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Abstract: Quantification of the loss generation of ducted contra-rotating fan (CRF) blades is difficult
to achieve, since there are no guide vanes between rotors. A blade design program was established to
investigate the relationship between radial velocity distribution and incurred loss. Numerical and
experimental techniques were used to confirm the optimal configuration’s overall performance. The
relationship between loss and velocity distribution under the impact of spanwise load distribution
was confirmed by the entropy contour from various perspectives. The appropriate radial velocity
distribution can improve the operating efficiency of a CRF by reducing the entropy around the
annulus under design and near-stall conditions. This regularity could provide some strategies in the
design of contra-rotating blades.

Keywords: radial velocity distribution; contra-rotating fan; entropy production; numerical simulation

1. Introduction

A contra-rotating fan (CRF) has a unique configuration compared to traditional fans.
There are no guide vanes between its front and rear rotor, and its contra-rotating rear rotor
(RR) cancels out a large proportion of the swirl resulting from its front rotor (FR). Therefore,
the kinetic energy of the swirl can be recovered and utilized directly. In response to increas-
ingly challenging global energy and environmental problems, this compact configuration
has developed in many areas, such as high bypass ratio engines [1], unmanned aerial
vehicles [2], and ventilation systems [3], due to its high power-to-weight ratio.

Using a CREF, the flow can be propelled further out of the outlet than traditional fans.
However, wake interactions and periodic effects are more obvious, and cause considerable
loss generation. In addition, the increase in degrees of freedom brings a significant challenge
for loss-reducing designs.

In recent years, there have been very few research reports on reducing the losses
of subsonic CRFs. Inspired by the wing angle structure of large migratory birds, Gao
et al. [4] used bionic methods to improve the blades’ aerodynamic performance, reducing
the generation of shedding vortices. Their wing angle structure divided the blade into
upper and lower parts and caused the airflow passing through the upper half of the blade to
flow toward the blade tip, which destroyed the conditions for generating the tail-shedding
vortex. Their wing angle blade tip generated smaller entropy production with decreased
velocity components. Therefore, the total pressure efficiency was increased by 7.24% at
the design condition and by 11.32% on average under the entire flow condition. At the
same time, the total pressure increased by 1.76% and 3.88%, respectively. Tuhin et al. [5]
followed the degree of reaction formula to redesign their counter-rotating fan blade shape.
The swirl resulting from its front rotor is completely canceled out by its rear rotor. They
investigated four ratios of aerodynamic loading—(1) 50-50%, (2) 55-45%, (3) 60—40%, and
(4) 65-35%—in the front and rear rotor, respectively. They found that increasing the loading
in the FR would result in a tip losses increment and consequent axial gap losses. Because
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additional flow blockage was created in the tip area, the flow in the rest area accelerated
more than was desired, which caused the RR blade to operate at the off-design condition
and led to higher vortex-induced losses.

For single-stage blades, to improve the performance of a low-pressure axial flow fan,
Ding et al. [6] adopted bending and twisting laws constructed by Bézier curves. After the
optimization with a non-dominated sorting genetic algorithm, the spanwise load distri-
bution of the fan blade became more uniform and led to a less adverse pressure gradient.
Therefore, the corner separation at the trailing edge was inhibited, which increased its
maximum efficiency by 5.44%. Pan et al. [7] introduced a spatially non-uniform dihedral
design method to reduce losses of NASA Stage 67 by about 7.7%. The design strategy was
implemented by modifying its stacking line. Generated blade force in the radial direction
near the end wall drove the low-momentum fluids near the blade tip to move toward the
mid-span section. Thus, this dihedral design method could smooth velocity variation in
the radial direction without affecting its tangential velocity component. In addition, the
flow separation intensity was weakened by reducing the blade load near the trailing edge.
Chuang et al. [8] enhanced the flow capacity of a fan by optimizing its stacking line, which
could increase the blade’s average axial velocity along the spanwise direction and reduce
the tip leakage flow loss by reducing the tip leakage vortex intensity, which weakened
its influence on the downstream area. Adjei et al. [9] improved the performance of an
axial flow fan by adjusting blade parameters, such as twist, sweep, and hub thickness
distribution. They found that optimized velocity distribution could improve the separation
distribution and enhance flow stability, which reduced flow losses at the hub and shroud
areas. Kim et al. [10] examined the effect of an airfoil’s maximum thickness position on
an axial fan’s aerodynamic performance. They summarized that the highest performance
could be expected due to narrowed loss region near the hub when the maximum thickness
position was at 30% of the chord length. They concluded by summarizing the effect of
maximum thickness position on the blade loading and velocity distribution. The result-
ing change in the incidence angle near the blade tip influenced the trajectory and loss
generation of the tip leakage, recirculation, and backflow.

To sum up, the essence of loss reduction is to realize the appropriate load and velocity
distributions achieved from a better blade shape. However, there is still no clear path to
finding a suitable distribution for CRF blades. There is also little research on the relationship
between radial velocity distribution and the loss generation for CRFs.

In this article, a CRF in a ventilation system was studied to improve its operating
efficiency. One objective of this study is to find an appropriate radial velocity distribution
form for a CRE. Another objective is to figure out the loss generation mechanism of contra-
rotating blades in terms of their radial velocity distributions. Consequently, a blade design
program mentioned in the abstract was established to investigate the relationship between
the radial velocity distribution of contra-rotating blades and their loss generation. This
work provides some advice on the design strategy for contra-rotating blades from the
perspective of loss generation. The research procedure can be divided into four parts. The
primary content includes the design method, numerical and experimental test techniques,
verifications, and regularity analysis.

All abbreviations and subscripts are listed in Abbreviations part.

2. Design Method and Variable Scope

As mentioned above, the overall performance of a contra-rotating fan (CRF) mainly
depends on the axial spacing between the blades and the load distributions [11,12]. There-
fore, the blade design program was established to generate CRF blades by setting the axial
spacing and blade profile to investigate the relationship between aerodynamic parameters
and loss generation. The design specifications are listed in Table 1. The basic geometric
parameters of the channel and blades were decided upon by the national standard of
the People’s Republic of China, which regulates the basic types, sizes, parameters, and
characteristic curves of fans [13]. For the convenience of production, this standard also
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requires the same motor specifications for both FR and RR of a CREF, resulting in the same
nominal speed. In the present article, the load allocation ratio (FR/RR) equal to one helps
to reduce the research variables and eliminate the effect of load allocation at a rotor scale.

Table 1. Design specifications.

Characteristics Value

Tip diameter (mm) 602
Hub/tip ratio 0.598

Tip clearance (mm) 1.5
Rotational speed (rpm) 2950
Blade number (FR/RR) 13/11

Speed ratio (FR/RR) 1/1

Mass flow rate (kg/s) 9.14
Total pressure rise (Pa) 4860

Total pressure rise ratio (FR/RR) 1/1

In this blade design program, S1/52 stream surface theory [14] simplifies and decom-
poses complex three-dimensional flow into two types of three-dimensional flow surface:
51 (blade-to-blade surface) and S2 (meridional surface). In addition, axisymmetric and
incompressible assumptions [15] were also adopted to simplify the flow. The NACA-65
series profiles were utilized in this phase. According to corrected incidence and deviation
angle data [16], these profiles perform well in low subsonic compressors. An end wall
losses model (containing secondary flow losses) established by Howell [17] was cited and
embedded in the program. After several iterations, the final blade geometry can be received.
The main steps of the program are summarized in Figure 1.

[ Determining design point parameters ]

A 4

[ Determining the overall channel parameters ]

A 4

[ Checking D-factor and the matching of motor power ]

A 4

4{ Calculating aerodynamic load of blade sections ]

A 4

[ Calculating the geometric parameters of blade profiles ]

A 4

[ Correcting incidence and deviation angles ]

v

[ Correcting efficiencies of blade sections with loss model J

) 4

No

Yes
A 4

[ Blade geometry ]

Figure 1. Main steps in the CRF blade design program.
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2.1. Axial Spacing

In this blade design program, length ratio x is expressed by Equation (1) to describe
the axial spacing that is illustrated in Figure 2.

axial spacing = x(Ipg +Igg) ~ x € [0.5, 1] 1)

where [ is the length of the mean chamber line at the mid-span of blades, and subscripts
stand for different rotors.

ﬁ Axial spacing

Hub spacing

‘ ﬂ Trailing edge

—Blade root Blowtin od
. Ci ne cdge
——The mean chamber line - g s

Figure 2. Definition sketch used for axial spacing.

The lower boundary of x is 0.5. If x is smaller than 0.5, the FR trailing edge (TE) is
close to the RR leading edge (LE). The upper boundary of x is 1 because the efficiency of
CREFs starts to drop when x is around 0.8, which will be discussed later.

2.2. Blade Profile

The blade profile was determined by the load distribution, which also affects the radial
velocity distribution and loss generation. In this article, the load distribution of the FR is
expressed by Equation (2). To maintain total pressure as a constant along the RR blade’s
TE, the RR’s total pressure rise distributions are complementary to the FR’s.

Pt, FR = Coniiantp (2)
P, rr = Py, £s — P, FR
By solving the Euler turbine equation,
0P, 9(ACy)
T ©)

the variation in AC, = (AC,, 7 — AC,, 1) can be calculated along the radius. Ideal velocity
triangles along the radius are shown in Figure 3.

Each triangle includes velocity components near the LE and TE of the front and RR
blades. It is apparent in Figure 3 that C,,, reduces with an increasing radius while Cg, rises
(from a negative value to a positive value).

According to the balance equation,

(4)

10P 1 [ 1 a(rcu)2+ac§1

por 2|12 or or
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axial velocity distributions with different exponents near the FR TE and RR TE are il-
lustrated in Figure 4a,b. Twelve pairs of velocity distribution values were calculated to
generate blade profiles for subsequent loss investigation. When a < 1, axial velocity (the
axial component of absolute velocity), Cy;, and Cy4, increase along the span. Moreover,
C,, is faster than Cy, around both shroud and hub. On the other hand, when a > 1, Cy,
decreases along the span while Cy, is still increasing.

Radius 4
C]_u= aclz/a T=O
=C2u :C2z
CZz C4z
A x A vy
—*FR LE
7.FR TE ’ / CZZ C4z
RRTE -~/ .
/ ' ‘ CZZ Cs,
P / / L | ) AN +
C,

Figure 3. Definition sketch of ideal velocity triangles at the mid-span, hub, and tip sections
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Figure 4. Axial velocity component distributions at the (a) FR TE and (b) RR TE.

It is worth pointing out that the exponents’ lower and upper boundaries are 0.25 and
1.3, respectively. Outside of the boundary, the blade profile at the RR blade root starts to
behave like profiles in a turbine with negative turning angles, as listed in Table 2.
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Table 2. Turning angles at the RR blade root.

Characteristics Values
Exponent a 0.2 0.25 0.3 1.2 1.3 1.35
BLE (degree) 67.9 67.8 67.7 65.9 65.8 65.7
BtE (degree) 68.6 60.4 57.8 55.4 57.8 68.0
Ap (degree) -0.7 7.4 9.9 10.5 8 —2.3

3. Simulation, Experiment, and Verification

Both numerical and experimental techniques confirmed the effectiveness and accuracy
of the mentioned blade design program. The numerical technique was also utilized to
generate sufficient data for subsequent regularity analysis. The following are details of
these test techniques.

3.1. Numerical Technique

The numerical simulations were executed using the ANSYS-CFX solver after dividing
the control volumes into structured grids in the TURBOGRID module. An eddy viscosity
model, the k-w-based SST (shear stress transport) turbulence model [18], was selected for
steady-state simulation (Reynolds-averaged Navier-Stokes [19]). This turbulence model
combines the advantages of the k-¢ model (good at predicting high Reynolds number
flow in the outer region) and the k-w model (good at predicting low Reynolds number
flow in the viscous sublayer and buffer layer) by using two functions, blending function
F1 as a multiplier and blending function F2 as a viscosity limiter, to formulate the eddy
viscosity [18], which could have a better prediction of the shear stress in the boundary layer.
To meet the requirements for the k-w model to predict the velocity distribution of a low
Reynolds number flow in the viscous sublayer, which obeys the logarithmic law of the wall,
the first element offset parameter near the wall, y+, was set as 1. The resulting settings
were saved as a template in the WORKBENCH platform to ensure operational consistency
in different simulation cases.

The flow medium was the ideal gas. The control volume was divided into five
parts: inlet pipe, FR passage, row spacing, RR passage, and outlet pipe, as shown in
Figure 5. Frozen rotor interfaces connected the parts to deal with the multiple frames of
reference. Atmospheric (atm) parameters were 298.15 K and 1 atm. The flow was normal
to the boundary at the inlet. The outlet mass flow rate was set to determine a specific
operational condition.

Figure 5. Control volume layout.

The grid sensitivity analysis experiment was performed on the validation case (a = 0.5,
x = 0.8), and the results are listed in Table 3. The total pressure rise and efficiency calculated
by the third and fourth groups of grids were similar and tended to be stable, so the third
group was adopted here.
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Table 3. Grid sensitivity analysis for the validation case.

FR RR Total Relative Total Relative
Surrounding  Surrounding Pressure Change Rate Pressure Change Rate

Nodes Nodes Rise (Pa) (%) Efficiency (%)
264,082 205,625 4357 - 0.8806 -
361,907 313,050 4379 0.00515 0.8846 0.00449
476,752 365,384 4394 0.00328 0.8865 0.00223
704,030 533,352 4396 0.00062 0.8875 0.00112
957,263 668,519 4398 0.00041 0.8885 0.00111

3.2. Experimental Technique

The test rig was built according to ISO-5801 standards (category C) [20]. Figure 6
shows its layout and testing fundamentals. D3 equals the tip diameter of the CRF. A motor
control center drives two three-phase asynchronous motors (2950 rpm, 30 kW). Since both
motors connected to a rotor directly, their outpower was calculated through line voltage
and current. The efficiency of the motor is 92.7%, and its power factor equals 0.89. A
honeycomb was placed downstream of plane-5 (PL-5) to homogenize the incoming flow
through the conical mouth and damper (adjusting mass flow rate). In each plane, static
gauge pressure was collected from four evenly distributed measuring holes on the test pipe,
and the weighted average value was finally adopted. They were measured using SETRA
268 and scaled at +5 kPa, with an accuracy of +1.0%. Atmospheric temperature (T,,;) was
measured using THT-N263A (maximum range up to 50 °C) at Plane 4, with an accuracy
of £1.0%. Atmospheric pressure (P,;) was measured using SETRA 276 (ranging from
80 to 110 kPa) with an accuracy of +0.25%. All of the accuracy meets the requirements of
ISO-5801 standards.

L Motar Control Center
lepy R HREE
: : : : Front rotor Reur rolor
| V
> '[z'ﬂm‘ Pm‘m\ Pgau_gc—j‘ I)gamged E AC 380V
: 777777777777777 £~ 77 ]‘ 77777 H
075D, Dy 3D, _
| | | |
PL-4 | PL-3 PL—‘l PLT2
PLIL_5 ‘ ! ‘;“F ront rotor Rear rotor’, !
i e
7)Y I B —

Damper |

f
Test pipe Test fan
Figure 6. Test facility layout.

According to standards, the mass flow rate, q,; (kg/s), was calculated according to the
pressure difference between the atmosphere and Plane 5,

dm = f(Patmr Tatm, Pgauge—Sr D4)
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The test fan’s total pressure rise, P; (Pa), was calculated according to the pressure
difference between the atmosphere and Plane 3. N, (kW) is motor power;

P = f(Putm/ Tatm, Pgauge—3/ Pgauge—S/ D3, Dy, Ne)

Therefore, total pressure efficiency is

MTest = met
es Om N,
where p;; (kg/ m?) is the average density between Planes 1 and 2. N, (kW) is rotor power.

3.3. Velocity Distribution Verification
The accuracy of the design program was confirmed by the axial velocity component

distributions at the FR and RR TE (x = 0.8). In Figure 7, CFD results fit well with the
expected distribution in Figure 4a,b. However, because of frictions on the annulus walls
(no-slip wall in the boundary), the CFD results deviate from the design values around the
hub (below 10% span) and shroud (above 85% span). At tip clearance, the main flow cannot
receive the energy from the blade directly, together with the interaction with leakage flow,
which leads to the main flow’s velocities (axial component) decreasing more around the
shroud than the hub. Moreover, the velocity of the main flow around the shroud decreases

further when it passes the RR shroud.
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Figure 7. Comparison of axial velocity component distributions against CFD results (a) at the FR TE

and (b) at the RR TE.

3.4. Overall Performance Verification
The accuracy of the simulation technique was confirmed by testing the overall aerody-

namic performance of the test case (7 = 0.5, x = 0.8) made of the 7075 aluminum alloy. Blade

profile data are listed in Table 4.
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Table 4. Blade profile data of test fan (2 = 0.5, x = 0.8).

FR Blade RR Blade

Hub Mid Tip Hub Mid Tip

Inlet relative flow angle (degree) 52.80 61.15 65.59 67.12 68.30 69.18
Outlet relative flow angle (degree) 29.24 4818 55.18 51.93 60.62 64.80

Solidity 15 1.06 1.00 1.5 1.14 1.00

Incidence angle (degree) -098 —1.60 0.16 -1.24 0.72 3.97

Camber angle (degree) 31.38 21.07 19.19 25.30 11.93 5.68
Stagger angle (degree) 51.91 37.78 34.17 34.29 28.38 27.63
Length of the mean camber line (mm) 195.75 13534 14548 231.34 18520 171.93

Blade maximum thickness ratio 0.1 0.08 0.06 0.1 0.08 0.06

The test results at the design point are compared in Table 5. The simulation error of
total pressure rise against its design value is 2.6%, and the error of efficiency against its
design value is 0.7%. In addition, because of flow friction around the annulus and leakage
flow through the tip clearance [21], there is a 4.5% loss in flow capacity compared to the
designed mass flow rate.

Table 5. Comparison of results at design point.

Characteristics Design Values  CFD Results  Test Values

Mass flow rate (kg/m?) 9.14 8.73 8.79

Entire stage total pressure rise (Pa) 4282 4394 4219
FR total pressure rise (Pa) 2202 2261 -
RR total pressure rise (Pa) 2075 2132 -
Flow efficiency (vs. design) (%) - 0.955 -

Entire stage total pressure efficiency (%) 0.881 0.887 0.839
FR total pressure efficiency (%) 0.906 0.913 -
RR total pressure efficiency (%) 0.854 0.860 -

The comparison of overall performance is shown in Figure 8. The tendency of the
simulation results fits well with the test data. The test pipe (category C) could ensure the test
accuracy of total pressure at Plane 1 but not at Plane 2 due to the ignorance of the rotational
kinetic energy at the outlet. Therefore, the tested total pressure at Plane 2 is slightly smaller
than the simulation results (around 3.5%), which also leads to underestimating the real
total pressure efficiency. Moreover, because of flow losses from supporting rods, radiator
covers of motors, and rotor spacing (necessary for counter-rotating), the max test error of
efficiency is around 4.8%.

1.0

0.9 _o-0—0—9©
0.8 - og®-e
I o g

e —e—CFD
0.6 A O Test

Total pressure efficiency

|
|
|
|
|
05 T T T T % T T T
w ° }
o 6000 + B
= G |
|
|

Nay

S o

S o

ISERS
1 1
jul

Total pressure rise

|
|
3000 |
|
I

N
o
o
o

T T T
7.0 75 8.0 85 9.0 9.5 10.0
Mass flow rate (kg/s)

Figure 8. Comparison of CFD results against test data.
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The tendency of the simulation results fits well with test data, which means the
above numerical technique can be utilized to generate data sets for the subsequent
regularity analysis.

4. Regularity Analysis

Using the design program mentioned in Section 2, 72 pairs of CRF blades were built
with different exponents and length ratios, listed in Table 6, for regularity analysis. Their
aerodynamic performances at the design point were obtained using the numerical technique
mentioned in Section 3.

Table 6. Levels of exponent and length ratio.

Characteristics Levels
Exponent a 0.25,0.3,0.4,0.5,0.6,0.75,0.8,09,1,1.1,1.2,1.3
Length ratio x 0.55,0.6,0.7,0.75, 0.8, 0.95

4.1. Efficiency Analysis

The tendencies of stage efficiency (the stage refers to control volumes from the FR
passage to the RR passage in Figure 5) versus exponents are illustrated in Figure 9. For
different length ratios, the tendencies are similar: the maximum efficiency is located at
around a = 0.5 for the front stage and around a = 0.3 or 1.3 for the rear stage. The entire
stage’s maximum value is situated at around a = 0.4-0.5.

——x=0.8 —6—x=0.7 —©—x=0.55
—6—x=0.75 —6—x=0.95 x=0.6
0.9285 - S
gg;;g 1 Front stage
0.9240 -
30.9225

Entire stage

Total pressure efficien
o
[e:]
[{e)
o
1

Exponent a

Figure 9. Effect of exponent and length ratio on total pressure efficiency.

Furthermore, Figure 10 presents the effect of the exponent on overall performance.
For comparison with the case design via the free vortex model, cases were selected at
conditions where the exponents were 0.5 and 1.2.

It is evident that when the exponent equals 0.5, the entire stage’s efficiency is the
highest across almost the whole operational state with a tiny work drop. Improvements
are undeniable near the stall point. The efficiency elevates by 1.5% compared to the case
designed under the free vortex model (a = 1).

According to the first and second laws of thermodynamics, the increment of entropy

can be expressed as
dh dp
=T "7, ©)
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As Equation (5) suggests, in a compression system the enthalpy could not only turn
into a useful form, an increase in pressure, but also a harmful form, entropy production.
In this article, the main cause of entropy production is viscous and turbulent dissipation
due to the shear strain of the interaction between wake, vortex structures, and the annulus
boundary layer. These flow phenomena determine the flow losses.

715 7.20 725 7.30 7.35

7.0 75 80 85 9.0 9.5
Mass flow rate (kg/s)

Figure 10. Effect of exponent on overall performance (x = 0.8).

As shown in Figure 11a,b, the improvements are confirmed at the RR TE. Above 80%
of the blade span, the high entropy fluid released from the blade tip is slightly weakened.
Below 20% of the blade span, entropy production is significantly reduced at the boundary
layer of both annulus and suction surface walls.

Static Entropy U kg1 K]

0007 7 3L, S
% BT D% B BIE TG T TG

Figure 11. Comparison of entropy production at the RR TE near the stall state. (From top to bottom:
a=0.5,1, and 1.2, respectively); (a) above 80% of the blade span and (b) below 20% of the blade span.
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4.2. Loss Analysis

For comparison of the loss generated around blades, the spanwise integral of the
relative total pressure loss coefficient is defined in Equation (6),

_ 1.0 span 2(Prel/LEfprel/TE)
Irel, loss = Jo WdL (6)

P,y = Ps +0.5p {Wz — (wr)z}

As shown in Figure 12, the tendencies of the accumulated loss for both blades coincide
with the efficiency curves in Figure 9. The investigated cases are where the length ratio
equals 0.7, 0.75, and 0.8, respectively, because the quasi-extreme value is located near
these cases.

0.051
0.050
0.049
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0.047
0.046
0.045
0.044
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0.042 T T T T T T 1

0.033
0.032
0.031
0.030
0.029

Front blade

Integral of relative total pressure loss coefficient

0.028 4
0.027 4
0.026
0.025 3
0024 T T T T T T 1
0.2 0.4 0.6 0.8 1.0 12 14
Exponent a

Figure 12. Effect of exponent on the spanwise integral of losses.

To interpret loss variations, spanwise loss distributions were analyzed by zooming in
on the cases where a = 0.3, 0.75, and 1.2 (around the quasi-extreme value) when x = 0.8.

As illustrated in Figure 13, when the exponent is around 0.3, the generated loss is the
smallest along almost the whole FR and RR blade span, except above 93% of the blade
span. This phenomenon will be interpreted later in the analysis of entropy production.
Compared with the loss generated in the FR blade channel in Figure 13a, the loss area
increased slightly after the main flow passed through the RR blade tip in Figure 13b. In
contrast, because of the further development of the boundary layer and the interaction with
the secondary flow around the RR blade root (below 10% of the blade span), the generated
loss increased drastically here.

Furthermore, the entropy production was investigated at three specific positions along
the blade span:

At 3% of the blade span, the wake from upstream deflected to the RR blade and
merged into the boundary layer of its pressure surface, which led to an increment of
entropy production near the pressure surface. Thus, the boundary layer and wake were
thickened, as the red rectangles illustrate in Figure 14a. However, when a was around
0.3, reduced FR load (as the red circle shows in Figure 15a) diluted its wake velocity and
weakened its effect on the boundary layer near the RR blade root. With that, the load
of RR could be increased, as illustrated in the red circles in Figure 15b, to generate a
reasonable velocity distribution in Figure 7b, which led to less loss generation, as shown
in Figure 13b.
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Figure 13. Effect of exponent on the loss of (a) the FR and (b) the RR along the spanwise direction (x = 0.8).

Figure 14. Comparison of entropy production at design points. From left to right: a = 0.3, 0.75, and
1.2, respectively, at (a) 3% of the blade span, (b) mid-span, and (c) 94.5% of the blade span.

At mid-span, as the green circles illustrate in Figure 15, the load variation is relatively
tiny with different a. Therefore, the variation in entropy production was subtle in different
cases in Figure 14b. In addition, the RR blade boundary layer was thinned with the reduced
entropy production mentioned above compared to 3% of the blade span.
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Figure 15. Effect of exponent on the load of (a) the FR and (b) the RR along the spanwise direction (x = 0.8).

At 94.5% of the blade span, high entropy flow emerged from the FR blade’s suction
side boundary layer at around the maximum profile thickness. Then, the flow developed
and expanded in the FR channel and merged with the wake generated from the adjacent
blade, as illustrated in Figure 14c. This mixed high entropy flow deflected to the RR blade
and further developed and expanded in the RR channel. Finally, they slammed to the end of
the RR blade’s pressure side, which caused a considerable loss. When a was around 0.3, an
increased FR load (as the blue circles illustrate in Figure 15a) slightly intensified the entropy
production in its wake, as shown in the yellow rectangles in Figure 14c. Consequently, the
entropy production in the RR channel increased.

5. Conclusions

The flow behavior among the CRF cascades is complex. This article aims to investigate
the regularity between the behavior and the incurred loss. Therefore, the blade design pro-
gram was established to help explore the regularity under different velocity distributions.
The regularity was obtained tentatively by analyzing the loss distribution and entropy
production of established CRFs:

e  The efficiency of the entire stage rises with increased x until x equals around 0.8 and
then starts to reduce. The variation tendency of 77 over a is similar under different
values of x: 7 is varied in a A-shaped curve for the front stage, a , /-shaped curve for
the rear stage, and an M-shaped curve for the entire stage.

e  The entropy production of the front stage has a significant influence on the perfor-
mance of the rear stage. Therefore, to reduce the generated loss near the annulus, the
FR blade’s load allocation around the tip and root should be decreased to weaken the
development of tip leakage flow and blade wake to the rear stage.

e Load allocation of the RR blade root should be increased rather than decreased to
improve the performance near the annulus. Matched with the reduced velocity from
the front stage, the velocity components at the TE of the RR blades decelerate further
to comply with the development of the boundary layer near the annulus.

e  Compared with other combinations, the optimal configuration behaves better than
the others under off-design conditions. This configuration is especially superior
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considering the entropy production near the stall point. The development of high
entropy flow near the annulus and blade surfaces can be significantly inhibited.
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Abbreviations

Abbreviations Nomenclature

a Exponent

C absolute velocity, m/s

d tip~hub ratio

h enthalpy, |

I Integral

l length of the mean chamber line at the mid-span of blades, m
N power, W

P pressure, Pa

r radius, m

s entropy, J/K

T temperature, K

W relative velocity, m/s

1Y density, kg/m?3

A increment

7 Efficiency

v total pressure rise coefficient
w angular speed, rpm
Subscripts Nomenclature

Atm standard atmosphere

CRF contra-rotating fan

ES entire stage

e motor

FR front rotor

LE leading edge

m mid-span of the blade

RR rear rotor

r rotor

rel relative

s static

TE trailing edge

t total (stagnation)

u tangential velocity component
z axial velocity component

1,2 inlet, outlet of the front rotor

3,4 inlet, outlet of the rear rotor
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