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1. Introduction

The anti-torque system, including tail boom with
slots and thruster, of NOTAR (no tail helicopter) offers lat-
eral force to balance rotor anti-torque during hover and low
speed forward flight, see in Fig. 1. Air is suctioned into the
tail boom by the inside variable pitch fan through flow inlet
on the upper fuselage. Then, a part of the air jets from nar-
row slots, tangential to the boom surface to form wall jet
flow, which meets the rotor wake and forms circulation con-
trol effect to provide a part of the lateral force. The rest of
air flow jets from thruster at the end of tail boom and pro-
duces the other part of lateral force. The aerodynamic anal-
ysis on anti-torque system is a difficult and topical point for
NOTAR [1].
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Fig. 1 Working principle of anti-torque system of a NOTAR

At present, researches on anti-torque system were
mainly divided into experimental study and numerical
study. The representative experimental works were mainly
focused on aerodynamic characteristics on circulation con-
trolled (CC) tail boom. Vernard [2] tested on circulation
control effect on anti-torque system and gave parameter in-
fluence including position and angle of slots on lateral force
coefficient. Fabrizio [3] divided the flow field into outer
flow field and inner one. Then tested isolate to get their fit-
ted empirical formulas curve. Luo [4] and Zhang [5] tested
on slotted tail boom under fixed flow in wind tunnel and
measured parameter influence on anti-torque system. How-
ever, the experimental methods need a lot of financial and
material resources, more importantly, there existed difficul-
ties in data collection and the results were greatly influenced

by external environments. The numerical methods, which
have advantages of economy and repeatability, have gradu-
ally become an important method on this subject. Henry [6]
gave position of separation point based on experiment and
proposed a method to calculate inner and outer flow field
separately of the tail boom. However, the initial data of iter-
ation was based on experiment, which made the method
hardly to use on pre-research and design of CC tail boom.
Holz [7] proposed a two-dimensional method to analyse aer-
odynamic characteristics of cross section of the tail boom
and verified that with two slots, the tail boom gain more sta-
ble control appearance. Further, Holz [8] established an im-
proved two-dimensional Baldwin-Lomax model to calcu-
late aerodynamic characteristics of wall jet flow over slots.
Gross [9] applied RANS, DNS and LES model to calculated
Conada effect on a two-dimensional wall jet circular cylin-
der. Because of confidentiality and other reasons, the other
researches on NOTAR were rarely reported. Most of the
above numerical researches were limited to two-dimen-
sional models, focused on only CC tail boom or wall jet in-
stead of considering the aerodynamic characteristics of the
whole anti-torque system. What’s more, the influence of ro-
tor wake was rarely considered in above works.

To overcome the limitations of referred numerical
research, this paper proposed a new three-dimensional
model with momentum source to calculate aerodynamic
characteristics of anti-torque system. The model abandoned
the traditional two-dimensional modelling methods to ‘set’
the jet velocity of slots but ‘calculating’ the interaction be-
tween components, which was more close to reality. Then
the model was applied to calculate the variation rule of lat-
eral force coefficient with the momentum coefficient and
verified by experimental data. Finally, the parameter influ-
ence on anti-torque system, including length of tail boom,
area of nozzle and fan pressurization was calculated.

2. Mathematical model

To avoid the complicated dynamic meshes on the
rotor blades, momentum source method was established in
this paper [10]. The procedure is shown in Fig. 2.

2.1. Establish the coordinate system

Establish the computational domain Cartesian co-
ordinate Oy (X, Y, Z), rotor disk Cartesian coordinate O (¢
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n, n) and rotor disk cylindrical coordinate Os (R, ¢, n). O
(Xe, Ye, Zc) was the origin of rotor disk domain under com-
putational domain coordinate, shown in Fig. 3. In Fig. 3, A
was left tilt angle and B was back tilt angle of rotor, so
A=B=0in hover. The rotor inflow was V_ and rotor rotating

speed was 2.

Stepl: Establish coordinate systems(rotor
system and calculation domain system)

v

Step2: Calculate blade angle of attack based
on blade characteristics

v

Step3: Calculate lift and drag force of blade
micro section in rotor coordinate system

Coordinate
transformation

A 4

Step4: Calculate lift and drag force on blade micro
section in calculation domain coordinate system

v

Step5: Calculate momentum source ‘

Fig. 2 Calculation procedures of momentum source
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Fig. 3 Computational domain Cartesian coordinate and ro-
tor disk coordinate

Thus, coordinate transformation equation of com-
putational domain coordinates and rotor disk Cartesian co-
ordinate was:

[e] [X=Xc]
n|=T| v |, @
n] [z-zc]
[cosB  sinAsinB  -cosAsinB |
T=; 0 COsA sinA I (2)
| sinB -sinAcosB cosAcosBJ

2.2. Calculate the angle of attack « of the blade element

The blade was divided into numerous blade ele-
ments based on blade element theory. Lift and drag forces
were calculated on every element in rotor disk Cartesian co-
ordinate, shown in Fig. 4.
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Fig. 4 Rotor disk coordinate

The distance from a certain blade element to rotor
shaft was r, the circumferential angle was ¢, the rotating

speed was (2, rotor inflow velocity was V. Thus, the ve-

locity of blade element was:
the tangential velocity v, was:

V, =V_sing -V, cose. 3)
The total velocity V was:

V= V,F +(Qr+y, )2 . 4)
The inflow angle g was:

\Y

B = arctan(Qr—J"rw). (5)
The angle of attack of blade element « was:

a=0,-p. (6)

Where: 6, was collective pitch angle of the blade
element.

2.3. Calculate lift and drag forces on blade element

According to angle of attack of blade elements, the
Mach number, Reynolds number and the aerodynamic per-
formance test data of the corresponding airfoil, the lift coef-
ficient C, and drag coefficient C, was determined. How-

ever, this method is only applicable to a two-dimensional
airfoil for it cannot reflect rotor blade tip loss for a three-
dimensional blade. This paper used a simple method to deal
with the blade tip three-dimensional effect, that is, assuming



when r/R>0.96, the blade lift coefficient C, =0 and drag co-

efficient C was still got from two-dimensional airfoil test
data. So 4% tip of the blade produced only resistance but lift
forces [11-12].

Lift and drag forces on the blade element was:

L :%pVZCLcdr, 7

1
D=EpVZCDcdr. (8)

Where: ¢ was chord length of blade, dr was length
of blade element along spanwise direction.

Coordinate transformation to rotor disk cylindrical
coordinates:

[F, ] [cosb -sinb][ L]
LFFJ_ sinb cosbJLD ' ®)

Coordinate transformation to rotor disk Cartesian
coordinate:

F. = F,sing, (10)

F, = —F,cosg. (11)

2.4. Transformation to computational coordinate

The three forces F., F, and F,,which were com-

ponents of lift and drag on blade element, were transformed
to computational domain coordinate:

e
|Fy =TI R | (12)
LAY
cosB 0 -sinB ]
-sinAxsinB  cosA -sinAx cosB I (13)

r
re
L

cosAxsinB  sinA cosAxcosBJ

2.5. Calculate momentum source

The effect of rotor on surrounding air was distrib-
uted to elements, including time domain distribution and
spatial domain distribution. In time domain, the pressure
difference between the upper and lower surface of rotor was
averaged over a rotation period, thus the unsteady flow was
treated as a constant one. In spatial domain, the rotor was
managed to a thin cylinder which has only five layers of
prismatic grid, and then the effect of blade on surrounding
fluid was averaged along circumferential direction to obtain
average aerodynamic forces on every grid cell on rotor. To
get distribution forces on element, the above calculated av-
eraged forces were divided by volume of the grid, namely
the momentum source.
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Where: AS was area of bottom surface of a pris-
matic element, AV was volume of element, k was number
of blades of the rotor. Then, momentum source was added
to momentum equation, where air was considered as New-
tonian fluid, to calculate aerodynamic effect of rotor on sur-
rounding flow field [13].

V(pVV )= -VP + uV?V +S. (17)

Besides, the normal flow field, exclusive of rotor
domain, was calculated by normal, compressible and three-
dimensional Reynolds averaged N-S equations.

V(pVV) =-VP + uV?V. (18)

3. Case study
3.1. Geometry model

In order to validate the calculation model proposed
in this paper, a three-dimensional model of anti-torque sys-
tem was built according to [1], shown in Fig. 5. The model
consists of CC tail boom, variable pitch fan and thruster
(Fig. 6). The fan, put inside of the tail boom and connected
to engine shaft, sucked air into the tail boom and regulated
pressurization by means of variation, which provided power
for the whole anti-torque system. There were two slots on
the tail boom, through which air jetted out and met rotor
wake to form circulation control effect to produce a part of
the lateral force. In calculation, the width of slots equal to
sum of two slots. The remaining air continued to go back-
ward and finally thrusted from thruster on end of tail boom
to form an additional lateral force. Specific geometry pa-
rameters are shown in Table 1.

Fig. 5 Model for experiment in Ref. 1



- e Rotor
domain
Boundary la erA Computational
: YI8YE [ domain

S Thryster

Tail boom Slots

Fig. 6 Meshes of anti-torque system

Table 1
Geometry parameters of model
Parameter Value
Diameter of rotor D (mm) 2200
Length of tail boom L; (mm) 609.6
Length of each slot Ls (mm) 609.6
Outside diameter of tail boom D; (mm) 152.4
Inside diameter of tail boom d; (mm) 127
Width of slots h (mm) 0.1524
Inflow velocity Vo (m/s) 17.9
The angle between each slot and 65 and 155
inflow 6(°)
Diameter of fan Ds (mm) 120

3.2. Meshes and boundary conditions

The computational domain was established accord-
ing to the model: the thruster jet flow equals to zero and the
lateral force on anti-torque system was calculated in this
case study. The domain was divided into two parts. One was
rotor domain with momentum source, the other was com-
mon computational domain, shown in Fig. 6.

As the rotor head produces no lift, its effect on sur-
rounding flow field was omitted and a circular shaped rotor
domain established. Momentum source was loaded to cal-
culate the aerodynamic characteristics of rotor wake.

A square external computational domain was es-
tablished external of the anti-torque system. The side length
of the domain was 8D (D is diameter of rotor). When the far
field boundary length is over 6D, the length of computa-
tional domain does not affect calculation results, see Fig. 7.

Due to geometry complexity of the model, the
adaptable unstructured tetrahedral meshes were used [14].
Boundary layer on tail boom, slots and thruster was meshed.
The first layer was about 0.0001 Dy (D; was external diame-
ter of tail boom). The meshes on slots were refined and size
function was set to make near wall grid gradually expand to
sparse grids with a constant expansion ratio to fill the com-
putation domain [15]. Thus the boundary layer flow was
well captured and number of grids was reduced to improve
computational efficiency. The mesh quantity was about
4,806,926.

For internal flow, a fan was built, which was a two-
dimensional disk, at the flow entrance of tail boom to offer
pressurization once air come through the grids. Assuming
that the fan power was sufficient, the pressurization was

constant and the influence of flow separation and shock
wave on blade was without consideration.

B, =P+Ap. (19)

For external flow, rotor took in surrounding air and
formed rotor wake, which was just the inflow for tail boom.
The bottom face of the computational domain was calcu-
lated as pressure outlet and the other five surfaces were pres-
sure inlet. The boundary condition of tail boom and thruster
was no slip wall.
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Fig. 7 Boundary conditions of computational domain

The steady, compressible and three-dimensional
Reynolds averaged N-S equation [16] was solved under
general curvilinear coordinates by iteration, and the density
based coupled implicit solver was used.

The control equations were discrete by finite vol-
ume methods. For better accuracy, density and convection
term was calculated by second order upwind. The adverse
pressure gradient boundary layer and wall jet flow was cal-
culated by S-A turbulence model. The properties of all units
were initialized by initial conditions of the defined flow
field before iteration. Simple method was used to solve the
control equations for computational domain and rotor do-
main with momentum source.

4. Model validation and analysis

The Intel Xeon E5-1630 workstation (dominant
frequency 3.7GHz, memory 32G) was used for calculation
and 26 hours cost for the results.

The streamline of the whole field is shown in
Fig. 8. The streamline of rotor reflected swirl and twist ef-
fect of rotor wake. The inflow of tail boom passed the pres-
surization fan, then a part of the air flow jetted from the slots
and met the rotor wake to form circulation control effect,
while the other part jetted out from thruster.

Fig. 9 shows static pressure distribution on section
of the middle part of tail boom. Zone near stagnation point
formed a high-pressure region. It is remarkable that the po-
sition of stagnation point was not just right above the tail
boom, but tilted an angle of about 5 degrees, which just val-
idated swirl and twist effect of the rotor wake. The jet flow
from slots re-energized the boundary to delay flow separa-
tion and formed a low pressure region. The differential pres-
sure between two sides of the tail boom formed the lateral
force on CC tail boom.

The variation of lateral force coefficient Cy with
the change of momentum coefficient C, was calculated in



this paper, which was contrasted with experimental data,
shown in Table 2. Where:

F
Y1

: (20)
Vv ’D,

Where: p is density of air, V_ is the far field flow
velocity (rotor wake velocity), Dy is diameter of tail boom
section.

The momentum coefficient C, is defined as:

Pi
c, =2—

LA
p. DV, |~
Where: pj is density of jet air, p, is density of far

field flow (rotor wake), h is width of slots (width of sum of
two slots), Dyis diameter of tail boom section, V; is velocity
of jetair, V_ is velocity of far flow field (rotor wake).

For anti-torque system with fixed structural param-
eters, the momentum coefficient C, varies with fan pressure
jump, and thus the lateral force. When the momentum coef-
ficient C, varies from 0.1 to 0.5, changing rule of lateral
force coefficient Cy is shown in Fig. 10.

(21)
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Fig. 8 Streamline of the flow field in hover

2.15e+03
1.86e+03
1566403
1.27e+03
9.73e+02
6.80e+02
387402
943e+01
-1.99e+02
-4.92¢+02
-7.85e+02
-1.08e+03
-1.37e+03
-1.66e+03
-1.96¢+03
-2.250+03
-2.542+03
-2.842+03
-3.13e403 z
-3.420+03 X
-3.71e+03

Contours of Static Pressure (pascal)

Fig. 9 Static pressure on section of tail boom

Table 2
Contrast between calculation data and experimental data
Parameters Value
Momentum coefficient C, 0.1 0.2 0.3 0.4 0.5
Lateral force coefficient C, Experime_ntal data 1.12 4.98 5.68 5.98 6.51
Calculation data 0.84 4.41 5.17 5.96 6.5
Relative error 25% 11.4% 8.98% 0.33% 0.15%

—a— experimental data
—e— numerical simulation

0 T T T T T )
0.0 0.2 0.1 0.6
G

Fig. 10 Regulation of lateral force coefficient C, varied with
momentum coefficient C,

The variation tendency of lateral force coefficient
Cy with momentum coefficient C, was same as experimental
data [1]. With the increase of C,, the lateral force coefficient
Cy increased gradually. When C, was greater than 0.2, the
growth rate of C, decreased. For certain anti-torque system
with fixed structural parameters, the only way to increase C,
is to improve the fan pressurization, that is, improve the

power supply. However, in order to obtain balance of aero-
dynamic efficiency and cost, the general choice of C, was
around 0.4 when design, same as [4] suggested. At this
point, the calculation relative error of Cy was only 0.85%,
the accuracy of calculation was acceptable. That validated
that the model proposed in this paper could accurately cal-
culate aerodynamic characteristics of anti-torque system.

5. Numerical research on parameter affects

The key components of anti-torque system con-
sisted of tail boom, fan and thruster, and the structural char-
acteristics of which directly affected the aerodynamic per-
formance. To calculate the affect, this paper divided the
models into three groups, A, B and C groups, and applied
the modeling method proposed above. The parameters in-
cluding length of tail boom, area of nozzle on thruster and
fan pressurization.

5.1. Length of tail boom

Group A consisted of 5 models (specific parame-
ters are shown in Table 3) and lateral force and moment gen-
erated by CC tail boom and thruster were calculated respec-
tively. Where, the torque arm referred to the distance be-
tween force and the rotor shaft in lateral moment calcula-
tion.



Table 3
Model parameters of group A
Length of | Fanpres- | S (Nozzle
arameters : L
Models tail boom | surization | area/Area
(mm) (Pa) of slots)

Model Al 550 2500 4
Model A2 650 2500 4
Model A3 750 2500 4
Model A4 850 2500 4
Model A5 950 2500 4

The calculation results are shown in Fig. 11.
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was similar to the former one, and reached the maximum
value when length of tail boom equalled to 650 mm.

5.2. Nozzle area of thruster

The area of nozzle was also an important factor to
affect the aerodynamic characteristics of the anti-torque sys-
tem, for what reason B group of models were proposed for
calculation. The specific parameters are shown in Table 4.
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Table 4
Model parameters of group B
Length of Fanpres- | S (Nozzle
arameters . L
Models tail boom surization area/Area
(mm) (Pa) of slots)

Model B1 550 2500 3
Model B2 550 2500 4
Model B3 550 2500 5
Model B4 550 2500 6
Model B5 550 2500 7

Force and Moment/N(Nm)
N
T

10

Length of Tail boom and Slots/mm

Fig. 11 Regulation of lateral force and moment varied with
length of tail boom

From Fig. 11, following regularities can be found:

1. When the length of tail boom increased from
550 mm to 950 mm, the curve of lateral force gen-
erated by thruster was relatively stable and with lit-
tle fluctuation. That indicated that the aerodynamic
characteristics of thruster was not sensitive to length
of tail boom.

2. The fluctuation of curve that indicated lateral force
generated by tail boom was greater. The curve in-
creased first, then maintained stable and finally fell
down. The force reached its peak when length of tail
boom equalled to 650 mm and valley 950 mm.

Once length of tail boom was too short, the circu-
lation control effect was hardly fully formed before air
flowed to thruster. At the same time, the wall friction and
energy loss decreased. So the lateral force generated by
thruster was greater. But overall, the efficiency of anti-
torque system was not satisfying. In contrast, if the length
of tail boom was too long, the energy loss increased and led
to decrease of jet velocity, momentum coefficient C, and
thruster jet velocity. Therefore, the force generated by anti-
torque system was relatively small.

3. With the increase of length of tail boom, the torque
arm of force increased. The variation tendency of
moment was similar to force corresponding. When
the tail boom length equalled to 950mm, tendency
of moment decline eased.

To sum up, with the variation of length of tail
boom, the moment generated by anti-torque system was rel-
atively stable which increased first and then decreased, who
reached maximum value when length of tail boom equalled
to 850 mm. The changing tendency of lateral force curve

The lateral force and moment generated by CC tail
boom and thruster was calculated and shown in Fig. 12.
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Fig. 12 Regulation of lateral moment varied with area of
nozzle

From Fig. 12, following regularities were found:

1. When S=4, both two curves had an inflection point
and the sum of lateral moment generated by tail
boom and thruster reached its peak. That is, the aer-
odynamic efficiency of anti-torque system was the
best.

2. When S=3, the lateral force generated by tail boom
was relatively small while by thruster was great. For
the area of nozzle reduced, the velocity of jet flow
from thruster accelerated and formed stronger direct
thrust force.

3. With the increase of nozzle area the majority of air
tended to jet from nozzle instead of slots, which
made efficiency of circulation control effect de-
creased and lateral moment curve formed a linear
decline.

4. With the increase of nozzle area, lateral moment
generated by thruster formed a linear rising.

To sum up, considering the comprehensive effi-
ciency of tail boom and thruster, when S=4, the lateral mo-
ment reaches the maximum value.



5.3. Fan pressurization

Fan is the power and inflow source for the whole
anti-torque system which directly affects the momentum co-
efficient C,. The influence of fan pressurization on anti-
torque system was calculated.

Nozzle area of S=4 and S=7 were chosen to build
C1 and C2 group of models to calculate the impact of fan
pressurization on anti-torque system. The specific parame-
ters of C1 group are shown in Table 5 and C2 in Table 6.

Table 5
Model parameters of group C1
Lengthof | Fanpres- | S (Nozzle
arameters ; '
Models tail suriza- area/Area
boom(mm) tion(Pa) of slots)

Model C11 550 1500 4

Model C12 550 2000 4

Model C13 550 2500 4

Model C14 550 3000 4

Model C15 550 3500 4

Table 6
Model parameters of group C2
arameters Lenth of | Fan pres- S (Nozzle
Models tail suriza- area/Area
boom(mm) | tion(Pa) of slots)

Model C21 550 1500 7

Model C22 550 2000 7

Model C23 550 2500 7

Model C24 550 3000 7

Model C25 550 3500 7
The calculation results are shown in Figs. 13 and

14.
From Figs. 13 and 14, following regularities were
found:

1. The lateral moment generated by tail boom and
thruster increased with the increase of fan pressuri-
zation.

2. When S=4, moment generated by thruster linearly
and gradually increased. Moment generated by tail
boom increased rapidly first, and then slow down.
That indicated that as fan power increased moment
was not always increase but the efficiency continu-
ous reduced.

35
-+ -moment of tail boom
- --- moment of thrust

30 | -
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25 - .
g R
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g 'y
=R Iy
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wl ¥
R
R
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Pressure of fan/pa
Fig. 13 Regulation of lateral moment varied with fan pres-

surization when S=4
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Fig. 14 Regulation of lateral moment varied with fan pres-
surization when S=7

3. When S=7, the variation law was similar to the for-
mer one. Fan pressurization was positively corre-
lated with energy consumption. When the moment
generated by anti-torque system just balanced the
rotor anti-torque, it was the economic design point
for fan pressurization.

. The moment generated by tail boom was always
greater when S=4 while thruster greater when S=7.
When the nozzle area increased, more air flow
tended to jet from thruster and led to thrust force
increased. The pressure drop in tail boom acceler-
ated and velocity of jet from slots reduced, and led
to CC tail boom force decreased. Which also vali-
dated the conclusion that obtained from B group
above.

To sum up, the lateral moment generated by anti-
torque system increased with fan pressurization. The aero-
dynamic efficiency of S=4 model was better than S=7.

6. Conclusions

A three-dimensional aerodynamic model for anti-
torque system of NOTAR based on finite volume methods
was proposed in this paper. The model consisted of rotor,
variable pitch fan, CC tail boom and thruster. The flow field
of rotor domain was calculated by momentum source
method and the normal, compressible and three-dimen-
sional Reynolds averaged N-S equation was solved by the
S-A turbulence model. The flow field of whole anti-torque
system was obtained and validated by experimental data.
Subsequently, parameter influence on the anti-torque sys-
tem was calculated including length of tail boom, the area
of nozzle and the fan pressurization. The main conclusions
were as follows:

1. With the increase of length of tail boom, the lateral
force and moment of the tail boom fluctuated while
the thruster remain relatively stable. To gain better
aerodynamic efficiency, the length of tail boom
should be moderate. For the helicopter with rotor
diameter of about 2200 mm, the appropriate length
of tail boom was about 650 mm-850 mm.

2. The nozzle area of thruster had a significant influ-
ence on the aerodynamic efficiency of anti-torque
system. When S = 4, it was better.



3. As the fan pressurization increased, the lateral mo-
ment of the anti-torque system increased, while the
fan power consumption also increasing rapidly. So
it was necessary to balance economy and efficiency.
For the helicopter with rotor diameter of about
2200 mm, 2500 Pa of the fan pressurization could
meet the anti-torque amounts.
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AN AERODYNAMIC CALCULATION MODEL FOR
ANTI-TORQUE SYSTEM OF NOTAR

Summary

The existing experimental methods and numerical
models were difficult to get accurate aerodynamic charac-
teristics of the anti-torque system of a NOTAR under rotor
wake. To solve this problem, a new three-dimensional aer-
odynamic model with momentum source based on finite
volume method was proposed in this paper. By means of
time domain equalization and spatial interpolation, the com-
plicated dynamic meshes on blade were replaced by the non-
blade fixed rotor domain with momentum source. And the
model was calculated by steady, compressible and three-di-
mensional Reynolds averaged N-S equation. In this paper, a
typical NOTAR was took for research, the aerodynamic
characteristics including flow field and variation regularity
of lateral force with momentum coefficient of anti-torque
system during hover condition was obtained by applying the
above computational model, and the accuracy of which was
verified by corresponding experimental data. In addition,
the model was also used to analyze the key factors that in-
fluence working condition of the tail boom, including length
of tail boom, area of nozzle and fan pressurization. And the
curves of variation regularity were given. The model and
work in this paper could provide reference for further re-
search and design on anti-torque system for NOTAR.
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momentum source; NOTAR.
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