A STUDY in HELICOPTER FUSELAGE DRAG
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Abstract

This work investigates the contributions to the overall fuselage drag from components added to a baseline
fuselage design. The ANSAT helicopter is used as an example, and this study involves both Computational
Fluid Dynamics and wind tunnel experimentation. The wind tunnel data were mainly used for validation of
the CFD predictions obtained and were obtained at the Kazan National Research Technical University n.a.
A. Tupolev. The optimization of the rear fuselage shape for drag reduction was also addressed. The main
part of the paper is, however, devoted to the analysis of drag contributions from several components of the
ANSAT helicopter prototype fuselage. For this purpose, exhausts, skids and tail plane were added to the
baseline shape. The results of the numerical simulations revealed that the contributions of the main fuselage,
exhausts, skids and tail plane to the total airframe drag were respectively near 65%, 20% and 10%. A more
streamlined shape for the fuselage reduced the fuselage drag by up to 8%.

Acronyms

CF “clean” fuselage

SK skids

P stabilizer (tail plane)

EX exhausts

CF&EX Fuselage with the exhausts

1. INTRODUCTION

The main goal of this paper is the investiga-
tion of different isolated helicopter fuselage
configurations in terms of drag. In most
cases, the isolated fuselage drag is needed
as input in helicopter performance codes,
and the fuselage drag and lift are important
parameters for the aerodynamicists during
the design phase of the aircraft [1, 2]. A key
element in helicopter performance is not
only the overall drag, but also, the contribu-
tions to drag of individual fuselage compo-
nents. Such analysis can lead to small re-

designs with large potential performance
benefits [3, 4].

The current paper presents on a detailed
investigation of the drag contributions of
several components of the ANSAT helicop-
ter, produced by the JSC Kazan Helicop-
ters. The paper is divided into three sec-
tions. In the first section of the paper valida-
tion of the numerical CFD predictions is
given against wind tunnel measurements
for the ANSAT helicopter fuselage wind
tunnel model. The measurements were ob-
tained out at the Kazan National Research
Technical University wind tunnel. The



second section shows the drag breakdown
over several components of the wind tunnel
ANSAT helicopter model using CFD simula-
tions only. In the third part of the paper,
questions related to the optimization of the
rear fuselage for drag reduction are ad-
dressed. For this purpose, several configu-
rations with different level of complexity
were considered. Computations were per-
formed using the multi-block structured
HMB code.

The paper builds on our earlier work on the
aerodynamics of several early development
models of the ANSAT helicopter that are
presented in references [5-8]. The contribu-
tions to the total drag of a “clean” fuselage
by the front, rear and side parts were stu-
died in reference [8] also using different
turbulence models.

References [5,7] evaluated the drag of en-
gine exhausts and helicopter skids. The
multi-block structured CFD solver HMB and
the unstructured commercial solver Fluent
were employed. Finally, the evaluation of
helicopter fuselage drag with an actuator
disk was considered. Similar issues were
considered in reference [6] for the ANSAT
helicopter fuselage prototype. In addition, in
references [5, 7, 8] the main rotor was
modeled by using an actuator disc tech-
nique with uniform and non-uniform pres-
sure distributions.

2. HELICOPTER FUSELAGE AND
ADDED COMPONENTS

According to published studies the isolated
fuselage drag is up to 40% of the total heli-
copter drag [9]. In addition, it is difficult for
accurate drag estimates to be made using
simple engineering methods leaving wind
tunnel experimentation and Computational
Fluid Dynamics as the two main sources of
design data. Modeling helicopter aerody-
namics with CFD requires significant com-
puter resources. For this reason, the study
of the aerodynamic interference between
components of the helicopter fuselage is
both difficult and important. The helicopter

fuselage F can be divided into several
parts: “clean” fuselage CF, skids SK, and
stabilizer TP. Engine exhausts EX also can
be considered as a separate element of fu-
selage. In this study, the fuselage is consi-
dered as a union of several components.
F=CF&EX&SK&TP.

Fig. 1 presents the geometry of the ANSAT-
P fuselage. The basic geometry without sk-
ids, tail plane etc, was provided by Kazan
Helicopters.

Figure 1. Geometry of the helicopter fuselage

To investigate the aerodynamic drag inter-
ference, the following method was used.
First computations were performed for iso-
lated components (e.g. skids, tail plane
etc), and the baseline fuselage shape. Then
these components were added to the base-
line fuselage shape and computations were
repeated for more complex configurations
(e.g. fuselage with tail plane and skids).
The drag coefficients for all cases were de-
termined using the reference area of fuse-
lage Sr. Then, the coefficient of interfe-
rence for each element added to the clean
fuselage was determined as a ratio of the
drag coefficient obtained from the coupled
computation over the sum of the drag coef-
ficients of the components. For example, for
a component /:

Kcrsi= Cpcran/(Coqy +Cpcr)),

where (CF&l) corresponds to the coupled
computation of the clean fuselage (CF) with
the component (/) installed. If the coeffi-
cients of interference are known, the drag
coefficient of a complex CF&l/ configura-
tions can be estimated as:

Cocran= Kcrsi (Cpyy +Cp(cr))-



Figure 2. Overview of the computational do-
main

The computational domain is presented in
Figure 2 and for all considered cases is a
cylinder the diameter of which is 7 fuselage
lengths Lr and its height is 4.4Lr. A “Far-
field” boundary condition was used for the
exterior of the computational domain. A
“Solid-wall” condition was used for the sur-
face of the model.

The CFD grids were constructed using mul-
ti-block topologies generated with the
ICEM-Hexa mesh generation software.
Around the fuselage, the block edges were
approximately orthogonal to the fuselage
surface, and this was achieved using O-
grids. This topology allowed for adequate
resolution of the boundary layer. All com-
putations were performed using the k- tur-
bulence model.

3. COMPARISON of CFD and WIND
TUNNEL DATA for CLEAN FUSELAGE
WITH EXHAUSTS (CF&EX)

The wind tunnel model had a fuselage
length of 1.8 m, and a reference area of
Srk=0.106 m? was used for computing the
drag coefficient.

Figure 3. The ANSAT-P fuselage model in the
test section T-1K wind tunnel of KAI

The conditions of the wind tunnel experi-
ments and CFD modeling were chosen si-
milarly to the conditions for the ANSAT-P
model, discussed in references [6, 7].

For the mesh generation, the Clean Fuse-
lage with Exhausts CF&EX was used as a
basis (Figure 4).

Figure 4. Fuselage with the Exhausts (CF&EX)

The computational grid for this model con-
tained 964 blocks and 11.000.000 cells.
The mesh edges were refined normal to the
body using bi-geometric point distributions.
The grid cells distribution was also refined
near geometric features (near exhausts for
example, as shown in Figure 5). The multi-
block topology and the surface grid near the
area of the exhausts are presented in Fig-
ure 6.



Figure 5. Multiblock topology for the CF&EX configu-
ration

Figure 6. Surface mesh for the CF&EX configuration

The computational flow parameters corres-
pond to the conditions of the wind tunnel
experiments and not to a full-size aircraft. In
particular, the free stream Mach number

was 0.1 and the Reynolds number was of
3.2:10°. Figure 7 shows the CFD predic-
tions for the total lift and drag coefficients in
comparison with the wind tunnel experiment
data (the error bars correspond to the con-
fidence intervals of the experimental mea-
surements).

05

——8— CFD
Experiment

04 F

03F

0.2F

01F

ENEE

-0 F -
02F iﬁ I

i

CL

-03F

-04F

-0'§12 -io 8 6 -4 -2 0 2 4 6 8 10 12
Angle of attack (deqg)

05

—&8— CFD
Experiment

045

04

0.35

03

[m]
O 0.25

0.2

0.15

il

]

- . ]
T r il

0.1

0.05

6 B8 10 12

I-8 6 4 -2 0 2 4
Angle of attack (deq)

iy
 E

iy

ofF

Figure 7. Lift and drag coefficients vs pitch
angle: comparison between CFD and wind tunnel
data for the CF configuration

From Figures 15 and 16 it follows that, in
general, the CFD results for the ANSAT-P
model are in good agreement with the ex-
periment and within the confidence interval
of the experimental data.



4. AERODYNAMIC INTERFERENCE of
FUSELAGE COMPONENTS

a) Clean Fuselage layout without Ex-
hausts (CF)

The initial CAD model was for the CF& EX
configuration. Then the exhausts were de-
leted and covered by surfaces (Figure 8).

b)

Figure 8. Fuselage without exhaust geometry: block-
ing (a); surface mesh (b)

Extra blocks for the exhausts were added to
CF topology (Figure 8 (b)). The difference
between CF&EX and CF grids are other-
wise minimal. The computational grid re-
quired 974 blocks and 11.4-10° cells.

b) Fuselage configurations with and
without Exhausts and added Skids

The skids SK were added to the Clean Fu-
selage CF and to the fuselage with ex-
hausts CF&EX. The geometry of the skids

was slightly modified to simplify the multi-
block mesh generation. Crossbars were
removed, and the skids were connected di-
rectly to fuselage. The CFD grid for the sk-
ids was of the O type (Figure 9).

b)

Figure 9. Multiblock topology for the skids (a); sur-
face mesh (b)

The computational grid was refined in the
direction normal to the skid surface. For this
case the spacing of the near-wall the grid in
the normal to surface direction was 3:10
8/ . The numbers of blocks for the CF&SK
and the CF&EX&SK were 2496 and 2474
respectively; the numbers of grid cells were
23.510° and 23.4:10°. Surface pressure
coefficient distributions for the CF&EX&SK
configuration and the velocity flow field
around the skids are presented in Figure
10. Figure 10 (b) suggests that the grid res-
olution allows for the flow structure and se-
paration around the skids to be well-
captured.
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Figure 10. Surface pressure coefficient on the
CF&EX&SK (a) configuration; velocity field at the
area of skids bar (b)

c) Clean Fuselage and Fuselage with
Exhausts combined with Stabilizer

The stabilizer (TP) was combined with the
clean fuselage and the fuselage with the
exhausts. The blockings for the CF&SK&TP
and CF&EX&SK&TP configurations were
constructed by modifying the blockings for
the CF and CF&EX. Figure 11 presents the
O-grid around the stabilizer.

The CFD grids were refined near the lead-
ing and trailing edges of the stabilizer sur-
face. For the CL&TP the blocks were 2444,
and the number of grid cells was 24-10°; for
CF&EX&TP the blocks were 3284 and the
grid cells were 25:10°.

Rl

—-“‘\\\\\\\\\‘

S

"
o
.

W

¢)

Figure 11. Multiblock grid around (a) the stabilizer,
and (b) the tail plane. Surface mesh on (c) the stabi-
lizer; and (d) the CF&TP configuration
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The surface pressure distribution is pre-
sented in Figure 12 and suggests that the
influence of the exhausts on the tail boom
and the stabilizer pressure distribution is
minimal; the body surface pressure distribu-
tions for both cases look similar.
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Figure 12. Surface pressure coefficient distribution
for CF&TP (a) and CF&EX&TP (b) layouts

d) Isolated Stabilizer (TP) and Skids (SK)

In addition to the fuselage cases, computa-
tional grids were also constructed for iso-
lated components like the TP and SK. The
geometry of the skids was smoothed in the
area of the horizontal and vertical tail
planes to simplify the mesh generation. The
grid was refined hear the leading and tailing
edges and at surface junctions. Figure 13
presents the blocking of the stabilizer and
its surface mesh.

b)

Figure13. Stabilizer blocking (a) and the sur-
face grid (b)

The number of blocks was 253, and the
number of grid cells was about 4.910%. In
Figure 14 (a) the stabilizer surface pressure
coefficient is shown. The negative values of
the pressure coefficient on the end-plates
are due to the angle these are placed at
with respect to the fuselage and incoming
flow.

The grid for the CF&SK configuration was
used as a starting point for generating the
grid for modeling the simplified skids. Only
the isolated left part of skids was modeled
with a symmetry condition to approximate
configurations at zero yaw angels. For this
purpose, a new grid was constructed with
363 blocks and 4.1-10° cells. In Figure 14
(b) the surface pressure coefficient distribu-
tions and symmetry plane velocity distribu-
tion are shown. Figure 14 (b) reveals differ-
ent flow conditions for leading and rear skid
legs: the rear leg is located within the wake
of the front leg.
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Figure 14. Surface stabilizer (a) and skid (b) pres-
sure coefficient distribution

e) Complete configuration
(CF&EX&TP&SK)

For the flow around the complete configura-
tion sliding grids were used. The computa-
tional domain was divided in two parts,
shown in Figure 15. The first part includes
the surface of fuselage (and skids) until the
root of the tail boom. The tail boom and the
stabilizer were included in the second part.
For the first part, the grid for the
CF&EX&SK configuration was used. For
the second part, the CF&EX&TP configura-
tion was used. The full grid required 3145
blocks and 31-10° cells.

The pressure coefficient distribution on the
complete configuration is shown in Figure
16. From Figures 12 and 16 it follows that
the pressure distribution at the tail boom
area for the domain without the sliding
plane (Figure 12) is similar to the surface
pressure distribution with the sliding plane
(Figure 16).

b)

Figure 15. Computational domain for the
complete configuration: (a) the forward part; (b) the
rear part

Figure 16. Surface pressure coefficient on the com-
plete configuration



d) Analysis of aerodynamic interference

Table 1. The drag coefficients of different layouts and isolated elements for different pitch angles.

Element CF CF&EX | SK P
Isolated component 0,0837 0,0984 0,0411 0,0172
Pitch angle (a) =4 deg CF& - - 0,1304 0,0941
Configuration | CF&EX& - - 0,1488 0,1122
CF&EX&SK& - - - 0,1662
Element CF CF&EX | SK P
Isolated 0,0918 0,1110 0,0352 0,0186
Pitch angle (a) =0 deg CF& - - 0,1299 0,0982
Layout CF&EX& - - 0,1493 | 0,1205
CF&EX&SK& - - - 0,1693
Element CF CF&EX | SK TP
Isolated 0,1075 0,1202 0,0384 0,0232
Pitch angle (a) =-4 deg CF& - - 0,1425 0,1140
Layout CF&EX& - - 0,1668 | 0,1408
CF&EX&SK& - - - 0,1947
Table 1 and Figure 17 show the drag coef- 2T
ficients for the different configurations. Ta- -
ble 1 also shows the values of the drag i
coefficients for the isolated fuselage com- 0.15 |-
ponents. The results are also presented in ?:~*--~._\
Figure 17. The dashed lines show the drag I N e
coefficients obtained by summing the iso- + F———+ i S
lated elements the drag coefficients. 3 o1r —
From the analysis of the data, presented in i I B—
Table 1 and Figure 17, it follows that there -
is a discrepancy between the results for the i
. . 0.05
coupled configurations and the CFD com- i
putations of isolated components. This dis- - oF Sk
crepancy is determined by the mutual influ- I E— Z;F'"TEE::
ence of elements. The interference coeffi- o 1 5 —

cients are presented in Figure 18.
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Figure17. Comparison of the drag coefficient by ad-
dition of elements to the clean fuselage (a) and fuse-
lage with the exhausts (b)

For the CF&SK configuration the interfe-
rence effect is small. This can be explained,
by the relatively small area of the fuse-
lage/skid junction. On the contrary for the
CF&TP configuration the interference is
more significant. Thus the drag of the confi-
guration is less than the algebraic sum of
the drag of the components.
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Fig.18. Values of drag interference coefficients for
the clean fuselage (a); and
for the fuselage with exhausts (b)

Figure 19 shows iso-surfaces for constant
velocity magnitude V=0.8V,, (V. is free
stream velocity) and the velocity field at the
tail plane area for the CF, CF&TP and
CF&TP&SK configurations. Figure 19
shows also that the fuselage leads to
changes of the velocity magnitude and the
generation of vortices at the tail plane.

For the CF&EX&TP configuration the inter-
ference is significant for zero degree pitch
angle only. For the CF&EX&SK and
CF&EX&TP&SK cases the interference is
larger for no-zero pitch angles.



c)

Figure 19. Iso-surfaces for constant velocity magnitude V=0.8V,,and velocity field for CF (a), CF&TP (b) and
CF&EX&TP&SK (c) configurations



5. MODIFICATION of ISOLATED ANSAT-
P FUSELAGE

To estimate the influence of the rear part of
the fuselage on the aerodynamic perfor-
mance, several modifications were consi-
dered (Figure 20).
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Figure 20. Mid-plane shape of fuselages (a) and
shape of junction line (b) between fuselage and tail
boom

Figure 20 (a) presents variants of the fuse-
lage mid-plane shape. Also the cross-sec-
tional shape of the tail boom at the junction
with the rear part of fuselage is segmented
in cylinders and shown in Figure 20 (b).

A comparison of the mid-plane velocity field
for the different variants of fuselages is pre-
sented in Figure 21. A more streamlined
rear part leads to reduced separation area
and fuselage drag coefficient.
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Figure 21. CFD prediction of mid-plane velocity field
for (a) variant1, (b) variant2, (c) variant3 and (d) va-
riant4 fuselages at a=0 degrees



Figure 22 shows a comparison of the drag
coefficient values for the variants of the fu-
selage shape.
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Figure 22. Drag coefficient for different variants of
fuselage shape at a=0 degrees

Figure 22 a comparison of the drag coeffi-
cient values for the variants of the fuselage
and shows that a more streamlined shape
of the fuselage rear allows for a reduction of
the drag coefficient by up to 8%.

6. CONCLUSIONS and FUTURE WORK

The flow around the idealized fuselage of
the ANSAT helicopter was analyzed, and
the experimental values of drag and lift
coefficients were compared with CFD data.
The flows around several configurations
with different levels of complexity were
modeled. Computations were performed
using the multi-block structured HMB solver
of Liverpool University. As can be seen in
Table 1, the drag of the components, adds
to the baseline (CF) values over 80% extra
when exhausts (EX), skids (SK), and tail
plane (TP) are considered.

To investigate the reduction of the drag of
the rear part of fuselage CFD simulations of
modified fuselages were conducted. For the
ANSAT-P fuselage the more streamlined
shape reduced the fuselage drag by up to
8%.

Recent researches revealed that the
agreement between the experiment and

CFD for the ANSAT fuselage can be im-
proved using refined grid in the direction to
surface fuselage normal. Therefore, the
problem of the helicopter fuselage drag will
be revisited also using optimization theory
in a combination with CFD modeling, and
finer computational grids.
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