000

coefficient is recorded at= -0.1. 0 xic

Figure 16c. Digtributions of pressure coefficient, a=0.2,t = 0.1.
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Figure 17a. Relative positions of tandem blades, a=0.2, t=0.15.
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Figure 17b. e ocity distributions, a=0.2, t = 0.15.
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Figure 17c. Distributions of pressure coefficient, a=0.2, t= -0.1.
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Figure 18a. Relative positions of tandem blades, a=0.2, t= -0.1.
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Figure 18b. Ve ocity distributions, a= 0.2, t = -0.1.
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Figure 18c. Distributions of pressure coefficient, a=0.2, t=-0.1.
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Figure 19a. Relative positions of tandem blades, a=0.2, t=-0.15.
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Figure 19b. Vel ocity distributions, a= 0.2, t = -0.15.

Pressure Coefficient
20.00

0.000. 0.50 WBG B 2 2.50
+20.00 7/
-40.00
-60.00
-80.00
-100.00
Xic

CP(l)

=120.00

Figure 19c. Distributions of pressure coefficient, a=0.2, t=-0.15.
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Figure 20. Lift coefficient of rear blade at fixed axial displacement a = 0.2
and different tangential displacements (t).

As a collection of the results that were shown iguFes
15-19, Figures 2la and 21b illustrates the velocity
distributions on the front and rear blades, respelgt
Generally, it is clear from Figure 21a that theaflalong the
pressure surface of the front profile is slightbcdlerated in
comparison to the case of tangential displacement @).
However, the velocity on the suction surface varies
considerably depending on the relative locatiorthef rear



blade. Figure 21b demonstrates that that thereésyalimited
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Figure 22a shows the pressure distribution on thatf

effect of the relative location of the rear bladetbe velocity blade. On the pressure surface, there is a bigaser of the
distributions on both the suction and pressureased of the negative value of the pressure near the leading ddg to the

rear blade.
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_ tandemblada=0.2, t=-0.15

Figure 21a. Vel ocity distribution on front blade, "No gap nozze effect".

300

1.00

Velocity

A0
20

-5.00

v

.00

-5.00

A1.00

300

1.60 180 200 .20

Xic

tandemblada=0.2, 1=0.15

- tandemblada=0.2,t=0.1
tandemblada=0.2,t=0
tandemblada=0.2, t=-0.1
tandemblada=0.2, t=-0.15

Figure 21b. Vel ocity distribution on rear blade, "No gap nozz e effect".
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Figure 22a. Pressure distribution on front blade, "No gap nozze effect".

changes of velocity in this region (Figure 21a).t@&suction
surface, the pressure values increase or decrepsading on
the changes of velocity (Figure 21a) accordinghtorelative
position of the rear blade.

Again, Figure 22b shows minor effect of the relativ
position of the rear blade on the pressure digiobe on both
the suction and pressure surfaces (similar to Eigdb).
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Figure 22b. Pressure distribution on rear blade, "No gap nozze effect".

7.2. Variable Camber Blade

The concept of changing the camber of the reareblad
usually used to vary only the blade stagger ofstaéor rows
in case of "no gap nozzle effect", Figure 23. Thesatility of
the tandem (rear) blade lies on its variable logdiapability.
This may be achieved by changing the stagger ofr¢ae
blade only; and thereby increasing the overall candf the
blades.

Inlet metal angle
is decreased

Figure 23. Increasing overall camber of the two tandem blades.
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Several test cases were considered to demonstiate
increase in overall camber of the tandem bladeshlayging
the stagger of the rear blade in the range fromt@060
relative to the front blade.

Figure 24a demonstrates the case of the staggkr aintpe
rear blade equals to 1@ith relative positiora=0.2,t =-0.1
in respect to the front blade. The velocity disitibns, Figure
24b, show an increase in velocity levels on boéhftont and
rear blades as compared to the corresponding cakenw
change in the stagger angle of the rear blade (&it8b). The
increase in the velocity level of the front bladg@iobably due
to the increase of the loading of the front blade do the
change in the stagger angle of the rear blade. aMiié
increase in the velocity level of the rear bladdus to better
inlet flow angle to the rear blade, i.e., good flpath over the
suction and pressure surfaces of the rear bladefoAthe
pressure distributions of the front and rear bladegure
24c there is a noticeable increase in the presgahaes
especially near the leading edge of the rear blade
comparison to the corresponding case with no chamgee
stagger angle of the rear blade (Figure 18c). Tiéy be
attributed to velocity changes (Figure 24b).

Figures 25-30 illustrate the change of the veloatyd
pressure distributions for different stagger andles, 20,
30°, 4@, 50, 60) of the rear blade relative to the front blade.

Figure 31 shows the variation of the lift coeffitieof the
rear blade with the stagger angle. It is clear that lift
coefficient increases with the increase of stagggle due to
increase in flow attachment to the surface of fadétill 50,
where it reaches a maximum value of 2.312. Theam,lith
coefficient starts to decrease due to flow sepamatHence,
the increase of camber becomes less beneficiad. vidiue of
2.312 is a considerable increase of the lift coffit when
compared to the original configuration, Figure @®ere the
maximum value was 1.4.
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Figure 24c. Distributions of pressure coefficient, a=0.2, t= -0.1, rear blade
stagger angle 4 = 10°
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Figure 25a. Relative positions of tandem blades, a=0.2, t= -0.1, rear blade
stagger angle A = 15°.
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Figure 25b. \elocity distributions, a= 0.2, t = -0.1, rear blade stagger angle
A=15°
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Figure 24a. Relative positions of tandem blades, a=0.2, t= -0.1, rear blade
stagger angle A = 10°.
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Figure 24b. Vel ocity distributions, a= 0.2, t = -0.1, rear blade stagger angle
A= 10°

Figure 25c. Distributions of pressure coefficient, a=0.2, t= -0.1, rear blade
stagger angle 4 = 15°.
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Figure 26a. Relative positions of tandem blades, a=0.2, t=
stagger angle A = 20°.
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Figure 26b. Vel ocity distributions, a = 0.2, t = -0.1, rear blade stagger angle

A= 20°
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Figure 26c¢. Distributions of pressure coefficient, a=0.2, t= -0.1, rear blade

stagger angle A = 20°.
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Figure 27a. Relative positions of tandem blades, a=0.2, t= -0.1, rear blade

stagger angle A = 30°.
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Figure 27b. Vel ocity distributions, a = 0.2, t = -0.1, rear blade stagger angle
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Figure 28a. Relative positions of tandem blades, a=0.2, t=
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Figure 28b. elocity distributions, a= 0.2, t = -0.1, rear blade stagger angle

A= 40°
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Figure 28c. Distributions of pressure coefficient, a=0.2, t= -0.1, rear blade Figure 29c. Distributions of pressure coefficient, a=0.2, t= -0.1, rear blade
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Figure 29a. Relative positions of tandem blades, a=0.2, t= -0.1, rear blade Figure 30a. Relative positions of tandem blades, a=0.2, t= -0.1, rear blade
stagger angle A = 50°. stagger angle 1 = 60°.
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Figure 30b. Velocity distributions, a= 0.2, t = -0.1, rear blade stagger angle

Figure 29b. Vel ocity distributions, a = 0.2, t = -0.1, rear blade stagger angle
A= 60°

A =50°.
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Figure 30c. Distributions of pressure coefficient, a=0.2, t= -0.1, rear blade
stagger angle A = 60°.
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Figure 31. Lift coefficient variation of the rear Blade with its stagger angle.

Figure 32a illustrates velocity distribution onrftdlade for
different staggered angles of the rear blade, "Np gozzle
effect". It is evident that the flow is highly infnced by the
change in stagger angle of the rear blade. Thigante is
presented as a blockage effect that causes a |foner
velocity in the proximity of the trailing edge ohet pressure
surface with increasing the stagger angle. Itse ahown that
the lowest velocity on the pressure surface ocuailrsn the
rear blade is set at a stagger angle &f %@is is due to the
increase of the blockage effect. Generally, on shetion
surface, the velocity increases with the increasetagger
angle of the rear blade.

Figure 32b shows velocity distribution along tharrblade.
On the pressure surface the velocity decreases thith
increase in stagger angle of the rear blade. Wétlirtcrease in
the stagger angle, the inlet flow angle to the rbkde
increases. On the suction surface, the contratlyetgressure
surface occurs. The velocity increases with theciase of the
stagger angle of the rear blade and reaches a maxivalue
at a stagger angle of 50

Figure 33a shows the pressure distribution on flbatie
for different stagger angles of the rear blade, §dp nozzle
effect”. On the pressure surface, it is shown fhassure

87

increases with increasing the stagger angle ofdhe blade
due to the decrease in velocity on that surfacexgfained
previously in Figure 32a. While on the suction aoe, the
pressure increases by small amounts with increasistiggger
angle.

Figure 33b demonstrates the pressure distributiomear
blade for different stagger angles of the rear déldtlo gap
nozzle effect". The pressure distributions on hbthpressure
and suction surfaces have the same pattern ofdhe flade
except for the increase in pressure limits of & blade as
compared to the front blade.
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Figure 32a. Velocity distribution on front blade for different stagger angles of
the rear blade, "No gap nozzle effect”.
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Figure 32b. Ve ocity distribution on rear blade for different stagger angles of
the rear blade, "No gap nozzle effect”.
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Figure 33a. Pressure distribution on front blade for different stagger angles
of the rear blade, "No gap nozze effect".
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Figure 34. Geometry configuration, " Gap nozze effects’.

This part of the investigation was conducted tessshe
advantage of a tandem cascade with the presengapf
nozzle geometry between the blades as opposecetowth
single blades acting independently. The study ideran the
bases of the static pressure distribution alongbthdes and
the lift coefficient. The final gap-nozzle paramstehat
describe the area between the profiles are sumedhriz
Table 4 for the various tested cases.

Table 4 Gap nozze effect, tandem blades

CP()

-320.00

Axial displacement [a] Tangential displacement [t] F1/F2
-0.08 22

-0.87 -0.1 1.86
-0.06 3.33
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Xic
Tandema=-1.2, t=-0.1,A=30
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Tandema=-1.2, t =-0.1,A=50
- Tandema=1.2,t=-0.1A=60

Figure 33b. Pressure distribution on rear blade for different stagger angles of
therear blade, "No gap nozze effect".

7.3. Gap Nozzle Effect

7.3.1. Geometry Configuration

The gap nozzle effects appear in the tandem bladies
the rear blade is positioned in the vicinity of thaling edge
of the front blade. The zone between the blades lman
represented as a convergent gap with an inlet atidt@rea
characterized by the distandes andF2, respectively, Figure
34.

Therefore, the relatioRr1/F2 gives a measure of the flow
acceleration by the presence of the nozzle cordigum. In
this section the ratioFl/F2 is used as a characteristic
parameter for each test case of tandem blades.

The tangential displacements that satisfy the dmmdi
fixed by the gap nozzle inlet and outlet ratio weadculated
graphically using Excel. An example of the procedis
depicted in Figure 35 for tandem blades WithF2 equal to
2.2 and axial distance of -0.87. In the FiguretBB,value of
F1=0.11 and~2=0.05, thus the ratio B1/F2 = 2.2.
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Figure 35a. Relative positions of tandem blades, a = -0.87, t= -0.08, rear
blade angle relative to front blade=40, F1/F2=2.2.
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Figure 35b. Velocity distributions of tandem blades, a = -0.87,t = -0.08, rear
blade stagger angle = 40, F1/F2 = 2.2.
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Figure 35c. Pressure digtributions of tandemblades, a = -0.87,t = -0.08, rear
blade stagger angle = 40, F1/F2 = 2.2.
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Figure 36a. Relative positions of tandem blades, a = -0.87, t= -0.1, rear blade

anglerelative to front blade=40, F1/F2=1.86.
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Figure 36b. \elocity distributions of tandem blades, a = -0.87, t = -0.1, rear
blade stagger angle = 40, F1/F2 = 1.86.
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Figure 36c. Pressure distributions of tandem blades, a = -0.87,t = -0.1, rear
blade stagger angle = 40, F1/F2 = 1.86.
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Figure 37a. Relative positions of tandem blades, a = -0.87, t= -0.06, rear
blade angle relative to front blade=40, F1/F2=3.33.
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Figure 37b. el ocity distributions of tandem blades, a = -0.87,t = -0.06, rear
blade stagger angle = 40, F1/F2 = 3.33.
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Figure 37c. Pressure distributions of tandem blades, a = -0.87,t = -0.06, rear
blade stagger angle = 40, F1/F2 = 3.33.

7.3.2. Test Cases

From the results of Figures 35-37, it is noticedttthe
relative position of the rear blade does not distilve flow
along the suction surface of the front blade. Hebkavior is
expected because the interaction between the tadeblis
inexistent in this surface. Thus, the flow behavi®rquite
similar to the flow along the blade acting alone.

So, it is noticed that there is an initial acceiiera up to
60% of the chord from the leading edge; then, ke Gtarts
decelerating in the range from 0.6 < x/C < 0.98pfeed by
steep diffusion towards the trailing edge.

Nevertheless, it is appreciable that if the tanigént
displacement of the rear blade is quite large, Wwhieans low
values ofF1/F2 ratio, the flow is slightly more decelerated
than the corresponding flow on the suction surfaica rear
blade with no gap nozzle. This fact is attributed imass flow
balance between the gap nozzle area, where theh@wow
momentum, and the flow channel between the two
consecutive tandem blades.

On the pressure surface of the front blade, ivident that
the flow is highly influenced by the gap nozzle ar@his
influence is presented as a blockage effect thates an
increase in flow velocity in the proximity of theoft blade
trailing edge.
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Figure 38a illustrates a comparison between théowsr
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phenomenon, which is presented as a decremene dfaiv

values ofF1/F2 for the front blade with a =-0.2. It is cleartha peak velocity in the gap nozzle area.

the lowest velocity on the pressure surface ocualrsn the
ratio F1/F2 is the highest. It is also appreciable that whren t

For all cases, the gap-nozzle geometry prevents flogy
acceleration at the suction surface of the rearfilero

ratio F1/F2 increases, there is an increment in the blockageherefore, it is said that the peak velocity of thar blade is

effect. The flow behavior, on this surface, showsoastant
deceleration up to the gap channel limit. Thereaftee flow
enters into the gap nozzle area and the velocityeases
towards the trailing edge of the blade. This betwaig due to
the nozzle effect in the gap zone.

Velocity

Tandem a=-0.87, t =-0.06,f1/f2=3.33
----- Tandem a=-0.87, t =-0.1,f1/f2=1.86
== Tandem a=-0.87, t =-0.08,f1/f2=2.2

Figure 38a. Velocity distribution on front blade for different arrangements,
"Gap nozze effect".

Figure 38b shows that, on the pressure surfacheofdar
blade and for high values &f/F2, the flow is forced to go
along the pressure surface of the rear blade die tolockage
phenomenon in the gap nozzle area, which is predeas a
decrement of the flow peak velocity.

Thus, the momentum transfer on the suction surd@tke
rear blade is not sufficient to ensure the no presef flow
disturbances. The low-momentum flow at the inlethaf gap
zone is responsible for the flow separation atrdse part of
the rear blade. Thus, an increase of the totaéfoissexpected
because the blade operates in stall conditions.

Concerning the pressure distribution on the frolatdé,
Figure 39a, it is demonstrated that, as seen beaforte
velocity distribution, the relative position of thear blade
does not disturb the flow along the suction surfafcthe front
blade. Thus, the flow behavior is quite similartbe flow
along the blade acting alone. On the suction serfdme flow
is slightly more accelerated with the larger valudsthe
tangential displacement of the rear blade, lower values of
F1/F2. Also, the flow is more accelerated for all caséth
"gap nozzle effect" in comparison to the correspogdiow
on the suction surface of tandem blades with "ro m@zzle
effect”. This is due to the blockage effect., as the ratio
F1/F2 increases the blockage effect increases.

Figure 39b shows the pressure distribution onehe bblade.

On the pressure surface, for high valueg b2, the flow is
forced to go along the pressure surface due tdlihekage

influenced by the relative position of the bladesaitandem
cascade. In all cases, the flow is characterize@rbynitial
acceleration, which is limited by the nozzle geamatp to
the gap-channel influence limit. Thereafter, a tanis
deceleration towards the trailing edge is evident.

Velocity

Tandem a=-0.87, t =-0.06,f1/f2=3.33
————— Tandem a=-0.87, t =-0.1,f1/f2=1.86
== Tandem a=-0.87, t =-0.08,f1/f2=2.2

Figure 38h. Welocity distribution on rear blade for different arrangements,
"Gap nozze effect”.
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Figure 39a. Pressure distribution on front blade for different arrangements,
"Gap nozze effect”.
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Figure 39b. Pressure distribution on rear blade for different arrangements,
"Gap nozze effect".

Figure 40 illustrates the lift coefficient of reatade at
different gap nozzles between the front and readdal In all
cases, it is noticed that the gap-nozzle geomeighhh
influences the peak velocity on the suction surfaicine rear
blade. It is also concluded that if the rear bled®cated in
such a way that the gap-nozzle geometry promotiisisat
flow guidance for efficient momentum transfer om trear
blade suction surface, the rear blade shows higher

This is very clear for the cases where the gapieaaea is

1.86 and 2.22. In these two cases, the gap-nozda a

promotes sufficient guidance on the rear bladerémtlts in a
higher pressure difference across the blade, Figifie
However, the opposite occurs for gap-nozzle are8.88,
which does not give enough flow guidance on the dede.
Thus, lower pressure difference distribution is fiduand
consequently, lower lift is obtained in comparigorthe two
cases that were mentioned previously.

Lift Coefficient

3.9
3.8 -

3.7 4

Le

34 -
3.3 4
3.2 4

3.1 4

1.5 2 25 3 3.5
Gap Nozzle Area

Figure 40. Lift coefficient of rear blade at different gap nozzes between the
front and rear blade.
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8. Conclusions

In this study, a numerical investigation of the ashg
two-dimensional flow for compressor tandem bladess w
carried out.The interaction mechanism between the two
blades was inspected by varying the relative positf the
two bladesBased on the above results and discussions, the
following conclusions are obtained:

1.

2.

4

5

6.

Although, it is not shown in the paper, validatiointhe
present model and methodology was carried out tivith
study of [14]. Based on comparisons between thegpite
results and those of [14], it was clear that thespnt
model and methodology are suitable for the present
study.

The deflection capability of tandem blades is highan

that of a single blade. This increase of deflectingle is
attributed to the no-presence of flow separatioth wie
increase of loading.

.If the rear blade is positioned in the wake of ftont

blade (no gap nozzle effect), there is a decreadidt i
coefficient as a consequence of the velocity defiwat
causes flow disturbances on the suction surfaceénef
rear blade.

.When the rear blade is located in the viscousregen

and there is "no gap nozzle effect", the tandenddsa
show an increase in the lift coefficient. This is a
consequence of the interaction between the wakbeof
first blade and the velocity field in the vicinitf the
suction surface of the rear blade.

.In all cases, it was noticed that the gap nozztengsry

highly influences the peak velocity on the sucsanface
of the rear blade due to the accelerated flow engap
nozzle channel.

If the second blade is located in such a way thatgap
nozzle geometry promotes sufficient flow guidanoe f
efficient momentum transfer on the suction surfafcihe
rear blade, the rear blade shows higher lift thendase
of two blades with "no gap nozzle effect".

. The presence of the rear blade in the proximityhef

pressure surface of the front blade causes a deotem
the flow velocity. This decrement is characterizeda
blockage effect that increases with the increas¢hef
ratio F1/F2 and vice versa.

.For higher values oF1/F2, the gap nozzle geometry

does not promote sufficient flow guidance for affit
momentum transfer on the suction surface of the rea
blade. Therefore, the lift decreases for higheueslof
F1/F2. On the other hand, when the rear blade is
positioned in such a way that the gap nozzle enesghe
wake of the front profile and promotes sustainexvfl
attachments on the suction surface of the reareh(tu:
wake having low momentum is filled up by the high
momentum flow near the suction surface of the rear
blade), the lift increases.
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Nomenclature

Vo1
Vo2

oo ® A<

Axial distance

Chord

Chord length of front blade
Chord length of rear blade
Lift coefficient

Pressure coefficient
Overall chord length

Inlet gap distance

Outlet gap distance

Lift

Mass flow rate

Shaft power

Blade spacing

Tangential displacement
Velocity inx-direction

Blade speed at radiug
Blade speed at radiug
Velocity iny-direction
tangential velocity at radius
tangential velocity at radius
Inlet velocity

Inlet velocity at rear blade
Outlet velocity

Attack angle

Rear blade relative angle to front blade
Relative inflow angle

Relative outflow angle

Deviation angle

Vortex strength

Circulation

Stagger angle

Density

Camber angle

Abbreviations

FB
RB

Front blade
Rear blade
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