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A blended-wing-body aircraft has the advantages of high lift-to-drag ratio, low noise, and high economy compared with
traditional aircraft. It is currently a solution with great potential to become a future civilian passenger aircraft. However, most
airplanes with this layout use distributed power, and the power system is on the back of the fuselage, with embedded or back-
supported engines. This type of design causes the boundary layer suction effect. The boundary layer ingestion (BLI) effect can
fill the wake of the aircraft and improve the propulsion efficiency of the engine. However, it causes huge design difficulties,
especially when the aircraft and the engine are strongly coupled. In this paper, an aircraft with a coupled engine configuration
is studied. The internal and external flow fields are calculated through numerical simulation. A realistic calculation model is
obtained through the coupling of boundary conditions. On the basis of the influence of the external flow on the internal flow
under the coupled condition, the influence of the BLI effect on the aerodynamic performance of the fan is investigated.

1. Introduction

A blended-wing-body (BWB) aircraft is a highly viable
and promising layout for commercial aircraft [1–7]. The
high lift-to-drag ratio of BWB aircraft results in small fuel
consumptions [8–11]. This condition creates great eco-
nomic benefits for airlines and meets the basic require-
ments of green aviation development with its low
emissions and low pollution [12]. Boundary layer suction
works by sucking low-energy fluid into the back of an air-
craft so that the engine uses less energy to produce the
same thrust [13]. A power system with boundary layer
ingestion (BLI) effect is placed at the back of the fuselage,
and its ejected gas fills the fuselage wake, reducing the
mixing loss and differential pressure resistance caused by
the speed difference; this condition is beneficial to the air-
craft as a whole [14–16]. However, the BLI effect seriously
increases the intake distortion, affects the pressure ratio
and efficiency of the fan, and brings many difficulties to

the design of the power fan [17]. This paper investigates
the design of the power fan of an airlift-coupled wing-
body fusion aircraft with the BLI effect.

For studies concentrating on the performance of fans
under deviation, some models, such as parallel pressurizer
model and volumetric force model, were used for simplifica-
tion in previous studies due to the difficulty of directly sim-
ulating the deviation and the huge calculation amount of the
internal flow field. These models were applied to simplify the
calculation while ensuring a certain degree of accuracy.
Goldberg et al. [18] developed a method to match propul-
sion system flow and tube flow to simulate the internal flow
field under boundary layer inhalation and validated it with
NASA’s N3-X model. They found that the inlet distortion
affected thrust more remarkably than fan efficiency. Budzis-
zewski et al. [19] used a parallel pressurizer model and Xfoil
to design a 2D fan blade pattern. The calculations show that
the BLI effect can obtain 2.4% power-saving coefficient effi-
ciency and can save power. On the basis of the volumetric
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force model, Guo Jin et al. [20] numerically simulated the
intake distortion of a large-bypass-ratio fan/boost stage
and provided the following conclusions. The distortion
transfer characteristics exhibited at different blade heights
of the large-bypass-ratio fan rotor vary greatly and the total
pressure distortion at the rotor blade tip is smaller than that
at the blade root. Fidalgo et al. [21] studied the interaction
between circumferential total pressure inlet distortion and
a single-stage transonic axial fan, NASA Stage 67, by using
the experimentally validated full-loop 3D nonconstant
Reynolds-averaged Navier–Stokes (RANS) technique. The
results show that the total pressure distortion causes uneven
static pressure distribution and significant circumferential
and radial airflow angles in areas with small rotor inlet radii.
The induced circumferential airflow seriously influences the
work capacity of the entire rotor channel and causes the total
pressure distortion to be transmitted to the entire rotor
flow path.

In this paper, a realistic computational model of the cou-
pling with boundary conditions is investigated for coupled
BWB aircraft. The effect of external flow on internal flow
in the coupled case and the effect of the BLI effect on the
aerodynamic performance of the fan are explored.

2. Models and Methods

2.1. Models. The outflow object studied in this paper is a dis-
tributed power BWB-350 aircraft model and the design
parameters are shown in Table 1.

The BWB-350 uses a powertrain of two turboshaft
engines as power generators, driving seven power fans to
provide thrust. The 3D model of the outflow part of the
powertrain consists mainly of the fairing, S-shaped inlet,
and nozzle, with the inlet and outlet boundaries of the
outflow placed in front and behind the power fans to real-
istically simulate the boundary layer inflow into the fan
area. The power system is arranged with the two turbo-
shaft engines in the middle, and the power fans are evenly
arranged at the rear of the fuselage center. In this paper,
the outflow powertrain inlet and outlet areas; initial spread
length; longitudinal length and aerodynamic shape of the
BWB aircraft, initial inlet, and outlet boundary conditions;
and flow rates are based on the BWB-350 scheme, which
is partially designed by the group. The initial design
parameters of BWB-350 and power system are shown in
Table 2.

The internal flow of the electric propulsion-powered fan
used in the abovementioned BWB aircraft is investigated.
This aircraft is powered by a turboshaft engine, with an inlet
duct, a primary fan (including rotor and stators), and a
rectangular tail nozzle design. The design parameters of
the distributed power system are shown in Table 3.

The power system is mounted on the aircraft in a
semiembedded manner, and the external fairing shape is a
low-drag wing type. Its inlet in the outflow section is a
rectangle with the same total area as the nine engine inlets,
as shown in the fairing in Figure 1, to simplify the
equivalent. The two cores and the seven power fans inside

the fairing are shown in Figure 1, with a 2D illustration of
the power fan interior shown in the plan view to the right.

The two cores are ignored because this paper focuses on
the power fan section. The 3D structure inside the power fan
is shown in Figure 2. It mainly consists of the inlet, the pri-
mary fan (including the stators and rotors), and the con-
stricted tail nozzle.

The paper fan leaf type is established according to liter-
ature [22], and the 3D leaf Shan channel is developed on
the basis of the leaf type. The blade geometry parameters
are shown in Table 4.

2.2. Methods. The commercial software Fluent is used for the
internal and external flow field calculations in this paper. For
the external flow part, the 3D constant RANS is used as the
control equation, and the second-order accuracy solution
based on an implicit coupled pressure solver is selected.
For the external flow, considering that the cruise Mach num-
ber of the BWB-350 is 0.85, the Spalart–Allmaras (S–A)
model is adopted because it is more accurate than other
turbulence models in solving the airfoil aerodynamic

Table 1: Overall design parameters of BWB-350.

Overall parameter BWB-350

Cruise altitude (m) 11000

Cruise Mach number (Ma) 0.85

Gliding speed (m/s) 72

Maximum takeoff weight (kg) 230000

Cruise lift-to-drag ratio (K) 23

Table 2: Initial parameters list of BWB-350 and power system.

Design parameters Design values

Fuselage length (m) 44.6

Spread length (m) 68.2

Reference total area (m2) 560

Average aerodynamic chord length (m) 10.2

Engine section length (m) 5.88

Inlet location from leading edge (m) 35.6

Inlet area (m2) 18.53

Tail nozzle outlet area (m2) 14.68

Table 3: Distributed power system parameters of BWB-350.

Overall parameters

Axial length of fan section (m) 1.08

Maximum outer diameter of engine (m) 1.964

Inner diameter of engine (m) 0.9

Number of fan stages 1

Rotor–stator ratio 1 : 2
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parameters in the subsonic flow field. Also, the solving
processes are targeted at optimizing the airfoil, so it is also
more accurate for capturing the separation and transition
of the outflow airfoil. In addition, as an equation model, it
consumes fewer computing resources and converges faster.
This is also why S–A model is widely used in reasons in
the aviation sector. The object surface uses a no-slip bound-
ary condition. The engine inlet boundary condition is the
pressure outlet, and the tailpipe outlet boundary condition
is the mass flow inlet.

For the internal flow section, a single-channel model is
used to simulate the entire flow field numerically by means
of periodic boundaries. The k-epsilon turbulence model is
used although the k-omega or SST model is shown in the lit-
erature to be more accurate for the wall separation and tran-
sition capture of the internal flow, the k-epsilon turbulence
model is used in the actual calculations because it is best to
converge, and the other two turbulence models have non-
convergence. A 3D double accuracy, pressure implicitly
coupled constant solver, scalable wall functions, and energy
equations in second-order windward format are utilized.

2.3. Method Validation

2.3.1. External Flow Field. In this paper, only the longitudi-
nal aerodynamic parameters are analyzed. Considering the
computational cost, only the half mode of the aircraft is cal-
culated numerically with a C-H structural grid. The fuselage
length of 40 times is chosen for the far-field chordal direc-
tion. As it can be seen from Tables 5 and 6, at a grid height
of 5.00E−05 and a grid density of 3.3 million, the lift coeffi-
cient CL and drag coefficient CD of the aircraft tend to be sta-
ble. Therefore, the grid with a density of 3.3 million and a
first grid height of 5.00E−05 is used for subsequent
calculations.

2.3.2. Internal Flow Field. The same 3D model is built from
the data given in literature [23], and the corresponding com-
putational grid is created. The grid is shown in Figure 3.

The calculation grid of the internal flow field used in this
paper is verified, and the specific values are shown in
Tables 7 and 8. The total pressure of the inlet and outlet
increases first and then decreases, and the flow rate does
not change with the decrease in grid height. Considering
the calculation cost and calculation accuracy, the grid with
a density of 950,000 and a grid height of 1.00E−05 of the first
layer is selected for subsequent calculations.

Power fan interior

Fairing

Power fan
core machine

Figure 1: Diagram of inner outflow model.

The wind sectorInlet
The primary fan

S type inlet Exit

Figure 2: Power fan model.

Table 4: Blade geometry design.

Overall parameters Design values

Blade chord length (m) 0.1273

Leading edge radius (m) 0.00114

Trailing edge radius (m) 0.00157

Installation angle (°) 14.2

Trailing angle (°) 14.4

Grid distance (m) 0.254

Table 5: Verification of the first layer grid height of 3D outflow
field.

Grid density
(million)

Height of first
grid layer

CL CD K

3.0 3.00E−04 0.310745 0.014405 21.572

3.0 1.00E−04 0.311045 0.014417 21.575

3.0 5.00E−05 0.314045 0.014437 21.752

3.0 3.00E−05 0.314682 0.014438 21.795

Table 6: Verification of grid density of 3D outflow field.

Grid density
(million)

Height of first
grid layer

CL CD K

1.0 5.00E−05 0.304928 0.015642 19.497

2.0 5.00E−05 0.312245 0.014854 21.021

3.3 5.00E−05 0.314682 0.014437 21.797

4.3 5.00E−05 0.314945 0.014237 21.917
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After verifying the irrelevance of the grid, the pressure
coefficient data of the pressure surface and suction sur-
face are intercepted from the results of the verification
calculation example at the position of 50% blade height.
The comparison with those obtained through Cascade’s
blowing experiment in the literature is shown in
Figures 4 and 5.

The pressure coefficients on the pressure and suction
surfaces correspond well to the data in the literature under
the same calculation conditions as the experiments, with a
maximum error of less than 6%. The experimental and
numerical calculations show essentially the same trend in
the pressure coefficients with chord length. The reason
why the suction surface at the leading edge has a difference
with the experimental results is that the geometry of the

intercepted data is slightly different but is the same as the
experimental data in the trend. Therefore, the results of the
grid using the above design method can be considered accu-
rate and reliable.

3. Coupling Model and Verification

3.1. Internal and Outflow Iterative Method. In the traditional
design, the aircraft and the engine are designed separately.
This condition causes inconsistent calculation conditions
when they are assembled after the design. This paper studies
the establishment of the internal and external flow coupling
model to obtain a design model that is close to the physically
realistic calculation conditions and to obtain an integrated
flight and engine design model. Therefore, simulating the
distribution of the airflow from the back of the aircraft into
the fan inlet at high altitude cruise conditions and the aero-
dynamic parameters on the boundary between the power-
train and engine sections of the aircraft under these inlet
conditions is necessary to obtain a computational model that
facilitates the codesign of the aircraft engine. Most previous
studies used a 1D model or the equivalent of the parallel
compressor principle to calculate the aerodynamic data for
the inlet flow. In this paper, a direct 3D modeling of the
fan blades and a 3D numerical simulation are adopted.
The grid verification calculation conditions are shown in
Table 9.

Figure 6 shows the 3D model of the internal flow fan
blade and the grid division. A single-channel model with a
periodic boundary is used to simulate the full circumference,
and a periodic interface condition is utilized to connect the
rotor part and the static subpart grid. The grid division on
the connection surface is the same, so as to ensure the
accuracy of data transfer.

X

Y

Z

Figure 3: Blade grid partition.

Table 7: Verification of the first layer grid height of the 3D internal
flow field.

Grid
density
(million)

Height of
first grid
layer

Flow
rates
(kg/s)

Total inlet
pressure
(Pa)

Total outlet
pressure (Pa)

0.95 5.00E−04 4.3 4902 5066

0.95 2.00E−05 4.3 5037 5221

0.95 1.00E−05 4.3 5152 5184

0.95 5.00E−06 4.3 5088 5209

Table 8: Grid density verification of 3D internal flow field.

Grid
density
(million)

Height of
first grid
layer

Flow
rates
(kg/s)

Total inlet
pressure
(Pa)

Total outlet
pressure (Pa)

0.70 1.00E−05 4.2 4928 5078

0.95 1.00E−05 4.3 5152 5184

1.20 1.00E−05 4.3 5069 5200
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Figure 4: Comparison of pressure coefficients between
experimental and numerical results.
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The velocity inlet is used to define the inlet boundary
condition for the internal flow, and Figure 7 shows the
velocity distribution for this inlet condition.

For the outflow calculations, the same model of BWB
aircraft with distributed propulsion system is used, and the
relevant calculations for its longitudinal aerodynamic char-
acteristics are conducted. The main results are shown in
Table 10.

Considering the advantages and disadvantages of com-
putational cost and convergence, a cruising angle of attack
of 3° is adopted as the final angle of attack for the subsequent
coupling with the internal flow.

Finding the boundary conditions where the total pres-
sure and temperature and flow rate are consistent in the
numerical calculation of internal and external flows is
necessary. MATLAB is used to automatically iterate over
the calculated flow field and output results. Fluent is utilized
to solve the internal and external flow fields to achieve the
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Figure 5: Pressure distribution.

Table 9: Internal flow grid verification calculation conditions.

Overall parameters Design values

Total inlet temperature (K) 294

Total inlet pressure (Pa) 104365

Inlet Mach number (Ma) 0.25

Static outlet pressure (Pa) 101325

Reynolds number 700000

Figure 6: Three-dimensional model and grid of first-order stator.
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purpose of iterating over the boundary conditions. The iter-
ative process is shown in Figure 8.

Figure 9(a) shows the inlet and outlet boundaries of the
aircraft’s powertrain. The A-A′ boundary is the exit section
of the inlet tract, where the fan is located, and the B-B′ sec-
tion is behind the fan section, which is the exit boundary of
the outflow powertrain. As shown in Figure 9(b), the C-C′
section is the inlet boundary of the internal flow, and the
D-D′ section in front of the tailpipe is the outlet boundary.

The internal and external flow fields are calculated sepa-
rately due to the difference in scale size. The internal and
external flow boundaries shown in Figure 9 are the boundary
conditions that need to be iterated. The aerodynamic data of
the A-A′ section and the C-C′ section need to be consistent.
The aerodynamic data of B-B′ and D-D′ are consistent,
which is regarded as the completion of the iteration.

3.2. Coupled Model Iteration Results. With the change in
intake airflow, the aerodynamic data of outflow are shown
in Table 11. With the increase in the flow rate at the inlet
and outlet boundaries of the outflow, the total pressure at
the inlet and outlet increases. The static pressure at the outlet
increases first and then decreases after the flow rate reaches
1000 kg/s.

Two typical states, 810 kg/s and 984 kg/s flow states, are
selected for analysis. Figures 10(a) and 10(b) show the pres-
sure distribution of the aircraft at different inlet flows.
Figures 10(c) and 10(d) show the velocity distribution of
the two states.

From Figures 10(a) and 10(b), the pressure in front of
the inlet is higher at lower flow rates. This condition indi-
cates that the flow rate is smaller compared with the flow
capacity, resulting in a blockage at the inlet. As shown in
the velocity distribution at the top of the fairing in
Figures 10(c) and 10(d), the velocity near the inlet tract is
significantly high, indicating a significant overflow. The final
iteration of the internal flow converges around this flow rate,
as shown in Table 12.

The final result of internal and external couplings is
shown in Table 13.

On the basis of the inlet and outlet boundary condi-
tions at the coupling point and the numerical simulation
of the outflow field, the lift and drag coefficients are
higher than in the previous model designed for outflow
only, but the lift-to-drag ratio is lower, as shown in
Figure 11.

The temperature of the internal and external flow cal-
culation results is slightly different due to the restriction of
boundary conditions. From Table 13, the outlet total pres-
sure, static pressure, and flow rate are similar. The results
of internal and external flow total pressure have a differ-
ence of 7%. This difference is due to the fact that the out-
let Mach number of the external flow field cannot exceed
1. Thus, a certain value of static pressure limits the total
pressure, and the difference between internal and external
flows in this part is slightly large. The total inlet pressure
of the outflow field is a result of the boundary conditions
and the forced constraint on the inlet area of the outflow
dynamical system. The calculated inlet static pressure
value is constant regardless of the flow rate because the
inlet area leads to a constant flow rate. Therefore, the cal-
culation of pressure ratio and other data is still subject to
the calculation result of internal flow. Under this condi-
tion, the two calculations are close to each other and are
consistent with the physical state at high altitude.

550
500
450
400
350
300
250
200
150
100
50

Speed

Figure 7: Inlet velocity distribution under pressure inlet condition.

Table 10: Calculation results of the longitudinal characteristics of
outflow flow field.

α CL CD Cm K

0 −0.1442 0.0155 0.0448 −9.30323
3 0.3618 0.0160 0.0050 22.5949

5 0.7175 0.0373 −0.0345 19.2359

7 0.9000 0.0802 −0.0346 11.2220

10 0.9500 0.1600 0.0100 5.9375

Note: α is the angle of attack. CL is the lift coefficient. CD is the drag
coefficient. Cm is the moment coefficient. K is the lift-to-drag ratio.

Coupled model

Pressure
speedSolution

of
internal flow field

Solution
of

outflow field
Flow

Flow
=

boundary condition

Equilibrium solution

Yes

No

Figure 8: Iterative flowchart of inward and outward flows.
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4. Influence of BLI Effect on the Aerodynamic
Performance of Fans

4.1. Comparison with and without BLI Effect. The calculation
condition with BLI inlet is the inlet velocity distribution
curve calculated using the user-defined function (udf) simu-
lation of the outflow field as described above. The corre-
sponding calculation condition for the unbounded layer
inlet is the same total flow rate as with the udf velocity inlet
by using an inlet boundary condition with a fixed inlet veloc-
ity value. The two calculations are conducted with boundary
conditions coupled to the outflow, and the results are com-
pared, as shown in Table 14.

As shown in the data in Table 14, at the operating point
of the coupling with the outflow, where the two flows are
essentially the same (the inflow flow is the total flow of nine
engines), the values of the total inlet pressure with and with-
out the BLI are 50754 and 49389Pa, respectively. However,
the total outlet pressure differs considerably in comparison,
with a difference of approximately 6.2% between the two.
This condition results in a large difference in the boost ratio,
showing that the BLI leads to a reduction in the boost effect.
At the same time, the fan efficiency with BLI is also lower

than that without BLI. Thus, boundary layer inhalation
reduces the pressure ratio and efficiency. The data from
three different cross-sectional positions of the rotor blades
are intercepted for analysis to analyze the reasons for the
reduction. In the position close to the hub, the rotor runner
is a constricted runner to intercept the rotor and the stator.
Starting at 23% of the dynamic blade height is necessary,
which is the first cross-sectional position, followed by
52.4% of the dynamic blade height and 91.26% of the
dynamic leaf height. A comparison between the three
cross-sections with and without BLI is conducted, as shown
in Figure 12.

As shown in Figures 12(a) and 12(b), the BLI leads to
backflow during the static lobe pressurization process,
where the pressure is low, and overpressurization leads
to a localized backflow zone. This condition is caused by
the boundary layer intake bringing low energy fluids in
the part near the hub, thereby leading to a failure to
achieve the design requirements for pressurization. The
flow path without BLI flows normally, and the intake dis-
tortion does have an effect.

As shown in Figure 12(c), the condition with BLI still
produces vortices in the static subpart, affecting the flow
quality. The intake distortion affects the entire flow path
from the root to the tip of the blade, all with varying degrees
of turbulence. As shown in Figure 12(d), no backflow occurs
for the situation without BLI in the section closer to the
magazine, where the inflow of gas is at a high speed for
two conditions.

As shown in Figures 12(e) and 12(f), the cross-section
near the hub in the two operating conditions has a chaotic
flow field partially because of the constricted flow path,
which is essentially near the hub wall in the static subsection
and has chaotic vortices. The BLI has the lowest velocity
because the incoming flow in this cross-section is all low-
energy fluid near the wall. The uniform inlet section has a
boundary layer due to the influence of the part of the wall.
The boundary layer develops because of the influence of a

A

A’ B’

B

(a)

C

D

C’

D’

(b)

Figure 9: Fan inlet and outlet section diagram. (a) Outflow part of the dynamic system. (b) Internal flow part calculation.

Table 11: Iteration data of 3D outflow field.

Flow
rates(kg/s)

Total inlet
pressure (Pa)

Total outlet
pressure (Pa)

Outlet static
pressure (Pa)

810 33,662 49,038 28,698

874 34,072 52,558 29,957

940 34,406 56,697 30,435

984 34,619 59,868 29,904

1002 34,710 61,293 29,501

1023 34,822 63,009 29,093

1134 35,782 71,615 29,095
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Figure 10: Aircraft pressure nephogram and velocity distribution on the upper surface of power system fairing under different flow rates. (a)
The intake flow is 810 kg/s. (b) The intake flow is 984 kg/s. (c) Fairing velocity distribution at 810 kg/s. (d) Fairing velocity distribution at
984 kg/s.
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part of the wall, thereby creating phenomena, such as back-
flow and separation that affect the flow quality and aerody-
namic performance.

As clearly shown in Figure 13(a), the pressure at the
trailing edge of the rotor is significantly higher in the case
of without BLI than in the case with BLI. This condition cor-
responds with the flow diagrams at different blade heights,
indicating that the BLI affects the entire flow path and that
the flow is extremely chaotic at the 52% blade height posi-
tion of the rotors. Separation vortices appear in the static
subsection, making the boosting effect of the entire primary
fan significantly ineffective. A low-pressure zone can be
observed in Figure 13(b) at the bottom of the blades and
extending upward, indicating that the influence of the low-
energy fluid is spreading from the bottom to the top of the
blades, affecting the overall fan performance.

4.2. Influence of the Number of Fan Blades. This paper
investigates the effect of the number of blades on the perfor-
mance of the fan under the power system model with BLI
effect in the airfoil-body fusion layout, with a total of three
blades for numerical calculation: 15, 18, and 24 dynamic
blades. The three layouts use the same blade type, mounting
angle, and twist angle. The flow rate versus pressure ratio
curves is obtained by varying the magnitude of the pressure
being applied.

4.2.1. At Sea Level. The performance of the three blade quan-
tities at sea level is first estimated for comparison purposes,
and the results of the calculations are shown in
Tables 15–17.

The data are plotted. As shown in Figures 14 and 15, the
number of blades does not affect the final pressure ratio flow
curve, and the effect on efficiency is mainly reflected in
whether or not it works near the design point. Different cas-
cade densities have different efficiency curves, which follow
essentially the same trend. With the increase in the number
of rotor blades, the pressure ratio of 24 rotor blades is higher
at lower flow rates. However, the 24 rotor blades do not
produce the same pressure ratio as the model with fewer
blades at higher flow rates. The fan efficiency of the 15 rotor

blades is significantly lower at the same pressure ratio, with a
maximum fan efficiency of 83%. The 18 rotor blades reach
86%, and the 24 rotor blades reach around 85%, giving a bet-
ter overall performance for the 18 rotor blades.

The 15 and 18 rotor blades curves show a similar
pressure-flow curve, with some pressure ratio differences at
low flow rates. However, they are mostly identical at high
flow rates presumably because the difference in the number
of blades is small, resulting in a small difference.

From the fan efficiency data, 15 rotor blades are unsuit-
able, in this design state the efficiency is low, leading to poor
pressure ratio and efficiency. The fan efficiency of 18 blades
is higher than that of 24 blades. In a comprehensive view, 18
blades are a better solution in the sea level conditions.

The pressure distribution is analyzed, and the pressure
distribution clouds for the three models are shown in
Figure 16.

As shown in Figure 16, in the case of 15 rotor blades, a
low-pressure zone appears in the middle of the blade where
the airflow starts to accelerate. In the case of 24 rotor blades,
the low-pressure zone appears at the leading edge of the
blade where the airflow starts to accelerate from the leading
edge. In the case of 18 rotor blades, the low-pressure zone is
somewhere in between. This condition is due to the different
positions of the airflow inlet angle of attack for different
blade numbers with the fixed blade speed.

4.2.2. High-Altitude Cruise State. The number of fan blades
does not significantly affect the fan’s flow to pressure ratio
profile at sea level. However, the focus of this paper is to
investigate the performance gap between different rotor
blade numbers of the powered fan at high-altitude operating
points. Thus, calculations need to be conducted at cruise
conditions. The cruising altitude is 11 km, the atmospheric
pressure and other gas parameters are changed to this
altitude, and the fan model is changed to a 1 : 1 model for
calculation. Three rotor blade numbers were used for
comparison. All three models used for the high-altitude
comparison of different blade numbers are rotor only to
remove the effect of different numbers of static subblades.

Table 12: Numerical calculation results of 3D internal flow field.

Flow rates
(kg/s)

Total inlet pressure
(Pa)

Total inlet temperature
(K)

Total outlet pressure
(Pa)

Total outlet temperature
(K)

Outlet static pressure
(Pa)

984.9 50,754 265.1 64,478 310 31,700

Table 13: Inner outflow field coupling data.

Parameters Outflow data Instream data Percentage difference

Flow rates (kg/s) 940.0 984.9 4.40%

Total inlet temperature (K) 267.9 265.1 1.04%

Total outlet pressure (Pa) 56,697.0 64,478.0 7.00%

Total outlet temperature (K) 309.0 310.0 0.30%

Outlet static pressure (Pa) 30,435.0 31,700.0 4.00%
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The inlet conditions were udf files with boundary layer
velocity type, simulating the boundary layer inhalation at
the back of the fuselage. The above method was used to
investigate the effect of rotor blade number on aerodynamic
performance at cruise operating point conditions. Only the
rotor was used for all blade number comparisons because
the number of stators needs to be matched to the rotor. This
condition can lead to differences in variables. Some of the
calculated data are shown in Tables 18–20.

As shown in the data in Tables 18–20, the model flow
rate is greater at cruising altitude and with only the rotor
compared with the sea level condition because the air is less

dense at cruising altitude and more flow is pumped. The
range of pressure ratio variation is greater at high altitude,
and the pressure ratio is greater than at sea level although
it is still smaller compared with the transformed flow rate
from similar criteria. This condition is consistent with the
conclusion stated above that a smaller flow rate results in a
smaller work mass for propulsion and less thrust. Achieving
the thrust required in cruise conditions is difficult.

Figure 17 shows the pressure ratio-flow curves for differ-
ent blade numbers at high-altitude cruise conditions.

A comparison shows that the pressure ratios at low flow
rates are similar for all three blade counts. However, the
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Figure 11: Calculation results of original boundary conditions and coupling point boundary conditions.

Table 14: Data comparison with and without BLI.

Flow rates
(kg/s)

Total inlet pressure
(Pa)

Total outlet pressure
(Pa)

Total inlet/outlet temperature
(k)

Boost
ratio

Fan
efficiency

Without
BLI

986.0 49,389 68,479 288/329 1.38 65.2%

With BLI 984.9 50,754 64,478 265/310 1.27 43.3%
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Figure 12: Continued.
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Figure 12: Pressure nephograms with or without BLI at different positions of rotor blade height. (a) Leaf height of 52.4% with BLI. (b) Leaf
height of 52.4% without BLI. (c) Leaf height of 91.26% with BLI. (d) Leaf height of 91.26% without BLI. (e) Leaf height of 23.3% with BLI. (f)
Leaf height of 23.3% without BLI.
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Figure 13: High-altitude pressure nephogram without or with BLI effect. (a) Without BLI. (b) With BLI.

12 International Journal of Aerospace Engineering



Table 17: Twenty-four rotor blades.

Flow rates(kg/s) Total inlet pressure (Pa) Total outlet pressure (Pa) Boost ratio Fan efficiency

22.05 106,101 137160 1.292730 0.818845

21.71 105927 138204 1.304710 0.823746

21.14 105879 140320 1.325286 0.841195

20.89 105850 141294 1.334849 0.845656

20.50 105,852 143210 1.352924 0.828095

20.27 105910 144224 1.361752 0.766227

19.71 105980 145096 1.369095 0.787453
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Figure 14: Comparison of the flow-pressure ratio of different blade
numbers.
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Figure 15: Comparison of the fan efficiency of different blade
numbers.

Table 16: Eighteen rotor blades.

Flow rates(kg/s) Total inlet pressure (Pa) Total outlet pressure (Pa) Boost ratio Fan efficiency

22.42 107,451 137,974 1.284064 0.867326

22.09 107,639 139,967 1.300342 0.878934

21.71 107,697 142,030 1.318789 0.843172

21.47 107,791 143,026 1.326883 0.822364

21.09 107,847 143,519 1.330765 0.755491

20.36 108,062 145,496 1.337158 0.682653

19.72 108,185 146,125 1.350712 0.646103

Table 15: Fifteen rotor blades.

Flow rates(kg/s) Total inlet pressure (Pa) Total outlet pressure (Pa) Boost ratio Fan efficiency

22.15 106,857 138,678 1.297789 0.561094

21.7 106,744 140,981 1.320739 0.788289

21.1 106,944 142,848 1.335727 0.829513

20.8 106,946 143,533 1.342107 0.753364

19.969 106,878 144263 1.349789 0.740856
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Figure 16: Continued.
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model with 24 rotor blades shows a sharp drop in pressure
ratio during the flow increase, and the pressure ratio is less
than 1 when small pressure is applied. This condition proves
that the increase in the number of blades does not improve
the pressure boosting capacity at high altitude and dimin-
ishes. The changing trend of 15 and 18 rotor blades is not
much different. The model with 18 rotor blades performs
better than 15 rotor blades in the high flow condition, indi-
cating that at that operating point, 18 blades are a better
choice for rotating speed and number of inlet angles.
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Figure 16: Pressure cloud images of different blade numbers at sea level. (a) With 15 rotor blades. (b) With 18 blades. (c) With 24 blades.

Table 18: Fifteen rotor blades.

Flow rates
(kg/s)

Total inlet
pressure (Pa)

Total outlet
pressure (Pa)

Boost
ratio

52.00 41,149 43,356 1.053634

44.00 41,549 44,456 1.069966

37.70 41,087 50,874 1.238202

31.00 37,955 57,337 1.390657

Table 19: Eighteen rotor blades.

Flow rates
(kg/s)

Total inlet
pressure (Pa)

Total outlet
pressure (Pa)

Boost
ratio

56.60 43,577 45,558 1.045460

46.00 43,138 49,001 1.135913

38.10 40,036 52,164 1.302927

32.30 37,246 58,086 1.359523

29.00 37,327 61,208 1.439778

26.70 37,359 62,893 1.493477

Table 20: Twenty-four rotor blades.

Flow rates
(kg/s)

Total inlet
pressure (Pa)

Total outlet
pressure (Pa)

Boost
ratio

35.22 42,526 43,114 1.013827

31.16 37,507 58,901 1.370400

29.70 37,503 60,837 1.422190

27.00 37,568 62,219 1.456170
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Figure 17: Flow-pressure ratio curve of different blade numbers at
high-altitude cruising point.
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The pressure clouds for the 18 and 24 rotor blades (with
hub and magazine sections) at the high-altitude cruise point
are shown in Figure 18.

With a higher number of blades, the high-pressure area
is smaller at the rear of the blades than with 18 rotor blades,
indicating that fewer blades have a higher boost ratio for the
same intake conditions. As shown in the curves in the graph
above, the pressure ratios of the 18 rotor blades are higher
than those of the 15 rotor blades at the same flow rate in
cruise conditions, which is different from the calculations
at sea level. At high altitude and with BLI, the number of
blades affects the performance of the power fan to a certain
extent, and the speed type of air inlet and the blade twist are
related rather than the more or less number of blades. This
paper shows that 18 rotor blades are suitable for the current
operating conditions.

5. Conclusions

In this paper, a parametric modeling of the aircraft and the
power fan blade is conducted on a BWB aircraft with the
distributed propulsion system. A grid model of the aircraft
and the power fan blade is developed, and the grid indepen-

dence of the internal and external flows is verified and com-
pared with experimental results. A high-precision, fast-
solving numerical calculation method is established for the
internal and external flow fields. Numerical simulations of
the internal and external flows are conducted at the high-
altitude cruise point. Iterations of the power system part of
the external flow and the inlet and outlet boundary condi-
tions of the internal flow are performed until the flow rates
of the internal and external flows and the total outlet tem-
perature, pressure and static pressure are consistent. This
condition is regarded as establishing a coupled model of
the internal and external flows at the operating point close
to the real physical state. On the basis of the coupled model,
the effect of the airflow of the back boundary layer of the
power fan on its aerodynamic performance is studied and
analyzed. The effect of the louvre density on the fan perfor-
mance in the presence of the BLI effect is investigated, and
the relevant laws are summarized. The following conclusions
are drawn.

(1) An iterative method of coupling internal and exter-
nal flows is designed to obtain an internal and exter-
nal flow coupling model at the high-altitude cruise
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Figure 18: Cloud image of the flow field of different blade numbers at high altitude. (a) With 18 rotor blades. (b) With 24 rotor blades.
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operating point. This method can be used as a refer-
ence for future scholars to study internal and exter-
nal flow models

(2) The coupled equilibrium point of the internal and
external flows is given to the inlet conditions where
the internal flow field has a boundary layer. The over-
all performance of the fan is affected mainly by the
way the low-energy fluid creates irregular flow in the
lower part of the blades and affects the static subpart,
with strong separation vortices in the static sub blades
by comparing with the uniform inlet model. This con-
dition results in a reduction of the pressurization
capacity and backflow in the smaller radius of the
fan. Thus, the overall boost ratio of the fan is inferior
to that of the fan model without BLI

(3) On the basis of calculations of the equilibrium point
of the internal and external flow coupling, different
numbers of rotor blades do not significantly affect
the flow-pressure ratio performance curve in the cal-
culation of the sea level condition, where the inlet
and outlet are pressure conditions

(4) In terms of fan efficiency, 15 blades are less efficient,
whereas 18 and 24 rotor blades have similar fan
efficiencies

(5) At high-altitude cruise points with BLI, the pressure
ratio of the 24 rotor blades at high flow conditions
drops sharply, and the ability to do work is worse
compared with models with fewer blades. The pres-
sure ratio of the 18 rotor blades is higher than the pres-
sure ratio of the 15 rotor blades at the same flow rate,
and the performance is better. This condition indicates
that at high-altitude conditions, the effect of cascade
consistency is more pronounced compared with the
ground condition and needs to be matched to the
blade torsion, inlet parameter conditions
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