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turbulences are introduced in the scene such as the gust wind loading, which is one of
the most catastrophic commotions. Refereeing to the obvious, this study took out this
daunting task to actually generate artificial gust and study its effects on the main rotor
airflow physiognomies of a coaxially configured subscale helicopter. Quantitative data
congregated by measuring the rotor induced airspeed underneath the rotor blades,
which is quintessentially the lift/thrust, have revealed intriguing outcomes. The
implementations of various strengths of active robust gust have caused the helicopter
to experience half-hearted rolling motion pared with the incremental loss of altitude
during hover. For forward flight, this investigation reveals the helicopter distinctively
lost cruising speed along with the altitude as well when subjected to the gust. During
hover and forward flight conditions, results depict that lift is decreased about 33%
when subjected to the gust. These findings are alleged to be valuable for future
research and development in the rotorcraft industry.
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1. Introduction

Experimental aerodynamic investigations remain the subject of interest in rotorcraft community
since the flow around the helicopter is dominated by complex aerodynamics and flow interaction
phenomena [1]. The radical breakthrough by the Wright brothers has revolutionized man’s means of
transportation and the aviation industry has been bourgeoning since then with cutting-edge designs,
comprehensive ideas and nifty materials [2]. Irrefutably, modern aeronautical and aerospace
engineering uncompromisingly demands for avant-garde materials along with astute designs [3].
Even though structural strength transpires to be an imperious portion in any aircraft design, for a
rotorcraft the aerodynamics remains the most thought-provoking and abstruse impediment grappled
by the aerodynamicists and designers even today [4]. The flow around a helicopter is dominated by
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complex aerodynamics and flow interaction phenomena [5]. This is further elaborated by Wang and
Zhao [6] stating that the rotor blades work at extraordinary serious unsteady environment compared
with the fixed wing aircraft in normal forward flight and therefore its aerodynamic characteristics are
more complex [6]. Due to its unique ability to hover along with other fundamental movements in any
direction; rotorcrafts are becoming an essential need as its demand, expediency and usage are
increasing rapidly [7]. As the main rotor makes an important contribution to the overall power
consumption of the helicopter, modern rotors are optimized to have significant portions of laminar
flow on the blades to ensure low drag [8].

Fundamentally, rotorcrafts in vertical flight are usually described by momentum theory and blade
element theory. For a clear conception, the following sections describe these theories in a concise
manner for general understanding.

1.1 Theory of Lifting Rotor
1.1.1 Momentum theory

Fundamentally, the momentum theory or otherwise known as the actuator disc theory is
considered to be the simplest method that describes the lifting rotor [9]. It is fundamentally based
on attaining a lifting force by generating a change of momentum. This theory assumes the presence
of a stream-tube which is an axially symmetric surface passing through the rotor disc perimeter that
isolates the flow though the rotor. Here, as the air is presumed to be incompressible; therefore, the
flow past any cross-section of the stream-tube is constant. Furthermore, as the flow is one
dimensional, the flow must remain in the same direction. This is appropriate for most flight
conditions. On the other hand, this does give rise to a failing of the theoretical model under certain
flight conditions. In the same way, after the flow enters the stream-tube, it is accelerated through
the rotor disc and then exhausted from the bottom of the stream-tube. Further upstream of the disc,
the vertical flow velocity tends to be zero which makes the stream-tube cross-section infinite in size.
The stream-tube establishes itself as it passes through the rotor disc perimeter. It can be noted that,
most of the models here are based on Glauert’s theory of momentum transfer [10]. Referring to
Figure 1, the additional velocity of V; as it passes through the rotor is recognized as the induced
velocity. It forms the wake with a velocity increase of V.. The rotor thrust force, T, is evaluated by
considering the momentum increase [9].

Fig. 1. Inflow air through rotor in hover [9]
The continuity of the flow through the stream-tube permits the following:

pA1Vy = pA,V, (1)
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The rate of change of momentum gives the rotor thrust, therefore,
T = pAV,V, (2)

The final deliberation is the addition of Bernoulli’s equation. This equation is applied to the flow
above or below the rotor disc, but not through it. Therefore, above the rotor,

Poo = Py +pV2 (3)
and below the rotor,
PL+2pVE = Py +2pV2 (4)

Now subtracting equation (4) and (3)

1
P, — Py =-pV7 (5)

2
Combining equation (2), (4) and (5) gives
Vo, =2V (6)

In other words, it can be said that the induced velocity gets doubled as the air forms the wake far
downstream of the rotor. Combining (2) and (6) gives the following result,

V; =\T/2pA =/1/2p/T/A (7)

Equation (7) offers the link between disc loading and induced velocity. Disbursing of power is given
by P;, where this power is given a suffix of ‘i’ consistent with the induced velocity.
Therefore

P, =TV (8)
1.1.2 Blade element theory

According to Venkatesan [11], blade element theory is considered to be the grounds for most of
the helicopter dynamics and aerodynamic analysis as it deals with the particulars of rotor system.
Although, momentum theory is appropriate for predicting the rotor-induced velocity for a given rotor
thrust; there are limitations when it comes to designing the rotor blades along with the entire rotor
system. Nevertheless, there are a few imperative notions which require consideration. For a highly
simplified case some of the assumptions are:

(i) The rotor blade is assumed to be rigid beam with no deformation

(ii) The rotor system rotates at a constant velocity Q

(iii) The plane rotation for the rotor blades is perpendicular to the shaft

(iv) The rotor operates at a low disk loading

(v) Compressibility and stall effects are neglected

Figure 2 shows a typical cross section of the rotor blade where various velocity components and
the resultant forces are acting on the airfoil section.
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Fig. 2. Typical cross section of a rotor blade at radial
location r and the velocity components [11]

In Figure 2, O is the pitch angle for the blade which is measured from the plane of rotation.
Subsequently, Ur and Up are respectively the tangential and perpendicular relative air velocity
components. In vertical flight, Up is made up of velocity climb (VC) of the helicopter and the induced

velocity (v). For hovering condition VC =0 [11].
The relative air velocity components can be written as

Ur=Q,andUp =VC +v (10)

Now, the resultant air velocity U and the inflow angle are given by

U=Q%+ VC +v)? (11)
and
tang = V;W 12)

Also, the effective angle can be written as
a=0—-¢ (13)

The sectional lift and drag forces can be written as

L =2pU%cC, (14)
and
D ==pU%cCq (15)

where c is the blade chord, Cq and C are the lift and drag coefficient, respectively. The equations can
be used to resolve the two sectional forces along parallel and perpendicular directions to the rotor
disk. The vertical and horizontal force components can be written as

F;; = Lcos ¢ — Dsin ¢ (16)
—F,; = Lsin¢ — Dcos ¢ (17)

Combining both equation (16) and (17) in thrust, torque and power element:
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(de = —NFy1T(d1T (18)

Subsequently, based on the assumptions solving even further will result in getting the thrust
coefficient CT, torque coefficient CQ and power coefficient CP.

1.2 Research Motivation

According to Voogt and Doorn [12], helicopter accidents are predominantly dependent on
different types of operation; where most fatal incidence during flights is associated to the weather.
Referring to the statement, one such atmospheric occurrence is gust; where an abrupt and
ephemeral proliferation in speed of the wind is demarcated as gust [13]. Congruently, according to
Mashman [14], the most common cusses of turbulence and atmospheric phenomenon (which is also
known as horizontal and vertical wind shear) faced by helicopter pilots include strong surface winds,
gradient winds along with other variables. Besides, downdrafts and microbursts present a bigger
threat to helicopters compared to fixed-wing aircrafts [14]. Therefore, understanding the effects of
gust wind on helicopters is of great importance. Besides, the "vortex ring" of tail rotor in portside
crosswind is weakened by the main rotor/tail rotor interaction, and the tail rotor thrust and unsteady
air loads are significantly increased [15]. As the aerodynamics of rotorcraft in forward flight,
particularly at high advance ratios, are highly complex [16], it is a demand to do the investigations.
Be that as it may, significant research on helicopter main rotor air flow properties against active gusts
is very inadequate. Despite a considerable effort by different companies, the Interactional
Aerodynamic (I/A) problems remain a long dragged issue that adversely affected the overall
performance, occupant comfort and handling qualities of helicopter [17]. The flow field around a
helicopter is characterized by its inherent complexity including effects of fluid—structure interference,
shock—boundary layer interaction, and dynamic stall [18]. It is dominated by complex aerodynamics
and flow interaction phenomena [5]. This is due to the fact that conducting experiments on
helicopters always transpire to be a daunting and expensive task. Although, numerical simulation is
considered to be more advantageous when it comes to saving time and costs in comparison to
conducting actual experiments [19] however, simulation results are never exact. Therefore,
experimental models need to be scaled down in order reduce cost and other impediments. And so,
this study took the liberty to artificially generate intrinsic gusts and implement them on a subscale
helicopter in order to study the air flow physiognomies of the main rotor. The facts gathered from
this study will essentially be constructive for improving helicopter performance against sudden gust
wind and aid in avoiding grave catastrophes.

2. Methodology
2.1 Experimental Set-up

Experimental works have been recognised as well-testified instrumentation to conduct the
research [20, 21]. The primary objective of this experimental investigation was to develop an artificial
gust generating mechanism and see the effects of various strengths of gust on the main rotor of a
subscale helicopter. Figure 3 depicts the final design of the gust generator.
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Fig. 3. Final design of the
gust generator

It is basically a steel frame structure where a hollow aluminum sheet-bent airfoil is attached
horizontally to this frame. This airfoil is capable of oscillating by the means of a motor at an average
rate of 20 oscillations per 10 seconds. The gust generator is placed in front of the air blower where
the airfoil’s leading edge is faced towards the blower outlet. The principle behind doing this is that
the air from the blower hits the oscillating airfoil’s leading edge and then flows across the chord
length to generate sinusoidal gusts through its trailing edge. A symmetrical airfoil (NACA0018) is
utilized where it is postulated that due to its symmetric design, it will have an increasing chance of
generating uniform sinusoidal gusts. The maximum pitch of the oscillating airfoil has been limited
between +10° and -10°; because based on calculation, beyond this limit the airflow begins to stall
gradually. Figure 4 shows the experimental set-up for this research investigation. Table 1 summarizes
some fundamental features of the gust generator and table 2 summarizes the main rotor
specifications.

2.2 Gust Strength Specification

Fundamentally, when the peak wind speed is no less than 16 knots (8.23 ms™) and the deviation
of the peaks and lulls (or max and min) in wind speed is at least 9 knots (4.63 ms™), then it can be
characterized as gusts. In general, the period of a gust should be under 20 seconds [13]. Based on
these facts, three measures of gust strength starting from 8.3 ms? with an increment of 0.5 ms™ until
9.3 ms™ were selected for this investigation.

2.3 Data Collection Procedure

The quantitative data collection procedure is basically divided into two parts. The first one is
quantifying the gust strength. This done by identifying the strength of the blower airspeed
individually at various distances from the blower outlet in order to establish its functional range; after
that the gust generator is placed in front of the blower where each of them work simultaneously to
generate active sinusoidal gusts. Here, the generated gust is measured at variable distances from the
airfoil’s trailing edge. This is a vital part of the study as these results assists in identifying the exact
position(s) to generate 8.3 ms?, 8.8 mstand 9.3 ms™ of gust. Subsequently, the second section of
the study utilizes the generated gusts and implements them on the main rotor of the subscale
helicopter. Figure 5(a) exemplifies the schematic diagram of the experimental set-up. Successively
after finalizing all the prerequisites, the airspeed under the main rotor (in this case the lower rotor)
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is measured during both hover and forward flight for each strengths of gust. It can also be noted that,
an anemometer is used to measure all the airspeed data for this investigative study. However, it is
imperative to divide the measure points on rotor blade appropriately. During flight, the main rotor
disk can be divided into three effective regions [22] namely “driving”, “driven” and “stall” regions
which spans 45%, 30% and 25% respectively across the blade. Based on this theory, the blade is also
divided into three sections where stall, driving and driven regions are allocated two equally divided
measure points each. Figure 5(b) shows the airspeed measurement position(s) on the half-rotor blade
span. For appropriateness, during data collection, the helicopter is viewed from the front during
hover and from the side during forward flight. Further particulars are expounded in the subsequent

sections.
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Fig. 5. (left) Schematic diagram of the experimental set-up (right) Airspeed measurement position(s) on

the half-rotor blade span.

Table 1

Fundamental features of the gust generator

Motor
No load speed
Rated Speed
Torque
Airfoil
Span Length
Chord Length
Pithing Angular Limit
Structure
Feature

Mabuchi JC-578VA
85 + 15RPM

60 + 15RPM

2.9 Nm

NACA 0018

0.5m

0.1m

(+10°) to (- 10°)
Aluminum frame

Oscillating Airfoil with height adjusters
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Table 2

Main rotor specifications
Rotor Configuration Coaxial
Number of Blades 2+2
Rotor Blade Diameter 0.54m
Type of Blades Twisted

3. Results and Discussion
3.1 Generation of Active Sinusoidal Gusts

As the complete gust generating mechanism is a combination of the air blower and the gust
generator, therefore the air speed range of the blower is identified at first. The graph in Figure 6
represents the air speed of the blower measured at an incremental distance from the outlet without
the presence of the gust generator. It can be noticed that the airspeed has declined gradually with
the expansion of distance from the blower outlet. Essentially, this graph abets in acquainting with
the range of the blower which ensures whether it has the proficiency to generate the required gust
strength of 8.3 ms?, 8.8 ms™ and 9.3 ms™* while retaining apposite space between the blower, the
gust generator and the subscale helicopter. Subsequently, as mentioned earlier, the gust generator
is placed in front of this blower where each of them functions simultaneously to generate active
sinusoidal gusts.

25 7
20 4

15
y=-7.237In(x) + 3.6575

10 4

Ajrspeed (ms!)

0 0.2 04 0.6 0.8 1 1.2
Distance from the Blower Outlet (rm)

Fig. 6. Blower air speed against variable distance from
blower outlet

The graphsin Figure 7 reveal the various strengths of gust being generated beginning at a distance
of 0.1 m from the airfoil’s trailing edge of the gust generator and moving further onwards until 0.8 m
by an increment of 0.1 m. Essential specifies to be noticed here is the varying distance or gap in-
between the blower, gust generator and anemometer. The first one is the gap between the blower
and the airfoil's leading edge of the gust generator. The second one is the distance from the airfoil's
trailing edge of the gust generator which could also be considered as the distance between the airfoil
and anemometer. It can be perceived that the strength of gusts deteriorates as it moves further away
from its origin or in this case the trailing edge of the airfoil. This gradual declining pattern remains
true for each gap between the blower and airfoil. Suggestively, this graph assists in determining the
required gap to generate gust strength of 83 ms?!, 88 ms! and 9.3 ms?! through
interpolation/extrapolation. The helicopter is then placed at these positions where specified
strengths of gust are being generated in order to study its effects on the main rotor.
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Fig. 7. Change of gust air speed against the distance from the airfoil's trailing edge of the gust
generator

3.2 Airspeed underneath the main rotor

As mentioned beforehand, the airspeed is measured using an anemometer just underneath the
lower rotor. It is imperative to comprehend the fact that this airspeed measured here is actually the
blade induced airspeed. Basically, what transpires here is that the air gets sucked in by the rotor and
directs the resultant induced air downwards at a higher velocity. This induced air, is in actual fact, the
lift or thrust produced by the rotor blades. But for this case in point, instead of adhering to the
conventional thrust evaluating procedure [23], this study distinctively utilizes the airspeed itself for
guantifying the lift distribution on the rotor disk; this also provides an analogous relation (in terms of
invariable units) with the gust strength as well. In this investigation, the airspeed underneath the
main rotor blade is measured during both hover and forward flight condition for the case of 8.3 ms
1. 8.8 mstand 9.3 ms™ of gust respectively. The following subsections present comparative analysis
with respect to the normal and gusty condition for an in-depth understanding.

3.2.1 During hover

Figure 8 presents the graph of airspeed against the different span-wise positions on the main rotor
during hover.

Span-wise position(s) on the Port/Left-Hand Side . Span-wise position(s) on the Starboard/Right-Hand Side

AirSpeed ms-1

6 5 4 3 2 1 0 1 2 3 a4 5 6
—— Without any Gust —&— Gust Speed 8.2 m/fs —&— Gust Speed 8.7 m/s —&— Gust Speed 9.2 m/s

Fig. 8. Span-wise airspeed (or lift/thrust) distribution on the main rotor of the subscale helicopter
for both with and without the manifestation of active gusts during hover

In this case, the subscale helicopter is viewed from the front and the active gusts are released
from the left-hand side of the viewer’s view point. In the graph, the data for normal condition is
represented with the red colour line. On the other hand, blue orange and green coloured lines are
for the case of 8.3 ms-1, 8.8 ms-1 and 9.3 ms-1 of gust respectively.

From Figure 8, it is evidently understood that in normal condition, the airspeed (or lift/thrust) is
in poised condition on both right-hand side (starboard) and left-hand side (port). This is rather
expected as the helicopter is in hovering state. As the positions on the blade have been demarcated
earlier, the hub or the rotor center (Position 0) shows no sign of lift generation. Towards the end of
the stall region there is a slight presence of lift; this lift on Position 1 carries on increasing gradually
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through the driving region reaching maximum value at Position 2. After that, the lift begins to decline
around the stall region. This subsiding pattern carries on through Point(s) 3, 4 & 5. This pattern of lift
distribution is identical on both the right and left-hand side of the main rotor during hover in normal
atmospheric condition. However, this harmonic balance of lift gets disrupted when active gusts are
introduced in scene. As gusts are released from the port or left-hand side, this transpires to be the
most affected region. Form the graph, Point 5 on the port side of stall region shows no presence of
lift for all the three strengths of gust. Although, there is the ‘similar’ increase pattern through Point(s)
1 & 2 followed by the gradual diminution through Point(s) 3 & 4; but the total lift (the area under the
curve) produced is far less compared to normal condition without gust. This reduction in total lift is
inversely proportional with the increasing strengths of gust. As the port side shows severe effect of
the gust wind, the starboard side on the other hand displays a rather different scenario. Although,
the ‘typical’ increase-decrease pattern of the lift distribution remains the same here, but the total lift
under main rotor of the left-hand side reduces vaguely with the increasing gust. This can be
rationalized with fact that this side is not directly struck by the gusts and is also away from the gust
release zone. Above and beyond the fact that, increasing strengths of gust results in greater disparity
in lift distribution. This disparity of lift distribution between both the sides of the rotor will eventually
cause the helicopter to go through uneven half-pitched rolling motion along with the loss of altitude.
In real-life condition, this incident could result in a very unpleasant flight or even cause the pilot to
lose control depending the intensity of gust.

3.2.1 During forward flight

Figure 9 indicates the graph of airspeed against different span-wise positions on the main rotor
during forward flight.

Span-wise position(s) on the Aft/Refreating Side - Span-wise position(s) on the Forward/Advancing Side
ol 15
&
2 10
L
&
]
b 5
6 5 4 3 2 i 0 1 2 3 4 5 6
—&— Without any Gust —&— Gust Speed 8.3 m/s —&— Gust Speed 8.8m/s —&— Gust Speed 9.3 m/s

Fig. 9. Span-wise airspeed (or lift/thrust) distribution on the main rotor of the subscale helicopter for
both with and without the manifestation of active gusts during forward flight

For this case the subscale helicopter is viewed from the side instead from the front like during
hover. This is done in order to perceive the airspeed (or lift/thrust) distribution on the
forward/advancing side and aft/retreating side of the main rotor. However, like before, the active
gusts were again released from the left-hand side of the viewer’s view point. Once again, the data
for normal condition is differentiated with the red colored line along with 8.3 ms?, 8.8 ms* and 9.3
ms of gust are sorted using blue, orange and green colored lines respectively. The graph evidently
shows that in normal atmospheric condition, the lift distribution on the advancing and retreating side
of the main rotor varies with each other during forward flight. This phenomena very much rational
as it refers to the fact that the helicopter in forward motion. It can be noted that the lower rotor of
the coaxial helicopter alters its pitch angel to generate more lift on the retreating side compared to
the advancing side. As the rotor blades are continuously rotating, the variation in lift is maintained
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through the utilization of the swash plate. The variation in lift causes the lower main rotor to tilt and
achieve forward motion. The cruising speed of the helicopter is controlled by altering the rotor rpm
and the pitch angle. During forward flight, the rotor center (Position 0) remains inept in lift
generation. In normal condition, although the retreating side has a higher total lift compared to the
advancing side; the lift distribution pattern is rather similar to each other, where lift starts to increase
through Position 1 and towards the end of the stall region which carries on increasing gradually
through the driving region (including Position 2). After that, the lift begins to decrease around the
stall region through Point(s) 3, 4 & 5. However, when gust is introduced during forward flight, the lift
distribution on the main rotor exhibits docile behavior instead of a fitful one. Although the graph
maintains the increase-decrease pattern, but with increasing gust, the total lift gradually declines on
both advancing and retreating of the main rotor. The vital fact to be noticed here is the amount of
total lift on the advancing and retreating side. As for forward motion requires having higher total lift
on the retreating side compared to the advancing side; with a keen eye it can be noticed that with
the increasing gust, the difference between the sides starts to reduce. This ominously points out the
fact the in the helicopter will irrefutably lose cruising speed along with altitude due to the gust effect.
This research findings are in good agreement with Linpeng stating that dynamic load due to gust for
helicopter rotors directly affects the flight performance and it may cause the loss of trust force [24].

In real-life condition, loss of altitude could be counteracted by increasing the rotor rpm and pitch
angel of the blades. However, maintaining the cruising speed would require the pilot to manually
hold the tilting position strongly depending the intensity of gust.

4. Conclusion

This investigation intended to develop a mechanism in order to artificially generate active
sinusoidal gusts and analyze its effects on the main rotor of a coaxial helicopter through
understanding its configuration of the lift distribution. By doing so, intriguing results have been
identified and are believed to be valuable for future research and development purposes. During
hover and forward flight conditions, results depict that lift is decreased 32.56% and 33.33%,
respectively, when subjected to the gust. Some of the imperative facts identified through this study
are summarized as follows:
¢ During hover, active sinusoidal gusts have elicited the helicopter to experience hasty half- pitched
rolling motion along with the slight loss of altitude. The rolling intensity and direction appears to be
depended on the strength and the region of impact of the gust wind.

e During forward flight, active sinusoidal gusts have prodded the helicopter in losing cruising speed
and altitude. This loss of cruising speed and altitude has appeared to be inversely related to the
increasing strength of gust.
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